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This invention relates to current supply apparatus and
particularly to apparatus for regulating the voltage across
a load to which current is supplied from an alternating-
current supply source.

An object of the invention is to provide, in a current
supply apparatus, means for gradually increasing the load
current during a starting period and for gradually de-
creasing the load current during a shut-down period.

Another object is to provide apparatus for minimizing
veltage changes acioss a load during operating periods,
for graduaily increasing the load voltage during a start-
ing period and for gradually decreasing the load voltage
during a shut-down period.

In supplying current to a load, it is desirable in many
cases, not only to maintain the load voltage or current
substantially constant during an operating period, but
also to increase the load voltage at a substantially uni-
form rate during a starting period in which the ener-
gization of the load is initiated and to decrease the load
voltage at a substantially uniform rate during a shut-
down period in which the load is being de-energized.
For example, where the load to be energized comprises
filamentary cathodes or cathode hezaters of thermionic de-
vices, the useful life of the devices may be extended if
the current supplied to the cathodes or cathode heaters
is increased gradually from zero to the operating cur-
rent value and decreased gradually from the operating
current value to zero.

To provide for such a wide range of output voliage
variation, it might at first appear necessary to greatly in-
crease the size of the components of the voltage regulat-
ing apparatus. However, since the wide control range
is required only during the relatively short periods during
which the supply of current to the load is being started
or stopped, it has been found that the regulating appara-
tus could be designed, in accordance with the invention,
to provide for the wide range of output voltage variation
with only a relatively small increase in the size of the
components of the regulating apparatus and with only
slight increase of cost. The components of the regulated
current supply apparatus are subjected to currents in
excess of the continuous running rated values during the
starting and shut-down periods but, since these periods
are of short duration, the normal thermal capacity of the
components will permit these momentary overloads with-
out detrimental effects.

In accordance with a specific embodiment of the inven-
tion, kerein shown and described for the purpose of il-
lustration, the regulated current supply apparatus dis-
closed in my applicaiion Serial No. 373,559, filed Aug-
ust 11, 1953, is modified to effect the uniform increase
of load voltage during a starting period and the uniform
decrease of load voltage during a shut-down period with-
out affecting the basic cperating characteristics of the
regulator and with cnly a slight increase in size of the low
power control portion of the regulating apparatus. -

There is provided an autotransformer comprising a
core forming a flux path partly of magnetic material and
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partly of a gap or gaps devoid of magnetic material and
a winding on the core. There is also provided a saturable
reactor having a three-legged core of magnetic material,
an impedance or power winding on each of the outer
legs of the core and a biasing winding and a control
winding on the middie leg of the core. Pulsating uni-
directional current is supplied from an alternating-cur-
rent supply source through each of the impedance wind-
ings, current being supplied through a current path com-
prising one of the impedance windings, a rectifying ele-
ment and a portion of the autotransformer winding dur-
ing half cycle periods of one polarity of the supply source
and through a current path comprising the other impead-
ance winding, a second rectifying element and said por-

3 tion of the autotransformer winding during half-cycle

periods of opposite polarity. During normal operating
periods, current from the supply source is supplied to a
load through a circuit comprising a booster portion of
the autotransformer winding, the veltage across said por-
tion being in aiding relationship with respect to the source
voltage in said circuit so that the load voitage is larger
than the voltage of the supply source.

A source of unidirectional standard reference voltage
is provided by a circuit comprising a first rectifier and a
constant voltage device, this circuit being energized
through a first transformer the primary of which is con-
nected in series with the supply source and the boosting
portion of the autotransformer winding. A second rec-
tifier is provided for furnishing a unidizectional com-
parison voltage which varies in accordance with load
voltage changes, this rectifier being energized through a
second ftransformer having a primary connected across
the load. During normal operating pericds, the load and
the primary of the second transformer across the load are
each connected in series with the current supply source
and the booster portion of the auiotransformer, as is aisc
the primary of the first transformer. However, during
the starting and shut-down periods, the load and the
primary of the second transformer are consected across
the entire autotransformer winding which includes not
only the booster portion referred to above, but an addi-
tional portion for further boosting the voltage across the
eatire autotransformer winding. A voltage equal to the
difference of a voltage derived from the circuit associated
with the first rectifier and a voltage derived from the sec-
ond rectifier is used to control the ocutput of a magnetic
amplifier from which current is supplied through a re-
sistor to the control winding of the scli-saturating satu-
rable reactor.

A third rectifier is provided for supplying current
through the resistor, just mentioned, to a bias winding
of the saturable reactor. Energizing current is supplied
to the third rectifier through a third iransformer to
the primary of which current from the supply source
Is supplied through a bucking portion of the autotrans-
former winding. The currents suppiied to the biasing
and control windings, respectively, of the saturable re-
actor set up opposed magnetomotive forces in the reactor
core,

During the starting and shut-down periods, the volt-
age derived from the circuit associated with the first
rectifier is varied at a substantially uniform rate by a
motor-driven potentiometer. Initially the voltage sup-
plied from the circuit of the first rectifier is such that
the impedance of the impedance windings of the safu-
rable reactor is very high with the result that the voit-
age across the autotransformer has a very low value
which may be substantially zero. An increase of volt-
age supplied from the circuit of the first rectifier causes
the current supplied to the control winding of the satu-
rable reactor to increase, thereby increasing

the voliage
across the autotransformer winding and the

load which
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is conmected across the autotransformer winding. The
voltage impressed upon the third rectifier is therefore
decreased to cause the current supplied to the bias wind-
ing tc decrease. The current supplied to the bias wind-
ing is further decreased due to the voltage drop pro-
duced across the resistor by the increased current sup-
plied through it to the control winding. The decreased
energization of .the bias winding further increases the
voltage across the autotransformer winding and across
the lcad.

