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This invertion relates to frequency multipliers and
nore particularly to static magnetic devices for convert-
ing three phase alternating current having a given fre-
quency into single phase alternating current having a
frequency six times the input frequency.

There are numerous instances where it has been found
desirable to operate alternating current electrical ap-
paratus from a power source having a frequency consid-
erably higher than the frequency cemmonly provided by
utilities, i.e., 60 cycles in the United States. It has been
found, for example, that operation of fluorescent lamps
at frequencies above 300 cycles permits the use of small
and inexpensive capacitors as the ballast impedance for
each lamp and that the lamps produce higher lumens per
watt than they produce when operated at 60 cycles.
These capacitive ballasts operating in higher frequency
circuits do not produce the distorted lamp current wave
form and high crest factor found in capacitive ballasted
circuits operated at 60 cycles, which fact together “with
the high lumen output per watt is presumably attributable
to the fact that at these higher frequencies the lamps stay
ionized throughout a complete cycle, rather than going
out each half-cycle thus necessitating restriking of the
arc as in the case of operation at 60 cycles.

Alternating current at frequencies considerably above
60 cycles is also desirable for operation of other electri-
cal apparatus such as magnetic amplifiers and motors
as evidenced by the fact that virtually all alternating cur-
rent aircraft electrical equipment is operated at 460 cycles,
operation at the higher frequency permitting consider-
ably reduced size and weight of the electrical compo-
nonts involved,

Alternating current power at higher frequencies has in
the past conventionally been provided by rotating equip-
ment, i.e., motor-generator sets. - All rotating ‘equipment,

however, inherently requires maintenance and it is there- §

fore desirable to provide static equipment for increasing
the frequency of an alternating current source of power.
Static frequency multipliers have been designed in the
past, however, these multipliers generally required more
than one stage to reach the desired output frequency and
further did not provide particularly good overall utiliza-
tion of the electrical components of the equipment.

Since the sixth harmenic of 60 cycles, ie., 360 cycles
is suitable for high frequence operation of fluorescent
lamps and other equipment, such as magnetic amplifiers
and motors, it is further desirable to provide a static
single stage frequency multiplier for ‘providing a 360
cycle output from a 60 cycle input.

It is therefore an object of this invention to. provide
an improved static single stage frequency multiplier for
converting three phase alternating current having a given
frequency into single phase alternating current having a
frequency six times the original frequency.

Further objects and advantages of this invention will
become apparent by reference to the following descrip-
tion and the accompanying drawings, and the features
of novelty which characterize this invention will be
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pointed out with particularity in the claims annexed to
and forming a part of this specification.

This invention in its broader aspects, provides three
frequency doubling saturable core reactor circuits which
are used to derive the output voltage at the multiplied
frequency from a three phase alternating current source.
Bach frequency doubling reactor circuit is connected in
the circuit with a different phase conductor of the three
phase supply. In order to limit the current which would
otherwise flow in excess amount between certain phase
conductors of the supply circuit during certain intervals
of operation of the frequency doubler reactor circuits,
I provide three current limiting saturable core reactor cir=
cuits. These later circuits are connected in three phase
delta relationship and the junction points of the delta
are respectively connected to the terminals of the fre-
quency doubling reactor circuits. Thus, the general ar-
rangement of the network constitutes a form of Y-con-
nection to the three phase supply circuit with a frequency
doubling reactor circuit in each branch of the 'Y-connec-
tion and terminating in an interpal neutral connection
network constituted by the delta-connected current limit-
ing reactor circuits.

Each frequency doubling circuit of this invention con-
tains two reactor elements having core means with sharp-
ly saturating characteristics, the two reactor elements
being respectively biased in opposite directicns. Funda-
mentally, the frequency doubling circuits depend for their
operation upon reversal of flux in the core of a reactor
element from saturation in one direction to saturation in
the opposite direction in 30 degrees of a cycle of applied
voltage, each such reversal inducing a half cycle of al-
ternating current output voltage. Fach interval of the
twelve 30 degree intervals in a complete cycle of applied
voltage thus produces a reversal of flux and a half cycle of
cutput voltage in one frequency doubling reactor slement.
The individual half cycles of output voltage are then
sequentially combined to produce a single phase alternat-
ing corrent output voltage having six times the frequency
of the three phase applied voltage.

In accordance with one embodiment of the invention,
each frequency doubling circuit contains two saturable
core reactors, each having two windings, an alternating
current winding connected in' a leg of the Y-input circuit
and a direct current saturating winding which also serves
as an output winding. Similarly, each ‘current limiting
saturable core reactor circuit contains two saturable core
reactors each having two windings, an alternating current
winding connected in a leg of the delta connection and
a divect current saturating winding. All of the direct
current saturating windings are serially connected across
a source of bias voltage with the saturating windings of
each pair of frequency doubling and current limiting
reactors being connected normally to saturate their asso-
ciated cores ‘in opposite directions. The direct current
saturating windings of the frequency doubling or output
reactors are further serially connected across the output
circuit thereby providing the sequential combination of
half cycles of output voltage referred to above.

In the drawings,

Fig. 1 is a schematic illustration of the preferred em-
bodiment of this invention;

Fig. 2 is a schematic diagram of the core and coil
arrangement of the reactors of the embodiment of Fig. 1;

Fig. 3 is a schematic diagram of an alternative core
and coil arrangement;

Fig. 4 is a fragmentary schematic illustration showing
one pair of output reactors of a modification of this
invention;

Fig. 5 is a schematic diagram of the core and coil ar-
rangement of the output reactors of Fig. 4;
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Fig. 6 is a schematic diagram of an alternative core
and coil arrangement for the reactors of Fig. 4;

Fig. 7 shows the phase relationships of the voltage
waves impressed upon the input terminals of the circuit
of Fig. 1;

Fig. 8 shows the magnitude and polarity of the phase
current flowing in the output reactors of phase A of
Fig. 1 during one complete cycle of impressed voltage;

Fig. 9 shows the magnitude and polarity of current
flowing in the alternating current winding of one of the
current limiting reactors during complete cycle of im-
pressed voltage;

