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 UNITED STATES PATENT OFFICE.

FRANCIS B. CROCKER, OF NEW YORK, N. Y.

METHOD OF AUTOMATIC REGULATION OF RECTIFIERS AND ROTARY CONVERTERS.

No. 891,797.

Specification of Letters Patent.
Application filed July 25, 1904. Serial No. 218,053,

Patented June 23, 1808.

To all whom it may concern: :

Be it known that I, Franots B. CROCKER,
a citizen of the United States of America, and
a resident of the city, county, and State of
New York, have invented certain new and
useful Improvements in Methods of Auto-
matic Regulation of Rectifiers and Rotary
Converters, of which the following is a speci-
fication.’ .

This invention relates to the automatic

regulation of electric currents in conjunction

with their conversion from alternating cur-
rent into direct current or from direct cur-
rent into alternating current by any suitable
rectilier or rotary converter. '

The object of the invention is to secure
automatic regulation by induetive action be-
tween the alternating current - circuits as
modified by the influence of the direct cur-
rent by a method which required only sim-
ple und eflective apparatus without moving
parts. In this way 1t is possible to cause the

- voltage to remain constant or to rise with in-
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crease of load, and so overcome the drop of
potential that usually takes place in the gen-
erater, transmitting lines, transformer, and
other parts of the circuits when under load;

A typical form ‘of the apparatus for prac-
ticing the herein claimed method comprises a
magnetizable core with series and shunt coils
connected to the alternating current leads

through which current passes to the rectifier,

and a series coil connected in one of the direct-
current leads of the rectifier.

In the accompanying four sheets of draw-
ings which form a part of this application:—
Figure 1 illustrates an alternator, alternating
conductors supplied therefrom, a rectifier, di-
rect-current cireuits supplied through the
rectifier from the alternating-current circuit,
and a core with-regulating coils and connec-
tions, as above indicated.  Fig. 2 illustrates
a modified arrangement, in which the core
has a double magnetic circuit, and the direct-

5 current coilis divided into two portions oppo-

sitely wound on the two parts of the magnetic
circuit, to neutralize inductive effects, a ro-
tary converter being used as a rectifier.” Fig,
3 illustrates a modification of the preceding
arrangément in which capacity is inserted in
the shunt circuit. IFig. 4 illustrates a modi-
fication of the arrangement of Fig. 2 in which
direct-current shunt coils are employed in

addition to the direct-current series coils.

Fig. 5illustrates a tri-phase alternator with a
regulating apparatus similar to that of Fig, 1

inserted in each of the three alternating-cur-
rent leads from the alternator, and amercury-
vapor rectifier. Fig. 6 illustrates a direct-
current generator, direct-current conductors
fed thereby, a rotary converter, alternat-
ing-current circuits suppliecd with energy
through the converter from the direct-cur-
rent circuit and a regulating apparatus simi-
lar to that illustrated in Fig. 2. Figs. 7,8
and 9 represent by vector diagrams the
values and phuase relations, at respectively
zero, half, and full loads existing in a specific
regulating apparatus constructed and oper-
ated according to my invention.

Referring first to Fig: 1, a single-phase
generator (z feeds current to aliernating cur-
rent conductors A and B. These conductors
supply energy through a rectifier C to direct-
current leads 11 I which deliver the energy to
direct-current consuming devices such as
storage battery cells P, motors ¥ or lamps Q.
The rectifier or rectifying commutator con-
sists of slip rings r #" and a commutator s
driven by a synchronous motor D which
revolves in synchronism with the alterna-
tions of the current supplied from the genera-
tor. In series with ome of the alternating
current conductors A leading to the rectifier
is a coil J wound on a laminated iron core E.
A shunt coil N is also wound in the same di-
rection on the core, and in the arrangement
illustrated in this figure is connected at one
end to a branch from the alternating-turrent
conductor A between the series coil J and the
rectifier. The function of this shunt coilis to
induce a certain electromotive force in the

«coil J" acting in the alternating-current cir-

cuit in opposition to that produced by the
generator G. lence the actual alternating
electromotive force supplied to the rectifier
1s less than that of the generator. A third
coil M is also wound on the core, and is con-
nected in series with one of the direct-cur-
rent leads H. A choke coil T may also be
placed in series in the direct-current circuit
to prevent the flow of, any alternating cur-
rent in this circuit which might otherwise be
induced in the coil M.