When the potentiometer brush has completed its travel,
the voltage across the autotransformer winding is sub-
stantially equal to the normal operating load voltage
and at that time the load is disconnected from across
the autotransformer winding and connected in series
with the booster portion of the autotransformer and the
current supply source. The load voltage is then main-
tained substantially constant since an increase of load
voltage, for example, causes a reduction of the current

supplied through the autotransformer winding and the 2

saturable reactor to decrease the voltage across the
booster portion of the autotransformer winding.

When it is desired to de-energize the load, the load
is reconnected across the autotransformer winding and

the brush of the potentiometer is driven at a substan-

tially uniform rate to decrease the voltage supplied from
the circuit associated with the first rectifier. The cur-
rent supplied to the control winding is thus decreased
and the impedance of the impedance windings of the
saturable reactor is increased to cause a reduction of
the current supplied to the autotransformer winding from
the alternating-current supply source, thereby reducing
the voliage across the autoiransformer winding and the
load. The current supplied from the third rectifier is
increased, as a result, to cause a further reduction of
the voltage across the autotransformer winding, When
the brush of the potentiometer has completed its travel,
the voltage across the autotransformer will be reduced
substantially to zero and the load is disconnected from
the current supply circuit.

The invention will now be described in greater detail
with reference to the accompanying drawing in which
Figs. 1 and 2, when placed side by side with Fig. 1 at
the left, are a diagrammatic view of a current supply
apparatus embodying the invention.

Referring to the drawing, there is provided an auto-
transformer 1§ comprising a core 11 of magnetic mate-
rial forming a flux path having therein a series gap or
gaps i2 devoid of magnetic material and a winding 13
on the core. Current is supplied from an alternating-
carrent supply source 15 through autotransformer 10
to a load 16 which may be the cathodes or cathode
heaters of a large number of thermionic devices for
example. The winding 13 is provided with taps 51, 52,
53, 54 and 55 as shown. There is provided a transfer
switch 3 comprising relays 3« and 3b the armatures of
which are mechanically interlocked, as shown, so that
when one of the relays is energized to move its arma-
tures to the operated or circuit closing position, the
armatures of the other relay are locked in the released
or circuit opeming position. Assuming for the present
that relay 36 is operated, then a portion of autotrans-
former winding 13 between the taps 51 and 52 is con-
nected in series with the alternating-current supply source
15 and the load 16.

There is provided a saturable reactor 28 comprising
a three-legged core 21 of magnetic material, impedance
or power windings 22 and 23 of substantially equal
turns on the outer legs, respectively, of the core, and,
on the middle leg of the core, a biasing winding 24 and
a control winding 25. Windings 22 and 23 may each
have 184 turns, winding 24 may have 1500 turns and
winding 25 may have 1500 turns, for example. During
haif-cycle periods of one polarity of supply source 1§,
current is supplied from the supply source 15 to a cur-
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rent path comprising winding 22, an asymmetrically
conducting varistor 26 in its forward or low resistance
direction and the portion of autotransformer 13 between
taps 52 and 54, all in series. During half-cycle periods
of opposite polarity, current is supplied from the source
15 to a current path comprising the portion 52—54 of
autotransformer winding 13, an asymmetrically con-
ducting varistor 27 in its forward direction, and the
winding 23, all in series. Alternating current is thus
supplied through the winding portion 52—54 and pulsat-
ing unidirectional current is supplied to each of wind-
ings 22 and 23. There is provided a bridge rectifier
56 to which current is supplied from the supply source
15 through a circuit comprising a transformer 57 and
autotransformer 10. The secondary winding of trans-
former 57 is connected to the input terminals of recti-
fier 56. The primary winding of transformer 57 is con-
nected in series with the current supply source 15 and
a portion 52—33 of autotransformer 1. The currents
supplied to windings 22 and 23, respectively, cause to
be set up in a magnetic circuit including the outer legs
of the core 21 magnetomotive forces having opposite
directions, as indicated by the arrows on the drawing.
The currents supplied to windings 24 and 25, respec-
tively, on the middle leg, as will be described, set up
magnetomotive forces which are opposed, as indicated
by the arrows. In operation the resultant of the mag-
netomotive forces due to windings 24 and 25 may be
zero or may either aid or oppose the magnetomotive
forces due to windings 22 and 23 depending upon
whether the magnetomotive force due to winding 25 is
larger or smaller than the magnetomotive force due to
winding 24. A resistor 28 of 50 ohms, for example,
is connected in series with each of windings 24 aand 23
and a commutating condenser 29 of 20 microfarads,
for example, is connected across winding 25 and resistor
28 in series. A resistor 17 of 20 ohms for example,
is provided in a path connecting a common terminal of
winding 22 and varistor 26 to a common terminal of
winding 23 and varistor 27. Current is supplied to bias-
ing winding 24 from rectifier 56 through a circuit com-
prising in series, a resistor 58 of 88 chms, for example,
resistor 28 and winding 24. Current from rectifier 55,
is also supplied to.a current path comprising a vesistor
40 of 250 ohms, for example, and a condenser 4% of
250 microfarads, for example, in series, to charge the
condenser 41.