Fig. 10 shows the wave form of the voltage appearing
across one of the current limiting reactors;

Fig. 11 is a chart showing the output reactoss, the
output voltage, the current limiting reactors, and the load
limiting reactors which are effective during each 30 degres
interval of impressed voltage in the circuit of Fig. 1;
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Fig. 12 shows a series of typical saturation curves for '

one of the output reactors of Fig. 1 indicating the mag-
nitude and direction of magnitization during each of the
30 degree intervals of Figs. 7 through 11;

Fig. 13 shows a series of schematic diagrams indicating
the direction and magnitude of the currents flowing in
the alternating current windings of the output and current
limiting reactors of the circuit of Fig. 1 during each of
the 30 degree intervals of Figs. 7 through 11;

Fig. 14 illustrates the output voltage wave and the
output reactor providing such voltage for the circuit of
Fig. 1 during each 30 degree interval of Figs. 7 through
11;

Figs. 15 and 16 show the output voltage and current
waves respectively with an inductive load;

Figs. 17 and 18 show the output current and voltage
waves respectively with an inductive load attempiing to
draw current exceeding the bias current;

Fig. 19 shows the output current wave with a capaci-
tive load; and

Figs. 20 and 21 show output current and voltage waves
respectively with a capacitive load attempting to draw
current exceeding the bias current.

The preferred embodiment of this invention incorpo-
rates three pairs of output saturable core reactors 1 and
2, 3 and 4, and 5 and 6, each pair of output saturable
core reactors constituting a frequency doubler circuit.
Each of the output reactors 1 through 6 inclusive is pro-
vided with a core 13 with an alternating current winding
14 and a direct current saturating winding 15 thercon.

Three pairs of current limiting saturable core reactors
8 and 9, 10 and 11, and 12 and 7, are also provided,
each of the current limiting saturable cores reactors 7
through 12 being provided with a core 16 with an alter-
nating current winding 17 and a dircct current saturat-
ing winding 18 thereon. The alternating current wind-
ings 17 of each pair of current limiting saturable core
reactors 8 and 9, 10 and 11, and 12 and 7 are serially
connected as shown, and the serially connected pairs are
in turn delta-connected at points 19, 20 and 21.

The alternating current windings 14 of each pair of
output saturable core reactors 1 and 2, 3 and 4, and 5
and 6 are serially connected as shown and each serially
connected pair has one end connected to one of the
junction points 19, 26 and 21 of the delta-connection of
current limiting saturable core reactor alternating current
windings 17. The other ends of the serially connected
pairs of alternating current windings 14 of the output
reactors 1 through 6 are respectively connected to three
input terminals 22, 23 and 24 which in turn are adapted
to be connected to an external source of three phase
alternating current power, such as three phase generator
25 shown in dashed lines in Fig. 1. The direct current
saturating windings 15 of the output reactors 1 through
6 and the direct current saturating windings 18 of the
current limiting reactors 7 through 12 are serially con-
nected with the direct current saturating windings 15 of

25

30

40

45

50

65

60

65

70

75

- .

each pair of output reactors being connected normally

to saturate their associated reactors in opposite directions
and each of the direct current saturating windings 18
of the current limiting reactors being similarly connected
normally to saturate their associated cores in opposite
directions. Thus, direct current saturating windings 15
of output reactors 1 and 2 are connected to saturate their
associated cores 13 in opposite directions as shown by
arrows 26 and 27 and direct current saturating windings
13 of current limiting reactors 8 and 9 are likewise con-
nected to saturate their associated cores 16 in opposite
directions, as shown by arrows 28 and 29. The reversed
direction of the direct current bias of each of the remain-
ing pairs of output reactors and in each of the remaining
current limiting reactors is similarly shown by arrows.

The serially connected direct current windings 15 of
cutput reactors 1 through 6 are connected across output
terminals 30 and 31 which are in turn adanted to be
connected to the load desired to be operated by the cir-
cuit of Fig. 1, these output terminals delivering single
phase alternating current having a frequency six times
that of the frequency of the three phase alternating cur-
rent applied to input terminals 22, 23 and 24, ie., 360
cycles when thres phasc generator 25 is delivering 60
cycles. All of the serially connected direct current satu-
rating windings 15 and 18 are serially connected across
bias voltage terminals 32 and 33 to which a source of
direct current bias voltage may be connected, such as
battery 34 shown in dashed lines on Fig. 1. A reactor
35 is preferably connected in series with the direct current
saturating windings 15 and 18 in order to suppress ripple
in the direct current bias voltage supply circuit.

The output reactors 1 through 6 are of the sharply
saturated type and have their cores 13 designed so
that they can be driven from saturation aiding the direct
current bias to saturation opposing the direct current bias
in sequence, each in 30 degrees of ome cycle of im-
pressed voltage. The output reactors 1 through 6 can
have equal turns on their altérnating current windings
14 and direct current windings 15 or in the alternative,
the alternating current and direct windings can have
unequal turns; an output voltage higher than the input
voltage can be secured by providing a greater number of
turns on the direct current windings 15 than are on
the alternating current windings 14. In the example,
shown in Fig. 1 to be discussed more fully below, how-
ever, the alternating current windings 14 and direct cur-
rent windings 15 of output reactors 1 through 6 are as-
sumed to have substantizlly equal turns. Tt will be
observed that in each of the pairs of output reactors,
both reactors can not be unsaturated at the same time,
i.e., if the reactor 1 becomes unsaturated, the reactor 2
by virtue of its reversed bias must be saturated.

The current limiting reactors 7 through 12 inclusive
have their direct current saturating windings 18 arranged
to provide substantially greater direct current biasing
ampere turns that the bias ampere turns provided by
direct current saturating windings 15 of the output re-
actors 1 through 6 and in an example shown in Fig. 1
and to be discussed more fully below, the direct current
saturating windings 18 are assumed to have substantially
twice the number of turns of the direct current saturating
winding 15. As will become more readily apparent here-
inafter, the current limiting reactors 7 through 12 can
saturate only in the direction of direct current bias.