The operation of the apparatus in regulat-
ing currents is as follows: When the load in
the direct-current circuit is increased, for ex-
ample by the insertion of additional lamps
Q, motors F, or storage batteries P to Ee
charged, the additional current flow in the
coil M tends to saturate magnetically the core
E so that the mutual induction between.
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alternating-current coils N and J is reduced.
The effect of this reduction is to diminish the
opposing clectromotive force induced in the
coil J by the coil N. The resultant voltage
in the alternating-current circuit will there-
fore be increased, and- the voltage in the di-
rect-current cireuit which is supplied by the
rectilied alternating current will likewise be
increased.  When the magnetizing effect of
the direct-current coil M tends to saturate the
core IS, the self-induction of the shunt coil N
is reduced so that the cwrent {lowing
through it will rise in value. In order to

prevent this rise from becoming excessive

an inductance L, or a resistance R, or both,
may be inserted .in series with the coil N.
If either or both of these have a considerable
value compared with the self-induction of
the coil N, then the variation of that self-
induetion will not cause too large an in-
crease of current in the coil. It is convenient
to have this inductance or resistance ad-
justable, as shown so as to set or control the
regulating effects. In order that the initial
opposing electromotive force may be exactly
opposite in phase with respect to the elec-
tromotive force of the generator, the current
in the shunt coil N should lag 90° behind the
generator electromotive force.  The oppos-
mg electromotive force in turn lags 90° be-
hind the shunt current, thereby producing a
total phase difference of 180°, or exact oppo-
sition.
L in the shunt circuit is usually made large
compared with the resistance R so that the
current shall have a lag of approximately
90°. Another advantage thus secured is the
fact that inductance consumes no energy
whereas resistance does. Owing to these
phase relations the opposing electromotive
force of the coil J results in a transformation
of electrical energy from it to the shunt coil
N. At no load this electromotive force has
full value, but the current being zero the en-
ergy is also zero. With any appreciable
load—one-half for example—the current is
also one-half of the full value and the oppos
ing electromotive force should then be ap-
proximately one-half of its initial amount
i order that the resultant boosting effect
(i. e. rise in voltage) may be mnearly pro-
portional to the load. Under these condi-
tions an amount of energy equal to the prod-
uct of one-half of the full current by about
one-half of the maximum opposing electro-
motive force (less the losses) is transferred
from the series coil J to the shunt coil N.
In consequence a larger. current and lower
electromotive force than the generator pro-
duces may thus be supplied to the rectifier.
As full load is approached, the main alter-
nating current in the series coil J rises, but its
opposing electromotive force falls owing to
the magnetic saturation of the iron core by
the direct-current coil M. Theoretically

The reactance due to the inductance

891,797

this electromotive force should become zero
at full load. Practically it still has a frac-
tion of its original value since the magnetic
saturation is not complete,

In the arrangement illustrated in Fig. 2 a
core 1s employed having a double magnetic
cireuit, the two parts of which are indicated
by the dotted lines v and p.  The alternat-
ing-current coils N and J are wound on the
part of the core common to both circuits,
and the direct-current coil is divided into
two portions M and M’ which are oppositely
wound on the other two parts of the mag-
netie circuit. These coils are therefore bal-
anced with respect to the alternating flux
induced by the alternating-current coils so
that no alternating current is induced in the
direct-current -coils, and a choke coil in the
direct-current circuit is unnecessary. This
balance is less perfect when the load in-
creases, because the direct-current magneti-
zation is in one direction and allows the
alternating currents to vary the flux less in
that direction than in the other, especially
as saturation is approached. On the other
hand, this saturation also tends to diminish
inductive action, so that objectionable ef-
fects are largely avoided.