The relative turns between the various taps of auto-
transformer winding 13 are preferably such that during
normal operating periods the nominal voltage between
taps 51 and 52 is 60 volts, the voltage between taps
52 and 53 is 75 volts, the voltage between taps 53 and
54 is 75 volts and the veltage between taps 54 and 35
is 50 volts, the voltage of source 15 being nominally
208 volts, and the load voltage being 236 volts. The
length of the series gap may be adjusted, before the auto-
transformer 10 is installed in the regulating circuit, by
connecting across the winding portion 51, 52 an alter-
nating voltage equal to or somewhat greater than the
difference between the maximum and minimum voltages
of the supply source 15 and adjusting the gap length
until the current through winding portion 53—52 is equal
to or slightly greater than the maximum root-mean-
square load current.

There is provided a magnetic amplifier 3% for controi-
ling the supply of rectified current from supply source
15 to the control winding 25. The amplifier comprises
a saturable reactor having a three-legged coie 31 of
magnetic material with impedance or power windings 32
and 32 on the outer legs, respectively, of the core and
a control winding 34 on the middle leg. Windings 32
and 33 may each have 568 turns and winding 34 may
have 2500 turns, for example. There is provided a
transformer 37 having a primary connected to the sup-
ply source 15 and a secondary winding having a mid-
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terminal.  During half-cycle periods of one polarity of
the supply source, current is supplied from the upper
portion of the secondary winding of transformer 37 to
a circuit comprising reactor winding 32, an asymumeiri-
cally conducting varistor 35 in its forward direction,
resister 28 and winding 25, all in series. During haif-
cycle periods of opposite polarity, current is supplied
irom the lower portion of the secondary of transformer
37 to a circuit comprising reactor winding 33, an asym-
metrically conducting varistor 36 in its forward direc-
tion, resistor 28 and winding 25, all in series.

There is provided a comparison voltage bridge recti-
fier 68 for setting up across its output terminals a uni-
directional voltage proportional to the alternating volt-
age across the load 16. The rectifier is energized
through a transformer 61 having its primary winding
coennected across the load. A potentiometer 62 is con-
nected across a portion of the secondary transformer
winding 61 and the input terminals of the rectifier are
connected through the potentiometer to the secondary
winding of transformer 61, as shown. A resistor 63 of
5000 chms, for example, is connected across the output
of rectifier 68. There is provided a reference voltags
supply bridge rectifier 70 to which current is supplied
through a transformer 71. The primary winding of
transformer 71 is connected through the portion 51—52
of the winding of autotransformer 14 to the alternating-
current supply source 15.

The control circuit employs reiays 4, 5 and 6, the
functions of which will later be described. With relay
4 released, and relay 6 operated, there are four cur-
rent paths in parallel connecting the points designated
a and b, respectively. One of the paths comprises in
series the output of rectifier 78, a smoothing choke coil
72 and a resistor 73 of 600 chms, for example. A sec-
ond of the paths comprises in series a resistor 74 of
300 ohms, for example, and a cold cathode, gas-filled,
constaint voltage device 75. A third path comprises in
series a resistor 76 of 10,000 ohms, for example, and
an asymmetrically conducting varistor 77. The fourth
path comprises a potentiometer 78 having end terminals
n and ¢ and 2 terminal p connected to its brush. When
the relay 3 is de-energized, potentiometer terminal 1 is
connected through a connector 79 to point ¢ and poten-
tiometer terminal o is connected to point b, the con-
nector 79 being provided within the tube 75 to open
the third and fourth current paths when the tube 75 is
removed from its socket. Energization of relay 5 re-
verses the potentiometer 78 in the current path so that
terminal n is connected to point b and terminal o is
connected to point a. The control winding 34 of the
magnetic amplifier 38 is counected in a current path
which may be traced from a point ¢ which is the com-
mon terminal of varistor 77 and resistor 76 through the
contrel winding 34, resistor 46 and rectifier 60 to the
point d which is the common terminal of the constant
voltage tube 75 and resistor 74.

During normal operation of the regulating circuit,
relays 3b and 6 are operated and relay 4 is released.
When the load voltage has a certain predetermined
value, the average output voltage of rectifier 69 which
is proportional to the load voltage is equal to the volt-
age across the constant voltage tube 75. For this con-
dition, no average current flows through- the control
winding 34. When the load voltage decreases with
respect to the predetermined value, the average output
voltage of rectifier 60 will be less than the voltage
across the comstant voltage tube 75 and current will
flow from the positive terminal of rectifier 78 through
choke coil 72, resistor 73, contacts of relays 6 and 4,
respectively, varistor 77 in its forward direction, con-
trol winding 34, resistor 49, resistor 63, which is across
rectifier’ 60, and resistor 74 to the negative terminal
of rectifier 7. There will thus be set up in the core
31 a magnetomotive force which aids the magnetomotive
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forces set up in the core due to the rectified currenfs
flowing through windings 32 and 33, respectively. The
impedances of windings 32 and 33 will thus decrease
t0 cause the currents in these windings to increase, thereby
further decreasing the impedances of these windings and
further increasing the currents flowing through these
windings.