The output reactors 1 through 6 may be constructed as
shown in Fig. 2 utilizing a closed O-shaped magnelic
core formed of a plurality of relatively thin laminations
of suitable magnetic material and with the alternating
current winding 14 and the direct current saturating wind-
ing 15 arranged thereon in close coupled relationship,
generally wound one over the other. The current limit-
ing reactors 7 through 12 may be similarly constructed.

In order to explain the operation of the circuit of
Fig. 1, reference will now be had to Figs. 7 through 14
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in addition to Fig. 1. Tn this explanation of the opera-
tion of the circuit of Fig. 1, the circuit of serially con-
nected alternating current windings 14 of output reactors
1 and 2 connected to input terminal 22 is referred to as
phase A, the circuit of the serially connected alternating
current windings I4 of output reactors 3 and 4 connected
to input terminal 24 is referred to as phase B, and the
serially . connected alternating current windings 14 of
output reactors 5 and 6 connected to output terminal 23
is referred to as phase C. Positive current in each of the
phases A, B, and C is defined as current flowing inward
toward the center delta-connection of alternating current
windings 17 of the current limiting reactors 7 through 12,
and the direct current bias current is defined as one unit
of current, ie., a phase current in phase A flowing in
alternating current windings 14 of output reactors 1 and
2 of four units is four times the bias carrent flowing in
direct current saturating windings 15 of output reactors
I and 2. In the circuit described, the output reactors 1
through 6 are designed to pass no more than four units
of phase current respectively while the current limiting
reactors 7 through 12 are designed to pass no more than
iwo units of alternating current respectively.

¥f one unit of bias current is flowing in the circuit of
the direct current saturating windings, direct current satu-
rating windings 15 of the output reactors 1 through 6
will preduce one unit of mmf in their respective cores 13.
Considering now output reactors 1 and 2, let it be as-
sumed that the phase A voltage is at a maximum posi-
tive, ie., at the beginnning of interval 4 in Fig. 7. At
this instant, assuming that no load is connected across
output terminals 3¢ and 31, and since alternating current
windings 14 of output reactors 1 and 2 may be assumed
to be pure inductance, the current flowing in -alternating
current windings 14 of output reactors 1 and 2 will be
lagging the phase A voltage by 90 degrees and will thus
be passing through zero going positive. Thus at this
instant since there is no phase current flowing, the cores
13 of output reactors t and 2 will both be saturated in

opposite directions and thus alternating current windings &

will therefore have low impedance. The phase A current
will thus increase rapidly because of the low impedance
in the circuit and being positive, aids the bias in outpui
reactor 1 driving its core 13 further into saturation and
opposes the bias in output reactor 2 driving its core 13
in the direction of unsaturation.

When the phase A current flowing in alternating cur-
rent winding 14 of output reactor 2 reaches one unit, i.e.,
equal to the bias, core 13 of output reactor 2 will sud-
denly become unsaturated and its alternating current
winding 14 will thus suddenly have high impedance. The
phase A current will continue to increase, but now at a
much slower rate which is determined by the greatly
increased impedance of alternating current winding 14
of output reactor 2.

It will be remembered that the core 13 of output
reactors 1 through 6 are of the sharply saturating type
and are designed to be driven from saturation aiding the
bias to saturation opposing the bias in 30 degrees of one
cycle of impressed voltage. Here, at the beginning of
interval 4, core 13 of output reactor 2 was saturated
aiding the bias. The increase of current in alternating
current winding 14 of output reactor 2 after the core 13
has become unsaturated continues until after the core
13 becomes saturated in the opposite direction, i.e., op-
posing the bias, this reversal of Aux in the core 13 oc-
curring in the 30 degrees of interval 4 of Fig. 7. 'This
reversal of flux in core 13 is shown diagrammatically
in interval 4 of Fig. 12. Alternating current winding
14 of output reactor 2 now again has low impedance
and phase A current again increases rapidly to the value
determined by the other reactors in the enfire circuit
as will be explained hereinafter. The initial rapid in-
crease of phase A current, followed by a slow increase
for 30 degrees of impressed voltage, and the subsequent
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rapid increase accounts for the stepped configuration of
the diagram of Fig. 8.

Since direct current saturating winding 15 is coupled
to alternating current winding 14, the reversal of flux
in core 13 of output reactor 2 induces a half cycle of
alternating voltage having a squarish wave form in direct
current saturating winding 15. Tt is thus seen that a
complete half cycle of output voltage has been produced
in 30 degrees of a cycle of applied voltage. With . the
cores 13 of the output reactors i through ‘6 designed
so that the reversal of their saturation respectively takes
place during successive 390 degres intervals of a cycle
of applied voltage, it will be seen in Fig. 7 that since
there are twelve 30 degree intervals in a complete cycle
of applied voltage, a reversal of flux in.one of the out-
put reactors being accomplished in each interval, the
resulting half cycles of ouiput voltage can be sequentially
combined to produce a single phase alternating current
cuiput voltage across terminals 39 and 31 having six
times the frequency of the three phase applied voltage.

The operation of the circuit of Fig. 1 during one com-
plete cycle of applied voltage with no load connected
across output terminals 30 and 31 will now be described.
With one unit of bias current flowing in.the biag circuit,
during interval 1 of Fig. 7, four units of negative phase
current will be flowing in phase A, as shown in Fig, 8,
and one unit of positive phase current will be flowing in
phase B, and three units of positive phase current will be
flowing in phase C, as further shown in Fig. 13,

The units of phase current flowing in each of the phases
B and C during any of the intervals of Figs. 7 and 8 can

¢ determined from Fig. 8, which shows the magnitude
and polarity of current flowing in phase A, in the fol-
lowing manner. Considering interval 1 of Fig. 7, in
order to determine phase B current, the position of the
phase B voltage wave of Fig. 7 during interval 1 is ob-
served and the phase A volatge wave followed to its
comparable position, in this case interval 9 at which it
will be observed in Fig. 8, that the pPhase A current is
one unit positive. Likewise, the phase C current in in-
terval 1 is determined by observing the position of the
phase C voltage wave in interval 1 and then following the
phase A voltage wave to 2 comparable position, in this
case interval § in which is shown in Fig. 8 the A current
is three units positive.