In the arrangement illustrated in Fig. 3,
capacity K isinserted in the shunt circuit in
lieu of the adjustable inductance 1. The
effect of this capacity is to advance the phase
relation of the current in the shunt circuit.
Assuming that this advance has its maxi-
mum value of 90° the electromotive force
set up in the shunt coil will lag «90° behind
the current, hence it will be in phase with
the impressed electromotive force. It fol-
lows therefore that the current in the series
winding being in phase with the impressed
electromotive force should be opposite in
direction to that in the shunt coil. In
other words, the two currents divide at their
common junction as shown and flow in op-
posite directions around the central portion
of the iron core in order that the electro-
motive force of the shunt coil may oppose
the electromotive force of the series coil.
Tig. 3 also shows that the shunt coil may
draw energy from the alternating-current
conductors directly, instead of after the
alternating current has passed through the
series coil as in the connections illustrated
in the preceding figure. In this figure the
shunt coil is supplied by a constant or falling
electromotive fI())rce, and in Figs. 1 and 2 by
a rising electromotive force. .

The arrangement illustrated in Fig. 4, em-
ploys connections substantially as in Fig. 2,
except that a direct-current shunt consisting
of coils O and O’ is opposed to the series coils
M and M’. The direct-current magnetiza-
tion thus obtained depends upon the dif-
ference between the ampere-turns in the two
sets of coils so that the effect of variations in
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load may be accentuated. .In this case.itis

-also & fact that there.is an initial direct-our--
rent magnetomotive force -at no.doad, while |

in-the preceding arrangement it is propor-
tional ‘to the load. '

In the arrangement-of ‘Fig. 5, the inven-
tion is applied in connection with & mercury-
vapor ‘rectifier, such -as .the -Cogper-Hewitt:
rectifier. The regulating deviees constitut-

ing my invention are inserted in-each of the-

three alternating-current leads from a suit-
able souree of three-phase current G'. The
currents:through the series eoils J J.J are Jed
to the positive electrodes E*'E? E? in:the.up-:
per part of the mercury-vapor rectifier.
The currents through the shunt coils N N N
return to-the neutral point.of the three-phase.
generator. The direct-current leads:H I are

.connected respectively-to the neutral point

of the generator and the negative side of the.
rectifier. The rectifier has a fourth.positive
electrode E¢, through which, and the ega~.
tive pole of the rectifier, current.is applied
from a suitable source S for starting the
rectifier. ' . :

In the arrangement illustrated in Fig. 6,
the invention is-applied to the regulation of
electric current in conjunction with its.eon-
version from direct into alternating current.

A .direct-current generator S feeds current .

to-direct-current leads H I. ~ These conduc-
tors ‘supply energy through .a .rotary con-
verter to.alternating-current leads A B which
deliver the 'energy .to -eonsuming devices

either direetly or through transformers. The-

regulating a,p%m'a-tus is ws deseribed -in-con-~

ig. 2, and consists of a.series
coil J connected in ome of the alternating-
current leads, & shunt coil N 'which:is con-
nected across the alternating-current leads,
and .a two-part direet-current series ‘coil
M M’ inserted in ome of the:direct-current
leads through which direct. current reaches
the rotary-converter. As before,-the shunt
coil N induces -an initial epposing-electromo-
tive force in the series coil J of the alternat-
ing-current cireuit, producing .a resultant
electromotive foree less-than hat .given out
by the converter. The direct-current in the
coils M M’, increasing direetly -with.the load,
tends" to saturate magnetically the core E-
and suppress the opposing -electromotive.
force, thus automatieally raising the result-
ant electromotive force of -the alternating-

-eurrent eircuit A B, in aceordance with my

invention. :

In order to.show the phase relations exist--
ing in my automatic regulating device and to.
illustrate how -it may be .designed .to .fulfil
practical conditions, the following example
1s given: The arrangement of apparatus and
connections lustrated in Fig. 2 is.adopted,
and the central portion of the iron core E.is
assumed to be11"X8"” =88.square inches,
each end portion 'being half as large or