The control winding 25 on the middle leg of core 21
is conmected in series with windings 32 and 33 so that
increased current zlso flows through winding 25. If it is
essumed, for the purpose of explanation, that the mag-
netomotive forces due to the currents supplied to wind-
ings 24 and 23 are equal when the load voltage is at the
predetermined value, then the increased current supplied
to winding 25 will cause the magnetomoiive force due
to this winding to increase by a relatively large amount.
The increased current supplied to winding 23 flows
through resistor 28, thus increasing the voitage drop
across this resistor and reducing the cusrent suppiied
from rectifier 56 to biasing winding 24. The magnetomo-
tive force due to windings 25 and 24 aid and oppose,
respectively, the magnetomotive force set up due to wind-
ing 22 in one of the cuter legs and the magnetomotive
force set up due to winding 23 in the other outer leg ¢f
the core 21. Thus the increased magnetomotive force
due to winding 25 and the decreased magnetomotive force
due to winding 24 each have the cfiect of reducing the
impedance of windings 22 and 23. Increased current is
thus supplied from the source 1% through the winding
portion 52—354 of the autotransformer and through wind-
ings 22 and 23 of the saturable reactor 28, Because of
the increased current supplied to the autotransformer
winding, the voltage across winding portion 52—33 is
increased and therefore the voltage across the primary
of transformer 57 is reduced. As z resuit the cutput
voitage of rectifier 54 is reduced and the current supplied
to biasing winding 24 is further reduced. T herefore, the
impedance of windings 22 aad 23 is further reduced to
cause a further increase of current supplied to portion
§2—54 of the autotransformer winding. The load volt-
age is increased in response to the veltage increase across
the winding portion 51-—352 which results from the supply
of increased current through winding portion 52-—84 of
the autotransformer. The assumed decrease of load volt-
age is thus minimized.

If the load voltage increases to a value such that the
average output voltage of rectifier 68 is larger than the
voltage across the constant voltage tube 75, current will
flow through the control winding 34 in a direction such
that the magnetomotive force due to this winding opposes
the magnetomotive forces dus to windines 32 and 33.
The current flows from the positive terminal of rectifier
63 through resistor 48, control winding 34, resistor 76
and resistor 74 to the negative terminal of rectifier 66.
The magnetomotive force due to winding 34 is smaller
than each of the magnetomotive forces due to windings
32 and 33. Therefore, the impedances of windings 32
and 33 are increased and the current fow through these
windings is reduced. The resuitant of the magnetomotive
forces due to windings 24 and 23, therefore, has a direc-
tion opposed to the masnetomotive force of each of wind-
ings 22 and 23, thus cansing the impedances of windings
22 and 23 to increase. The alternating current flowing
through winding portion 52—54 of the autotransformer
winding, is thus reduced and the magnitude and phase of
the voltage across the portion 51—32 of the aufotrans-
former winding changes sc as to minimize the assumed rise
of load voltage.

It is seen that when the average output voltage of recti-
fier 66 is larger than the opposing voltage across constant
voltage tube 75, the current flowing through winding
34 is limited by the resistor 76. This current limitation is
such that the magnetomotive force set up by the current
in winding 34 is less than the opposing magnetomotive
fores due to each of windings 32 and 33 even if the load
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voltage should rise to an abnormally high value. If this
current limitation feature were not provided and, as a
result, the magnetomotive force due to winding 34 should
become greater than the opposing magnetomotive forces
due to each of windings 32 and 33, the impedances of
windings 32 and 33 would decrease, the current through
winding 25 would increase and the impedances of wind-
ings 22 and 23 would decrease. in that case the rise
of load voltage would produce an increase of current
through the winding portion 52—54 of the autotrans-
former winding and thus cause a further increase of load
voltage.

The regulating circuit is designed so that during normat
operation the load voitage is as large as or, preferably,
somewhat larger than the maximum voltage of the alter-
nating-current supply source 15. The load veltage may
be adjusted by means of the potentiometer 62. Axn ad-
justment of polentiometer €2 which increases the output
voltage of rectifier 68 produces a decrease of load voltage
and vice versa.

As previously stated, it is desired to increase the load
voltage during a starting or warm-up period from zero
to the mormal load voltage at a substantially uniform
rate over a certain time interval, say two minutes. Dur-
ing a shut-down period it is desired to decrease the lgad
voltage at a substantially uniform rate from the normal
operating voltage to zero, during a similar interval. The
apparatus for producing the variation of load voltage over
this wide range during the starting and stopping periods
will now be described. The relays 3z and 3b of the
switch 3 are deenergized when the apparatus is shut
down and the load is thus disconnected from the current
supply circuit.

The energization of the load is initiated by ciosing a
start key 1. A circuit is thus completed from one
minal of the supply source 15 through contact Za of a
stop key 2, released, start key 1, operated, and start relay
3a to the other terminal of the supply source 15. Relay
3q is thus operated and relay 3b is locked out. A hoid-
ing circuit for relay 3« is thus completed through the
normally closed contact 88a of a limit switch 88. Opera-
tion of relay 3a completes a circuit for connecting the
load and the primary of transformer §1 across the entire
winding 13 of autotransformer 10, that is to the end ter-

tay
er-

minals 31 and 55. Operation of relay 3« also completes |

an energizing circuit for relay 4 from rectifier 78, caus-
ing the relay to operate. Operation of relay 4 connects
terminal p going to the brush of potentiometer 78 to the
anode of varistor 77. Operation of relay 4 also completes

a circuit for supplying current from the supply source 15

to a driving motor 81 which drives the brmsh arm 88 of
potentiometer 78 and to an eclectromagaet 82 for operat-
ing a pawl 83.