The values and polarity of the phase B and C cur-
rents during each of the remaining intervals 2 through
1% are determined by the same manner and are shown
diagrammatically in Fig. 13.

It will be recalled that the current limit reactors 7
through 12 inclusive are designed to pass no more than
two units of current. Thus, in interval i, reactors 7
and 12 are passing two units of current from phase C
in the direction of phase A while reactors 11 and i9 are
passing one unit of current from phase C toward phase
B. The one unit of positive current in phase B combines
with the one unit of positive current in current limit
reactors 11 and 18 so that iwo units of current flow in
current limit reactors 9 and 8 which in turn combine
with the two units of current flow in reactors 12 and 7
to produce the four units of negative current flowing in
phase A, as shown in interval 1 of Fig. 13.

it will thus be seen that in output reactor 2, four units
of phase A current flowing in its alternating current wind-
ing 14 produces a corresponding four units of mmf in
its core 13 aiding the one unit of mmf produced by
the bias current in direct current saturating winding 15
so that core 13 is saturated with five units of mmf, as
shown in interval 1 of Fig. 12, which shows the direction
and degree of magnetization of output reactor 2 during
a compiete cycle of applied voltage. The four units
of phase A current flowing in alternating current wind-
ing 14 of reactor 1 oppose the one unit of biag current
so that there is a net mmf in core 13 of output reactor
1 of three units in a direction opposite from the bias
which of course, causes core 13 of output reactor 1 to



2,892,141

5
be saturated since only one unit of mmf is reqguired to
saturate the core. It will be observed that cores 13 of
output reactors 1 and 2 are both saturated in interval
1 and thus the alternating current windings 14 of output
reactors 1 and 2 both have low impedance. The two
units of current flowing in alternating current windings
17 of current limiting reactors 7 and 12 oppose the
bias in current limiting reactor 7 and aid the bias in
current limiting reactor 12. Here it will be recalled
that the direct current saturating windings 18 of the
current limiting reactors 7 through 12 provide twice
bias mmf provided by the direct current saturating wind-
ings of the output reactors 1 through 6 and therefore
the one unit of bias current flowing in the direct current
saturating windings 18 of current limiting reactors 7
and 12 produces two units of bias mmf in the cores 16
of these reactors. These two units of bias mmf opposs
the two units of current flowing in alternating current
winding 17 of current limiting reactor 7 so that its core
16 is unsaturated, and aids the two units of current flow-
ing in alternating current winding 17 of current {imit-
ing reactor 12 so that its core 16 saturates. Alternat-
ing current winding 17 of current limiting reactor 12 is
therefore low impedance while alternating current wind-
ing 17 of current limiting reactor 7 is high impedance.

The three units of positive current flowing in phass
C oppose the one unit of bias in output reactor 6 pro-
ducing a net mmf of two units which is still sufficient
to saturate core 13 of output reactor 6 and aids the one
unit of bias in output reactor 5 to produce a total of four
units of bias mmf so that the core 13 of output reacter
5 is also saturated and thus alternating current windings
14 of output reactors 5 and 6 both have low impedance
in interval 1. Tt is thus seen that across input terminals
22 and 23, alternating current windings 14 of output
reactors 1, 2, 5 and 6 and alternating current winding
17 of current limiting reactor 12 have low impedance
while alternating current winding 17 of current limit-
ing reactor 7 has high impedance so that the input volt-
age impressed across terminals 22 and 23 will appear
substantially across alternating current winding 17 of
current limiting reactor 7. It will now be readily ap-
parent that the current limiting reactors 7 through 12 are
necessary in order to limit the current which would
otherwise flow between the A and C phases in the coi-
ditions prevailing in interval L.

The one unit of current flowing in alternating current
windings 17 of current limiting reactors 11 and 19 aids
the two units of bias mmf provided by the direct current
saturating winding 18 of current limiting reactor 11 so
that its core 16 is saturated, and opposes the two units
of bias mmf in current limiting reactor 10, however,
there is still one unit of mmf remaining so that core
16 of current limiting reactor 10 is still saturated and thus
alternating current windings 17 of current limiting reac-
tors 10 and 11 both have low impedance.

The one unit of current flowing in the phase B opposes
the bias current in output reactor 4 so that its core 15
will be unsaturated and aids the bias current in output
reactor 3 so that its core 13 will be saturated and thus
it is seen that alternating current winding 14 of output
reactor 3 is low impedance while alternating current
winding 14 of output reactor 4 is high impedance. it
is thus seen that since the cores of output reactors 3, 5,
and 6 and current limiting reactors 10 and 11 are all
saturaied and thus their associated alternating current
windings have low impedance, and since the core of out-
put reactor 4 is unsaturated so that its alternating cur-
rent winding 14 has high impedance, substantially all of
the voltage impressed across terminals 23 and 24 will
appear across alternating current winding 14 of output
reactor 4. As explained above, when the current in
phase B reaches one umit, core 13 of output reactor 4
will become unsaturated thereby suddenly increasing the
impedance of its alternating current winding 14, This
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condition will prevail for 30 degrees of a complete cycle
of impressed voltage until the phase B current increase
sufficiently above ome unit to cause reversal of the flux
in core 16 of output reactor 4 at which time the core is
driven into saturation in opposite direction with its al-
ternating current winding 14 again becoming of low im-
pedance. This reversal of flux in the core 13 of output
reactor 4 induces a square half wave of voltage in direct
current saturating winding 15 of output reactor 4 which
appears across cutput terminals 3¢ and 31

¥t will also be seen that the two units of current flowing
in alternating current windings 17 of current limiting
reactors 8 and 9 respectively aid the bias in current lim-
iting reactor 9 so that the core 16 of this reactor re-
wains saturated, and cancels the bias in current limiting
reactor 8 so that the core 16 of this reactor is unsat-
urated and its alternating current winding 17 thus is of
high impedance. Since current limiting reactors 12, 11,
16, and 9 are saturated and thus their alternating cur-
rent windings are of low impedance and since the cores
of current limiting reactors 7 and 8 are unmsaturated
and thus their alternating current windings 17 are of
high impedance, the same voitage will appear across the
alternating current winding of current limiting reactor 8
alse as appears across the alternating current winding of
current limiting reactor 7 ie., since the voltage across
terminals 22 and 23 substantially appears across the
alternating current winding 17 of current limiting reactor
7, this same voltage also appears across the alternating
current winding 17 of current limiting reactor 8.