. plied to the rotary converter (C.in Ff

53X 8 =4 -square -inches because there :are
two magmetic eireuits. ' The maximum flux
through  the -eentral .part may be taken as
88 X 87,000 =7,656,000 :lines, being 87,000
lines .per square inch - or 13,500 Tines per
square eentimeter. Each magnetic circuit.p
ory is 40 inches in length and requires about
25 :ampere-turns t:ger inch or 40X25=1,000
ampere-turns:in the shunt:coil N to produee
a flux density of 13,500. At a frequency of
60 this flux-will set up about 20 volts effect-
ive -electromotive force in each turn of the
series coil J, so that.5 turns will produce
100 -volts in .opposition to the electromotive
foree of the alternating-current generator G.
This opposing electromotive ‘force is repre-
sented by the line v ¢ in Fig. 7-and the gen-
erator -electramotive force by ‘the line o g.
Assuming the latter to be 850 volts the re-
sultant alternating: electromotive-force sup-
.2)s
550 volts:atno lead, being represented by o r
in-Fig. 7. : o
- At half laad the series alternating current
eoil J will earry 280 amperes (maximum,) so
thatits magnetomotive forcein 280 X 5 = 1,400
ampere-turns, and is in-phese with the gener-
ator electromotive foree as indicated by the
line 08 in Fig. 8. This combined with the
shunt ampere-turns 0.t which are sssumed to
have increased to.1,600, produces a resultant
o-m of 2,060 ampere turns, being the total
alternating magnetomotive force. Assuming
13 turns 1n each of the direct-current coils
M M'eand o current of 138 amperes, the mag-
netemotive. foree of each coif ig 138 X 13 er
approximately’1,800 ampere-turns. “This be-
ing constantand in one direction, the alternat-
ing ‘magnetomotive force combines with it
to give a.maximum of 1,800 +2,050 =3,850
ampere - turns, .and a minimum of'1,800 —
2,050 = —250.ampere-turns. The variation
in -flux thus produced will set up in the series
alternating - current coil J -an electromotive
force of about 82 wolts lagging -90°-with re-

-spect to the phase of the alternating mags

netomotive force.as represented by the line
oc¢in:Fig. 8. This electromotive force acting

with that of the generator o ¢ gives a result-,

ant o r of 590 volts being 40 volts higher than
at:zero load. - ‘
At “full load the -series alternating- cur-

‘rent coil -J carries 560. amperes, giving

560X 5=2,800 ampere-turns, indicated by
thelineosin Fig..9. This combines with o,
the shunt magnetomotive force, which has
become 2,000 ampere-turns and gives the
resultant o m of 3,440 ampere-turns for the

‘total alternating magnetomotive force. The

direct-current at full load is 276.amperes
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or approximately 3,600 .ampere-turns in
each eoil M M’. This in combination with
the alternating magnetomotive force pro-
duces -2 maximum of 3,660+ 3,440 =7,040
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and a minimum of 3,600 —3,440 =160 am-
pere-turns. The corresponding flux vari-
ation generates an alternating electromo-
tive foree of 48 volts 0 ¢ in the series coil J
which is combined with o g the generator
electromotive force to form the resultant o r
amounting to 625 volts, being 35 volts
greater than at half load, the rise being
approximately proportional to the load.
Increase in the shunt current and ampere-
turns is due to the decrease in theinductance
of that circuit resulting from the partial
saturation of the iron core by the direct-
current coils M M’. This eflect may also
be produced or increased by connecting the
shunt coil N beyond the series coil J, as
shown in Fig. 2 so that it is fed by an elec-
tromotive force that rises with the load.
The presence of resistance in the shunt
circuit will tend to reduce the lag of the
current. In Fig. 2, for example, an increase
in the resistance R and a diminution of the
inductance L will have this effect; that is,
the angle between the shunt-ampere-turns
o ¢ and the generator electromotive force o g
becomes less than 90°. Other things being
equal, this will decrease the effect of the
opposing electromotive force o ¢. Hence by
varying the inductance L, or the resistance
R, or both, and by altering the relative
number of turns in the several coils, the
regulating action of the apparatus may be
set or adjusted to suit different conditions.
In the particular example cited, the gener-
ator supplies 650 volts effective and 560
amperes maximum, or 397 amperes effect-
1ve, which gives 258 kilowatts at full load,
and the volume occupied by the regulating
device is only about 3’ X1’ X 1} or, 4} cubic
feet. In the example given, it is not at-
tempted to state the voltages, currents,
etc., with exactness, because they would
depend upon the permeability of the iron
core and other practical conditions. Fur-
thermore it was pointed out that there is a
transformer action between the shunt and
the series alternating-current coils, so that
the current supplied to the converter or
rectifier is more and the voltage less than
in the generator.