The electromagnet 82, when energized, moves the
pawl 83 into engagement with the gear 84 which is
coupled to the planetary gear system 85. The sun
gear 86 of this planetary system is driven by the mo-
tor 81 through a suitable speed reduction gear train
within the housing 87. When the pawl 83 engages the

gear 84, the gear 89 of the planetary system Is held

stationary with the result that the arm 189 is driven
by the motor through the satellite gears 96 of the plane-
tary system, shaft 91 and gears 92. While the motor
is driving the arm 109, it also winds up a spiral spring

23 the inner end of which is secured to the shaft 91 .

and the outer end of which is secured to a fixed sup-
port 24. The potentiometer brush arm 88 is secured
to one end of a shaft 85 to the other end of which is
secured a dog 96 having an internally threaded portion

for supporting a set screw 97. When the motor 81 -

and the electromagnet 82 are energized, the arm 179
is moved out of engagement with a stop 98 and drives
the potentiometer shaft 95 through the set screw 97 and
the dog 96, the arm 109 being linked to the dog 9%
through the set screw 97.

The potentiometer brush ;
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carried by the arm 88 is thus moved at a uniform rate
along the winding of the potentiometer 78 from ter~
minal o to terminal n during an interval of about two
minutes. When the potentiometer brush has completed
its travel, a camming surface formed by a projection of
dog %86 will engage the limit switch 8¢ to open its con-
tact 80a and close its contact 885, Any further travel
of the dog 96 will bring the projection of dog 96 into
engagement with the fixed post 99, thereby stalling the
driving motor and preventing any further motion of
the potentiometer brush, thus safeguarding the po-
tentiometer from damage through possible overdrive.

At the commencement of the starting period, when
the brush of potentiometer 78 is at. terminal o, the
point ¢ may be slightly positive with respect to point
b due to the rectification by varistor 77 of alternating
voltage which may be induced in winding 34. There
will be a voltage drop across the 300-ohm resistor 74
between points b and d in opposition to the voltage
drop between points ¢ and b in the circuit including
winding 34 connected to points ¢ and d. There may
also be present in the circuit, including winding 34, a
small output voltage of rectifier 60 due to alternating
current supplied to. the transformer 61 the primary of
which is connected across the winding of autotrans-
former 10. The voltage across winding 34 will then
be the output voltage of rectifier 60 plus the voltage
across Tesistor 74 minus the voltage across resistor 76.
The direction of the current flow will be from the posi-
tive terminal of rectifier 60 through resistor 40, wind-
ing 34, resistor 76 and resistor 74 to the megative ter-
minal of rectifier 60. This direction of current flow
through winding 34 sets up a magnetomotive force in
the core 31 of the magnetic amplifier 30 which opposes
the magnetomotive forces due to windings 32 and 33.
As a result, the impedance of windings 32 and 33 of
the magnetic amplifier will be high, the current supplied
to control winding 25 of the saturable reactor 2¢ will
be low, the impedance of windings 22 and 23 of the
saturable reactor will be high and only a very smail
current will flow through the winding portion 52—54
of the autotransformer winding, ~Thus, the voltage
across the autotransformer winding and therefore the
voltage across the load and across the primary of trans-
former 61 will be a low value near zero.

When the motor 81 drives the brush of potentiom-
eter 78 from terminal o toward terminal n at a substan-
tially uniform rate, the voltage between point b and
the potentiometer brush increases at a uniform rate.
Current will flow from the positive terminal of recti-
fier 76 through choke coil 72, resistor 73, from ter-
minal n of the potentiometer to the potentiometer
brush through varistor 77 and resistor 76 to the nega-
tive terminal of rectifier 70. The voltage drop across
the resistor 76 is thus increased to cause the current
flowing through the winding 34 to decrease. The volt-
age across the autotransformer 1% and the load 16 and
the output voltage of rectifier 68 are thus increased at
a substantially uniform rate.

The increased voltage across the autotransformer 18
will produce two effects. First, the voltage supplied to
the bias rectifier 56 will decrease to cause the current
supplied to the bias winding 24 to decrease. A reduc-
tion of current supplied to the bias winding 24 will re-
duce the current required to be supplied to the control
winding 25 in order to raise the voltage across the au-
totransformer 10 and the load 16 to the normal operat-
ing value. .

The second effect of increasing the voltage across the
autotransformer is that of increasing the output volt-
age of the comparison voltage rectifier 60 which is pro-
portional to the load voltage. The current in the cir-
cuit comprising the control winding 34 is of the order
of a few milliamperes and, therefore, the output volt-
age of rectifier 60 will very closely follow the voltage
appearing between the cathode of the constant voltage
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tube 75, point d, and the brush of the potentiometer
78. Thus, the resultant voltage in the control circuit
including the control winding 34 will be nearly zero
at all times and, at any position of the brush of po-
tentiometer 78, the regulating circuit will function to
minimize load voltage changes due to both voltage
changes of the supply source 15 and to load current
changes. When the brush of potentiometer 78 reaches
terminal 7, point ¢ will be effectively at the potential
of point a since the voltage across the varistor 77 when
conducting is quite small. The voltage across the load
will then be at the normal operating value determined
by the setting of the potentiometer §2.