Fig. 11 summarizes the functioning of the circuit of
Tig. 1 during interval 1 and in chart form indicates that
during ianterval 1, cutput reactor 4 produces the half
wave of induced voltage in the bias circuit which ap-
pears across output terminals 30 and 3%, that the voltage
appearing across the output reactor which in turn pro-
duces the voltage in direct current saturating winding
15 of output reactor 4 is the voltage across the C and B
phases, and that the unsaturated and thus high imped-
ance current limiiing reactors are B and 8. There are
five units of net mmf in the direction of the bias in core
13 of output reactor 2 and Fig. 13 shows the magnitude
and direction of currents in the circuit of Fig. 1 dur-
ing interval 1.

Referring now to interval 2 on Fig. 13, it will be
seen that the phase A current has been reduced to three
units negative, phase B current is one unit negative, and
phiase C current is four currents positive; two units of
current flowing in current limiting reactors 7 and 12
toward phase A, two units of current flowing in current
limiting reactors 11 and 10 toward phase B, and one
unit of current flowing in current limiting reactors 8 and
9 toward phase A. Since the phase B current is one
unit in the opposite direction from its direction in in-
terval 1 of Fig. 13, it is readily seen that output reactor
3 wiil be unsaturated and will thus produce a half cycle
of output voltage as its core 16 is driven from satura-
tion in one direction to saturation in the other direction,
this half cycle of output voltage being of opposite
polarity from the half cycle of output voltage produced
in output reactor 4 during interval 1. Reference to
Fig. 11 indicates that the output voltage is produced in
output reactors 3, that the voltage appearing across the
output reactor 3 is across phases B and A, and that the
effective current limiting reactors are 7 and 10. Fig.
12 indicates that during interval 2, core 13 of output re-
actor 2 is saturated with four units of mmf in the direc-
tion of the bias.

The functioning of the circuit of Fig. 1 through the
remainder of a complete cycle of input voltage, i.e., inter-
vels 3 through 12 of Fig. 7, can readily be ascertained
by reference to Fig. 13 which shows the direction and
magaitude of currents in sach of the phases and in each
ieg of the delta-connecied current limiting reactors of
the circuit of Fig. 1. The remaining intervals of Fig. 11
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indicate. the output reactor which is effective during each
interval, the phase voltages across the output reactor
during “the interval, and ths current limiting reactors
which are effective during the interval. The remaining
intervals in Fig, 12 likewise indicate the direction and
magnitude of the flux in the core 13 of ouiput reactor
2, it being observed that the reversal of flux from satu-
ration .in one direction to saturation in the other direc-
tion which provides the half wave of output voltage
occurs during intervals 4 and 9. Fig. 14 likewise indi-
cates the sequential induction of output voltages and
the output reactor in which each half cycle is induced.
As indicated previously, Fig. 8 indicates the polarity and
magnitude of phase current flowing in phase A and it
will be readily understood that the direction and magni-
tude of current flowing in the other two phases is the
same as that flowing in phase A except phase displaced
therefrom by 120 degrees in the case of phase C and 60
degrees in the case of phase B.

“When a unity power factor load, such as a resistive
load, is connected across output terminals 31, load cur-
rent flows tending to oppose the bias in each of the
output reactors, ie., the mmf, produced by the load
current subtracts from the normal bias. The system
of Fig. 1 will carry load current up to a valge equal to
the bias current, however, a tendency to draw any higher
load current will result in no output voltage and the
systéem is therefore self-limiting to a value of load cur-
rent not exceeding the bias current, Referring again to
Figs. 1, 8, and 13, and particularly interval 1 of the
latter two figures, let it be assumed that a unity power
factor load current of one unit is flowing. Under these
conditions, the current in the alternating current windings
14 of output reactors 3 and 4 in phase B will fall to
zero while the current in alternating current windings
14 of output reactors 5 and 6 in phase C will increase to
fonr umits, so that the maximum permissible four units
of phase current are still flowing in phase A. In the
second interval, with one unit of unity power factor
load current flowing, the phase B current will increase
to two units negative with the phase A current falling
to two units negative and the phase C current remain-
ing at four units positive. Fig. § indicates in dotted
lines the magnitude and polarity of the current in phase
A with one uait of load current flowing .and the corre-
sponding currents and phases B and C can be readily
determined .in the same manner as the above-described
determination of the corresponding phase current with no
Tead applied across terminals 30 and 31.

The system is self-protecting, hence with more than
one unit of load carrent flowing, and considering inter-
val 1 for purposes of illustration, the bias of both out-
put reactors 3 and 4 will be cancelled so that both reac-
tors are unsaturated and thus both will have output
voltages induced in their direct current saturating wind-
ings 15, these output voitages however cancelling so that
1o net output woltage will appear across terminals 30
and 31. The load limit reactors ie., the reactors which
become unsaturated to provide the self-protection or self-
limiting feature in the case of interval 1 are output
reactor 3 and current limiting reactor 18, current limiting
reactor 10 also tending to become high impedance if
there is a tendency to drive two units of current through
its alternating current winding 17. Under these condi-
tions, reactors 3 and 10 shars the voltage across termi-
nals 23 and 24, ie., the voltage of phases C and B with
reactor 4 so that reaciors 3 and 10 tend to remove the
voltage from reactor 4 which is the source of cutput
voltage during the interval 1, A similar load current
limiting action takes place during each succeeding inter-
val and the effective load current limiting reactor or
reactors are set forth in the bottom horizontal column
of Fig. 11.