I do not claim in this application the
apparatus herein shown as that is claimed
in my application filed April 4, 1908, S. N.
425,110 as a division hereof.

What I claim as new and desire to secure
by Letters Patent of the United States is:

1. The method of regulating electric cir-
cuits which consists in introducing in the
main circuit inductance set up by the com-
bined effects. of alternating and ‘direct cur-
rents, which latter constitutes the load cur-
rent, substantially as described.

2. The method of regulating electric cir-
cuits which consists in intrO(Tucing in the
main circuit inductance set up. by the com-

891,797

bined effects of alternating and direct cur-
rents, one of which currents is derived from
the other, substantially as described.

3. The method of regulating a direct cur-

rent circuit, which consists in generating an
alternating current, rectifying or converting
the same into direct current and introducing
inductance set up by the combined effect of
the alternating and direct currents, substan-
tially as described.
4. The method of regulating electric cir-
cuits which consists in introducing mutual
inductance set up and controlled by the com-
bined effects of alternating and direct cur-
rents, substantially as described.

5. The method of regulating electric cir-
cuits which consists in introducing mutual
inductance in an alternating current circuit,
and in controlling this inductance by means
of a direct current obtained by rectifying
or converting the alternating current, sub-
stantially as described.

6. The method of regulating electric cir-
cuits which consists in setting up an induct-
ive electromotive force by mutual induction
in addition to the electromotive force there-
in and in automatically varying the phase
relation of the former with respect to the
latter by the resultant inductive effect of two
-or more currents, substantially as described.

7. The method of regulating electric cir-
cuits which consists in setting up an auxiliary
electromotive force by mutual induetion in
addition to the impressed electromotive
force and in automatically varying their
phase relation by the resultant inductive
effect of alternating and direct currents, sub-
stantially as described.

8. The method of regulating electric cir-
cuits which consists in setting up an auxiliary
electromotive force by mutual induction in
addition to the impressed electromotive
force and in automatically varying their
phase relation by the induetive effects of two
currents one of which is derived from the
other, substantially as described.

9. The method of regulating the electro-
motive force of a direct-current circuit auto-
matically with the load, which consists in
generating an alternating current, setting up
1 circuit therewith by mutual induction an
opposing electromotive force, rectifying the
alternating current, and reducing the oppos-
ing electromotive force through the agency
of the rectified direct current, substantially
as described. :

10. The method of regulating the electro-
motive force of a direct-current circuit auto-
matically with the load, which consists in
generating an alternating current, setting up
in circuit therewith an opposing electromo-
tive force through the agency of an iron
magnetic circuit, rectifying the-alternating
current, and reducing the opposing electro-
motive force by partially saturating the mag-
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netic circuit by the action of the rectified
direct current, substantially as described.
11. The method of regulating the electro-

-~ motive force of ‘a direct-current circuit auto-

10

matically with the load, which consists in |

generating an alternating current, setting up

i a series coil in circuit therewith an oppos-

ing electromotive force by the inductive

action of an alternatin -current shunt coil-

through the agency of an iron magnetic

circuit, rectifying the alternating current, |

‘and reaucing the 'opposi'ng‘ electromotive

force by partially saturating the magnetic
circuit - by the -action of a direct-current
coil, substantially as described. .
Signed by me at New York city, N. Y.,
this 14th day of July, 1904. S

_ FRANCIS B. CROCKER.
" Witnesses: ' ' '
Hvuer H. SeniOR,

ArrreEp E. Frost.
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