When the output voltage of rectifier 60 has increased
sufficiently in response to the movement of the brush of
potentiometer 78, the current supplied from the rectifer
to relay € reaches a sufficient amplitude to cause relay
6 to operate. When the brush of potentiometer 78 has
completed its travel to terminal n, the limit switch 8%
is actuated by the dog 96 to open contact 804 and *o
close contact 80b. Opening of contact 88« opens the
holding circuit for relay 3a. Closing contact §¢h com-
pletes a circuit for energizing relay 3b by current from
source 15 through a contact of relay 6 which has op-
erated. Release of relay 34 and operation of relay 3h
will disconnect the lead and the primary of transformer
¢1 from across the entire winding of autotransformer
1% and will connect the load and the primary of trans-
former 61 each in series with the portion 51—%52 of
the autotransformer winding and the supply source 15.
The release of relay 3¢ will open the energizing circuit
for relay 4 and the release of relay 4 will disconnect the
anode of varistor 77 from the brush of potentiometer 78
and connect it to point 4. Release of relay 4 will also
cpen the energizing circuit for the motor 81 and the
electromagnet 82. The release of the pawl 83 by the
de-energization of electromagnet 82 will permit the un-
winding of the spiral spring 935 which was wound up
while the motor was driving the brush of potentiometer
73 from terminal o to terminal n. The unwinding of
spring 93 will thus return the potentiometer brush from
terminal # to terminal o.

Operation of relay 3b completes a circuit for eper-
gizing relay 5 by current from rectifier 79. Operation
of relay 5 reverses the terminal connections of potentiosm-
eter 78 in the circuit, connecting the terminal # to point b
and terminal o to point a. A holding circuit for relay
5 is completed through a contact of relay & io insure
that relay § will remain operated even though relay 3b

is subsequently released. The circuit and apparatus are 5

now in the normal cperating condition for supplying
alternating current to the load and to maintain the load
voltage substantially constant at the normal operating
voltage.

When it is desired to de-energize the load 16, the
stop key 2 is operated to open contact 2¢ and close con-
tact 2b. Opening contact 2a interrupts the holding cir-
cuit for relay 35 and closing contact 25 completes an
energizing circuit for relay 3a through a contact of relay
6. As a result, the load 16 and the primary of traus-
former 61 will each be disconnected from the series
circuit comprising the source 15 and the booster por-
tion 5i—52 of the autotransformer winding and will
be connected across the entire autotransformer winding
from terminal 51 to terminal 55. Operation of relay 3a
completes an energizing circuit for relay 4 fo causs the
anode of varistor 77 to be connected to the terminal p
of the potentiometer 78. The operation of refay 4 will
also complete a circuit for energizing the motor 1 and
the electromagnet 82. The motor will therefore drive
the brush of potentiometer 78 from termina! o io ter-
minal n. However, since terminal o is now connected
to point a and terminal » is now connected to point b,
the potential of point ¢ with respect to point d is initially
a maximum, and this potential difference grndually de-

10

30

40

60

65

70

wy
v

5]

10

creases as the potentiometer brush is moved at a uni-
form rate from terminal o to terminal #. This decrease
of potential difference between points ¢ and d causes the
current flowing through winding 34 of the magnetic
amplifier 39 to increase with the result that the voltage
across the winding of autotransformer 10 and the load
16 and the ouiput voltage of rectifier 60 are decreased
at a substantially uniform rate. When the output volt-
age of rectifier 66 has decreased sufficiently, relay § wili
be released.

The operation of the limit switch 86, when the brush
of potentiometer 78 has completed its travel from ter-
minal o to terminal n, opens the holding circuit for
relay 3a thereby releasing relay 3a. The energizing

5 circuit for relay 3b is not completed by the closure of

switch contact 88b because relay 6 is de-energized at
this time. Release of relay 3a opens the energizing cir-
cuit for relay 4. With relays 4 and § released, the
holding circuit for relay 5 is opened and relay 5 releases.
The release of relay 4 opens the energizing circuit for
the motor 81 and the electromagnet 82 thereby per-
mitting the spring 93 to return the brush of potentiom-
eter 78 to terminal 0. The circuit is thus restored to its
initial condition with the load disconnected from the
current supply circuit.

To avoid having relay 6 momentarily release during
the interval in which one of relays 3a and 3b is being re-
leased and the other of the relays 3a and 35 is being op-
erated, it is desirable that relay 6 should be slow to
release.  For this purpose a suitable condenser 188 may
bz connected across the winding of relay 6, for example.

If, due to some emergency it should become neces-
sary to de-energize the load 16 prompily, this may be
done by opening switch 161 through which current from
the supply source 15 is normally supplied to the cur-
rent supply circuit. Regardless of the state of the ac-
tivation of the current supply circuit at the time the
switch 181 is opened, all the relays will be released and
the brush of potentiometer 78 will be brought to ter-
minal 0. Subsequently, the switch 101 may be closed
and the energization of the load started as previously
described.