While the embodiment of Fig. 1 has been described
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utilizing simple closed core reactors, as shown in Fig: 2,
for the frequency doubling or output reactors i through
6 and the current limiting reactors 7 through 12, it will
be readily apparent that other types of saturable core
reactors can be used in either the frequency doubling
or current limiting reactor circuits. In the case of the
frequency doubling reactor circuits, alternating ' current
winding means and other winding means which performs
both biasing and output voitage inducing functions are
required. At least a part of the other winding means
must provide the biasing function and at least a part
must provide the output voltage, i.e., one part can pro-
vide the biasing function and another part the output
voltage function, or in the alternative, both functions
can be provided by the same unitary means. In addition,
the alternating current winding means must aid a part and
oppose another part of both the biasing and output por-
tions of the other winding means. Thus, if separate
saturable core reactors are employed for the frequency
doubling circuits, as in Figs. 1 and 2, alternating cur-
rent windings 14 in each pair of reactors comprise the
alternating current winding means and saturating wind-
ings 18 comprise the other winding means, Here, the
bias voltage is applied to all of the other winding means,
ie., all of the windings 15, the -alternating current wind-
ings 14 of each frequency doubling reactor circuit aiding
a part thereof, i.e., one winding 15, and opposing another
part, ie., the other winding 15 by wvirtue of the reversed
connection of windings iS as shown in Fig. 2. Further-
more, all of the other winding means, i.e., all of the bias
windings 15 are also serially connected in the output cir-
cuit and thus function both as bias windings and ag output
windings.

Each of the frequency doubling reactor circuits may
comprise a single reactor as shown in Fig. 3 rather than
the separate reactors as shown in Fig. 1. Here, alternat-
ing current windings 37 are arranged on the outer legs 38
of a three-legged core 39 with the direct current satu-
rating winding 46 being arranged on the center leg 41
of the core. In this case, windings 37 form the alter-
nating current winding means, one winding 37 aiding
the bias provided by the other winding means, i.e., wind-
ing 40 in one outside leg 38 of core 39, and the other
winding 37 opposing the bias in the other outside leg 38
of the core. Alj of the other winding means, i.e., wind-
ings 49, are also connected in the output circuit and
thus again performs both biasing and output functions.
It will also be readily apparent that the alternating cur-
rent and direct current saturating windings may be re-
versed in the arrangement of Tig. 3, ie, windings 37
may be the direct current saturating winding and winding
40 the alternating current winding.

The output reactors 1 through 6 of Fig. 1 may be
provided with separate output windings as shown in Figs.
4 and 5. Here, with output reactors 1 and 2 only being
shown the output reactors are again provided with alter-
nating current windings 14 and direct current saturating
windings 15 arranged on cores 13, However, in this
case, separate output windings 36 are provided on each
of the output reactors which are serially connected across
output terminals 30 and 31, In this case, windings 14
of each pair of reactors again constitute the alternating
current winding means with windings 15 and 36 con.
stituting the other winding means. ‘The bias voltage is
impressed on a part of the other winding means, ie.,
windings 15, and the alternating current winding means
aids a part, ie., one winding 15, and opposes another
part ie., the other winding 15 of the other winding
means, again by virtue of the Teverse connection of wind-
ings 15. The Temaining part of the other winding means,
ie., windings 36, are serially connected in the ottput
circuit, and like the bias windings 15, each pair is op-
positely connected so that the alternating current wind-
ings 14 aid one winding 36 and oppose the other,
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The construction of Fig. 3 may also be provided with
separate output windings as shown in Fig. 6 in which
output winding 42 is arranged on the center leg 41 along
with saturating winding 40. Here again, windings 37
comprise the alternating current winding means and wind-
ing 42 comprises the other winding means, one of the
alternating current windings 37 aiding the bias provided
by the other winding means, i.e., winding 40, in one
outside leg 38 of core 39 and the other winding 37 op-
posing the bias in the other outside leg 38. The remain-
ing part of the other windings means, i.e., winding 42,
is serially connected with the other output windings in
the output circuit. Here, again, windings 37 may be the
direct current saturating winding and winding 40 the
alternating current winding, in which case, a pair of
output windings 42 would be provided on the outer legs
38 of core 39.

In the case of the current limiting saturable core re-
actor circuits, it is only necessary that there be provided

alternating current winding means and bias winding *

means with the alternating current winding means aiding
a part and opposing the remainder of the bias winding
means. Thus, in the event that separate saturable core
reactors are used for the current limiting reactor circuits
as shown in Fig. 1, alternating current windings 17 of
each pair of reactors collectively constitute the alternat-
ing current winding means, aiding one part of the bias
winding means, i.e., one bias winding 18, and opposing
the remainder, i.e., the other bias winding 18. As in
the case of the frequency doubling reactor circuits, single
reactors, as shown in Fig. 3, may be employed in the
current limiting reactor circuits, in which case windings
37 form the alternating current winding means, one wind-
ing 37 aiding the bias provided by the bias winding
means, i.e., winding 40, in one outside leg 38 of the core
39, and the other winding 37 opposing the bias in the
other outside leg 38 of the core.

Figs. 15 through 21 inclusive, show output voltage
and current waves with lagging and leading current loads.
Fig. 1 shows the wave form of the voltage applied to
either an inductive or a capacitive load drawing current
which does not exceed the bias current; ie., in the ex-
ample given not exceeding one unit of current. If the
crest of the current wave drawn by an inductive load
does not exceed one unit, the current will have a wave
form as shown in Fig. 16, it being observed that the out-
put current lags the output voltage. If, however, the
crest of the current wave tends to exceed one unit, a limit-
ing action identical with that described hereinabove for
a resistive load clips the top of the wave as shown in
Fig. 17 thus, providing an output voltage wave as shown
in Fig. 18.

It will be seen that because a finite time is required for
the lagging load current to reverse from unit value of one
polarity to unit value of the opposite polarity, the total
value of the lagging current wave must always be less
than the rectangular current wave supplied to a resistive
or unitary power factor load. It will be further noted
that when the clipping action occurs during the latter
part of the current wave as shown in Fig. 17, the maxi-
mum output voltage does not appear across the load,
as shown in Fig. 18. ‘This is in contrast with the rec-
tangular voltage wave which appears across the load
when the current is less than one unit. The actual load
voltage during the limiting or clipping action is the
resistance of the load times the unit current, resulting
in the final wave shape of the output voltage as shown.
in Fig. 18. It will now be seen that the maximum power
which can be delivered to a lagging power factor load is
less than that which can be delivered to a resistive load,
not only because of the out-of-phase relationship of
voltage and current, but also because either current or
voltage is less than maximum except at the instant current
limiting begins.