The 20-chm resistor 17 connecting the common ter-
minal of reactor winding 22 and the rectifying element
26 and the common terminal of winding 23 and the
rectifying element 27, has been found to be efective in
minimizing the initial surge of current at the start of
the period in which the saturating action begins to build
up. This surge is particularly noticeable, withoui the
resistor 17, where the cold resistance of the filaments
of the load 16 is a small fraction of the resistance of the
filaments when hot. The resistor 17 could be replaced
by an electrolytic condenser of low reactance and in
some cases this may be a preferable arrangement.

The resultant voltage in the circuit for supplying cur-
rent to the centrol winding 34 of the magnetic amplifier
3% comprises the cutput voltage of rectifier 68 and the
voltage measured between points c and d. There may also
be present in the circuit a transient voltage substantially
proporticnal to the rate of change of output voltage of
rectifier 56. This transient voltage is introduced into
the circuit comprising the control winding 34 due to the
charge or discharge current of condenser 41 flowing
through resistor 48. For example, if during normal op-
eration the load voltage should increase to cause an in-
crease of output voltage of rectifier €0, the current sup-
plied to winding 34 changes to reduce the current sup-
plied through portion 52—34 of the autotransformer
winding. The output voltage of rectifier 56 thercfore in-
creases to cause ihe condenser 41 to be charged through
resistor 48. This charging current prodiaees across re-
sistor 4¢ a transient voltage drop in opposition to the
Increasing ountput voltage of rectifier 69. The rate of
change of current flowing through winding 34 is thus
reduced. In this way, the control circuit is effectively



2,709,778

11

stabilized not only for the normal cperating condition,
but also during the periods in which the supply of cur-
rent to the load is being started or stopped.

What is claimed is:

1. Apparatus for supplying alternating current from an
alternating-current supply source to a load comprising an
autotransformer having a core and a winding thereon,
said winding comprising a first, a second and a third
winding portion, a saturable reactor having an impsdance
winding and a winding means, means for supplying cur-
rent from said supply source to a current path compris-
ing said impedance winding and said second winding
portion in series, means for connecting said load across
said autotransformer winding, means for increasing at a
substantially uniform rate over a substantial time interval
the voltage across said load from zero or a very low
value to a predetermined voltage, said last-mentioned
means comprising means for energizing said winding
means to gradually reduce the impedance of said im-
pedance winding, and means for disconnecting said load
from across said autotransformer winding and connect-
ing said load in series with said first winding portion and
said current supply source when the load voltage has in-
creased to said predetermined voltage.

2. In combination, an autotransformer having a core
and a winding thereon, said winding comprising a first, a
second and a third winding portion, a saturable reactor
having an impedance winding, means for supplying cur-
rent from an alternating-current supply source through
said second winding portion and said impedance winding
in series, means for connecting a load across said auto-
transformer winding, means for decreasing the impedance
of said impedance winding to increase the voltage across
said autotransformer winding and said load, and means
effective when the load voltage has increased to a desired
value for disconnecting said load from across said auto-
transformer winding and for connecting said load in
series with said first winding portion and said current
supply source.

3. Apparatus for supplying current from an alternating-
current supply source to a load comprising an autotrans-
former having a core and a winding thereon, said winding
comprising a first and a second winding porticn, means
for connecting said load across said autotransformer
winding, means for supplying current from said supply
source to said second winding portion comprising means
for gradually increasing said current to increase the volt-
age across said autotransformer winding to a prede-
termined desired voltage and means effective when the
voltage across said autotransformer winding has in-
creased to said predetermined voltage for disconmecting
said load from across said autotransformer winding and
connecting said load in series with said first winding poz-
tion and said supply source.

4. In combination, a saturable reactor comprising a
core and a first, a second and a third winding on said
core, the impedance of said first winding being controlled
in part at least by the resultani magnetomotive force set
up in said core due to currents supplied to said second
and third windings, respectively, a first and a second
source of unidirectional voltage, a resistor, a first circuit
comprising said first voltage source, said resistor and said
second winding all in series, a second circuit comprising
said second voltage source, said resistor and said third
winding all in series, the magnetomotive force set up
in said core in response to the current in said first circuit
fiowing through said second winding being in opposition
to the magnetomotive force set up in said core in re-
sponse to the current in said second circuit flowing
through third winding, the voltage set up across said re-
sistor in response to current flowing in said first circuit
being in opposition to the voltage of said second source
in said second circuit.

5. The combinaticn with an autotransformer having
a winding, of a saturable reactor comprising an impedance
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winding, a biasing winding and a control winding all
wound on a core of magnetic material, means for supply-
ing current from an alternating-current supply source to
a circuit comprising a portion at least of said autotrans-
former winding and said impedance winding in series, a
rectifier for supplying unidirectional current to said bias-
ing winding to set up a first unidirectional magnetomotive
force in said core, a circuit for supplying current from
said supply source to said rectifier through a portion of
said autotransformer winding the voltage across which is
in opposition to the voltage of said supply source in said
circuit and means for supplying to said control winding
a unidirectional current which may vary to set up in
said core a second unidirectional magnetomotive force
which is opposed to said first unidirectional magnetomo-
tive force, an increase of said second magnetomotive force
producing an increase of voltage across said autotrans-
former winding to cause a reduction of said first mag-
netomotive force and vice versa.

6. The combination with an autotransformer having
a winding, of a saturable reactor comprising an impedance
winding, a biasing winding and a control winding all
wound on a core of magnetic material forming a mag-
netic circuit, means for supplying alternating current
from an alternating-current supply source to a portion
at least of said autotransformer winding to set up an al-
ternating voltage across said autotransformer winding,
said last-mentioned means comprising said impedance
winding and a first rectifier for rectifying the current
supplied to said impedance winding to cause a first uni-
directional magnetomotive force to be set up in said
magnetic circuit, a second rectifier, means for supplying
current from said supply source through a circuit com-
prising a portion of said autotransformer winding to
said second rectifier to set up a unidirectional voltage
which decreases in response to a decrease of impedance
of said impedance winding and vice versa, the voltage
across said portion of said autotransformer winding
being in opposition to the voltage of said supply source
in said circuit, means for supplying current from said
second rectifier to said biasing winding to set up a second
nnidirectional magnetomotive force in said magnetic
circuit and means for supplying unidirectional current
which may vary to said control winding to set up a third
unidirectional magnetomotive force in said magnetic
circuit to control the impedance of said impedance wind-
ing and thereby the voltage across said autotransformer
winding, said second and third magnetomotive forces
being in opposition with respect to each other and said-
first and third magnetomotive forces being in aiding re-
lationship with respect to each other.

7. In combination, an autotransformer comprising a
winding, means for supplying current from an alternat-
ing-current supply source to a portion of said winding
to set up an zlternating voltage across said winding, a
first source of variable unidirectional voltage, a second
source of unmidirectional voltage the voltage of which
increases in response to an increase of voltage across
said autotransformer winding and vice versa, a third
source of unidirectional voltage the voltage of which
decreases in response to an increase of voltage across
said autotransformer winding and vice versa, and means
responsive to the voltages of said first, second and third
sources of unidirectional voltage for controlling the sup-
ply of current from said alternating-current supply source
to said portion of said autotransformer winding to con-
trol the voltage across said winding, an increase of a
voltage equal to the difference of the voltages of said
first and second unidirectional voltage sources increasing
the voltage across said autotransformer winding and
vice versa and the decrease of voltage of said third
unidirectional source resulting from said increased volt-
age across said autotransformer winding further in-
creasing the voltage across said autotransformer winding
and vice versa.
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8. A combination in accordance with claim 7 in which
there are provided switching means for connecting a
load across said autotransformer winding or for connect-
ing said load in series with said alternating-current sup-
ply source and a second portion of said autotransformer
winding alternatively, means for increasing the voltage
of said first source of wnidirectional voltage at a sub-
stantially uniform rate to a predetermined maximum volt-
age, means responsive to a start signal for operating said
switching means to connect said load across said auto-
transfermer winding, means responsive to said operation
of said switching means for starting said means for in-
creasing the voltage of said first source of unidirectional
voltage and means responsive when said maximum volt-
age is veached for operating said switching means to dis-
connect said load from across said second aufotrans-
former winding and to cennect said Ioad in series with
said alternating-current supply source and said second
portion of said autotransformer winding.

9. A combination in accordance with claim 7 in which
are provided switching means for connecting a load
across said autotransformer winding or for connecting
said load in series circuit with said alternating-current
supply source and a second portion of said autotrans-
former winding alternatively, means for decreasing the
voltage of said first source from a maximum to a mini-
mum value at a substantially uniform rate, means re-
sponsive to a stop signal for operating said switching
means to disconnect said load from said series circuit
comprising said alternating-current supply source and
said second portion of s2id autotransformer winding and
for connecting said load across said autotransformer
winding and means responsive to said operation of said
switching means for starting said means for decreasing
the voltage of said first source.

10. In combination, an autotransformer having a
winding, a saturable reactor having an impedance wind-
ing, a control winding and a bias winding all on a core
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of magnetic material, a circuit comprising a first portion
of said autotransformer winding and said impedance
winding in series connected to an alternating-current
supply source, means for rectifying the current supplied
to said impedance winding to cause to be set up in said
core a first unidirectional magnetomotive force, means
comprising a first rectifier for setting up a first unidirec-
tional voltage, means for energizing said first rectifier
comprising a first transformer having a primary winding
connected in series circuit with said alternating-current
supply source and a second portion of said autotrans-
former winding the voltage across which portion aids
the supply voltage in said circuit, a second rectifier for
setting up a second unidirectional voltage, means for
energizing said second rectifier comprising a second
transformer having a primary winding connected across
said autotransformer winding, a control circuit compris-
ing said control winding and a resistor in series therewith,
means responsive to a voltage equal to the difference of
said first and second unidirectional voltages for con-
trolling the energization of said control circuit to set up
a second unidirectional magnetomotive force in said core,
a third rectifier for setting up a third unidirectional volt-
age, means for energizing said third rectifier comprising
a third transformer having a primary winding connected
in series circuit with said alternating-current supply
source and a third portion of said autotransformer wind-
ing the voltage across which portion opposes the supply
voltage in said circuit, a biasing circuit comprising said
biasing winding and said resistor in series and means
for impressing said third unidirectional voltage upon
said biasing circuit to set up in said core a third magneto-
motive force in opposition to said first and second mag-
netomotive forces, the unidirectional currents supplied to
said control circuit and to said biasing circuit Tespec-
tively, flowing in the same direction through said resistor.

No references cited.