Considering now a capacitive or leading power factor
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load, the output voltage applied to the load when less
than one unit of load current is being drawn is again
shown in Fig. 15 while the wave form of the current is
shown in Fig. 19. Currents change instantaneously in
capacitive circuits so with the rectangular output voltage
of Fig. 15, maximum current occurs at the reversal of
the voltage and then decays as the capacitor charges up.
It will be observed that the current wave of Fig. 19 leads
the output voltage of Fig. 15.

When the capacitive load attempts to draw more than
one unit of current, the current limiting action of the
device clips the current peak as shown in Fig. 20. Dur-
ing the clipping interval the voltage changes at a constant
rate corresponding to the rate of charge of the capacitor
by a constant current. It will be observed that the unit
current continues to flow much later in the cycle than
does a current of such magnitude in Fig. 19.  This phe-
nomenon oceurs because the current limiting action has
delayed the build up of capacitor voltage. In the case
of a Jong time constant load, unit current may flow. for
the entire half cycle. Again, as in the case of an in-
ductive load, it is seen that the maximum voltage and
current do not simultaneously occur for more than an
instant and the maximum power deliverable to the load
is therefore less than is possible with a resistive load.

The above discussion has assumed ideal core materials
for the output reactors 1 through 6 with square knees to
their B—H curves and flat post-saturation branches. Ac-
tually, however, known magnetic materials have appre-
ciable slopes to the post-saturation branches of their
B—H curves and the inductance of the reactor is pro-
postional to this slope. Since the output current must be
delivered to the load through five nominally saturated
cutput reactors in series, the equivalent circuit of the out-
put reactors may be represented by the voltage of the
elfective output reactor, i.e., the unsaturated output reac-
tor, in series with the saturated impedance of the re-
maining output reactors, This saturated impedance is
primarily inductive and non-linear because the B—H
curve is non-linear. A leading current through this in-
ductance results in a voltage in phase additive to the volt-
age of the effective reactor; it is well known that a trans-
former supplying a leading current load has a terminal
voltage higher than its open circuit voltage. The termi-
nal voltage of the multiplier with a capacitive load may
therefore be higher than the no-load terminal voltage.
Conversely, in the case of an inductive load the internal
regulation of the multiplier is poorer. For this reason,
in an actual device, a slightly capacitive load may be de-
sirable.

It will now be readily apparent that this invention pro-
vides an improved frequency multiplying circuit for con-
verting three phase alternating current of a given ire-
quency into single phase alternating current having a fre-
quency six times the input frequency, the circuit provid-
ing this frequency multiplication in a single stage com-
posed of a minimum number of static elements., These
elements are components having higher overall utilization
and thus a unit of smaller overall size and weight in
contrast with previous frequency multiplying circuits is
provided.

A circuit according to Fig. 1 has been constructed and
tested. In this circuit, the output reactors 1 through
6 were identical, each having a core formed of grain
oriented magnetic steel with a high silicon content and
having a sharply saturating characteristic. These cores
were 8.00 inches long by 3.25 inches wide with a stack
height of 1.12 inches and with their legs having a width
of 1.00 inches and the ends having a width of 2.00 inches.
The alternating current windings 14 were composed of
258 turns of Formex A.W.G. No. 12 wire and the direct
current saturating windings 15 were composed of 416
tarns of No. 17 wire with the alternating current windings
14 being wound over the direct current saturating wind-
ings 15. The current limiting reactors 7 through 12 were
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also identical each having its core again formed of grain
oriented magnetic steel having a high silicon content with
a sharply saturating characteristic, the cores being3.25
inches wide and 8.00 inches long with a stack height of
1.06 inches and with the leg being 1.00 inches wide.
Here, the alternating current winding 17 had 164 turns
of No. 12 wire and was wound over the direct current
saturating winding 28 which had 548 turns of No. 18
wire. Choke 35 had an inductance of 0.91 henries. In
the circuit tested, with source 25 providing three phase
alternating current with 220 volts between phases at 60
cycles, an output voltage of 750 volts at 360 cycles was
provided across terminals 30 and 31 with 2.00 amperes
of bias current. This system would provide load current
of up to 1.25 amperes at 600 volts to0 a unity power fac-
tor load.

While I have illustrated and ‘described specific embodi-
ments of this invention, further modifications and im-
provements will occur to those skilled in the ‘art.” I de-
sire that it be understood therefore that this invention is
not limited to the specific form shown and I intend in
the appended claims to cover all modifications which do
not depart from the spirit and scope of this invention.

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

1. A static single stage frequency multiplier for con-
verting three phase alternating current having a predeter-
mined frequency into single phase alternating current
having a frequency six times said predetermined fre-
quency comprising three current limiting saturable core
reactor circuits cach having bias winding means and al-
ternating current winding means said alternating current
winding means aiding.a part and opposing the remainder
of said bias winding means, said alternating current wind-
ing means being delta-connected; three frequency dou-
bling saturable core reactor circuits each having alter-
nating current winding means and other winding means,
connections for impressing a bias voltage on said bias
winding means and at least a part of each of said other
winding means, an output circuit serially connecting at
least a part of each of said other winding means, each
of said last-named alternating current winding means
aiding a part and opposing another part of its associated
other winding means, said last-named alternating current
winding means being respectively connected to the junc-
tions of said delta-connection, and comnections for im-
bressing said three phase alternating current of prede-
termined frequency on said last-named alternating cur-
rent winding means.

2. A static single stage frequency multiplier for con-
verting three phase alternating current having a prede-
termined frequency into single phase alternating current
having a frequency six times said predetermined fre-
quency comprising three current limiting saturable core
reactor circuits each having core means with direct cur-
rent bias winding means and alternating current winding
means thereon, each of said direct curent bias winding
means being arranged normally to saturate -its associ-
ated core means, each of said alternating current wind-
ing means aiding a part and opposing the remainder of
its associated direct current bias winding means, said al-
ternating current winding means being delta-connected,
three frequency doubling saturable core reactor circuits
each having core means with alternating current winding
means and other winding means thereon, connections for
impressing direct current on said direct current bias
winding means and on at least a part of each of said
other winding means, each of said other winding means
being arranged normally to saturate its associate core
means, an output circuit serially connecting at -least a
part of each of said other winding means, each of said
last-named alternating current winding means aiding a
part and opposing another part of its associated other
winding means, said last-named alternating current wind-
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of said delta-comnection, and connections for Tespectively
impressing said three phase alternating current of pre-
determined frequency on said last-named alternating cur-
rent winding means, said frequency doubling saturable
core reactor circuits each having its said core means
constructed to be driven from saturation in one direction
to saturation in the opposite direction in 30 degree of a
cycle of the alternating current voltage impressed on its.
alternating” current winding means.

3. A static single stage frequency multiplier for con-
verting three phase alternating current having a prede-
termined frequency into single phase alternating current
having a frequency six times said predetermined frequency
comprising three current limiting saturable core reactor
circuits each having bias winding means and alternating
current winding means, said alternating current winding.
means aiding a part and opposing the remainder of said .
bias winding means, said alternating current winding
means being delta-connected, three frequency doubling
saturable core reactor circuits each having alternating cur-
rent winding means and other winding means, connec-
tions for impressing a bias voltage on said bias winding .
means and on at least a part of each of said other
winding means, an outpui circuit serially connecting at
least a part of each of said other winding means, each
of said last-named alternating current winding means aid-
ing a part and opposing another part of its associated
other winding means, said last-named alternating current
winding means being respectively connected to the junc-
tions of said delta-connection, and connections for im-
pressing said three phase altermating current of prede-
termined frequency on said last-named alternating cur-
rent winding means, said bias winding means being ar-
ranged to provide substantially greater bias ampere turns
than said other winding means.

4. A static single stage frequency multiplier for con-
verting three phase alternating current having a prede-
termined frequency into single phase alternating current
having a frequency six . times said predetermined fre-
quency comprising three current limiting saturable core
reactor circuits each having core means with at least one
alternating current winding and two direct current satu-
rating windings thereon, each of said current limiting cir-
cuits having its direct current saturating windings er-
ranged normally to saturate said core means adjacent.
thereto and its alternating current winding arranged ‘to
aid one and to oppose the other of its associated direct
current saturating windings, said alternating current wind-
ings being delta-connected, three frequency doubling sat-
urable core reactor circuits each having core means with
at least one alternating current winding and a plurality
of other windings thereon, each of said frequency doubling
circuits having at least two of its other windings arranged
normally to saturate said core means adjacent thereto
and its alternating current winding arranged to aid one
and oppose the other of said two other windings, connec-
tions for impressing direct current on said direct current -
saturating windings and said two other windings of each
of said frequency doubling . circuits, an output circuit
serially connecting at least two of said other windings of.
each of said frequency doubling circuits, said last-named
alternating current windings being respectively connected
to the junctions of said delta-connection, connections for
respectively impressing said three phase alternating cur-
rent of predetermined frequency on said last-named al-
ternating current windings, said frequency doubling sat-
urable core reactor circuits each having its said core
means arranged to be driven from saturation in one direc-
tion to saturation in the opposite direction in 30 degrees
of a cycle of the alternating current voltage impressed
on its -alternating current winding, each of said- direct
current saturating windings being arranged to provide
substantially greater ampere turns than each of said first-
named two- other windings.

5. A static single stage frequency multiplier for con-
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verting three phase alternating current having a predeter-
mined frequency into single phase alternating current hav-
ing a frequency six times said predetermined frequency
comprising three current limiting saturable core reactor
circuits each having core means with at least one alternat-
ing current winding and two direct current saturating
windings thereon, each of said curreat limiting reactor
circuits having its direct current saturating windings ar-
ranged normally to saturate said core means adjacent
thereto and its alternating current winding arranged to
aid one and to oppose the other of its associated direct
current saturating windings, said alternating current wind-
ings being delta-connected; three frequency doubling sat-
urable core reactor circuits each having core means with
at least one alternating current winding, two direct cur-
rent saturating windings and two secondary windings
thereon; each of said frequency doubling circuits having
its direct current saturating windings arranged normally
to saturate said core means adjacent thereto and its alter-
nating current winding arranged to aid one and opposing
the other of ifs associated direct current saturating wind-
ings, connections for impressing direct current on said
direct current saturating windings, an output circuit seri-
ally connecting said secondary windings, said last-named
alternating current windings being respectively connected
to the junctions of said delta-connection, and connections
for impressing said three phase alternating current of pre-
determined frequency on said last-named alternating cur-
rent windings, said frequency doubling saturable core
reactor circuits each having its core means arranged to be
driven from saturation in one direction to saturation in
the opposite direction in 30 degrees of a cycle of the alter-
nating current voltage impressed on its alternating cur-
rent winding, said first-named direct current saturating
windings being arranged to provide substantially greater
ampere turns than said last-named direct current saturat-
ing windings.

6. A static single stage frequency multiplier for con-
verting three phase alternating current having a predeter-
mined frequency into single phase alternating current hav-
ing a frequency six times said predetermined frequency
comprising three current limiting saturable core reactor
circuits each having core means with at least one alternat-
ing current winding and two direct current saturating
windings thereon, each of said current limiting circuits
having its direct current saturating windings arranged
normally to saturate said core means adjacent thereto and
its alternating current winding arranged to aid one and
to oppose the other of its associated direct current sat-
urating windings, said alternating current windings being
delta-connected, three frequency doubling saturable core
reactor circuits each having core means with at least one
alternating current winding and two direct current sat-
urating windings thereon, each of said frequency doubling
circuits having its direct current saturating windings ar-
ranged normally to saturate said core means adjacent
thereto and its alternating current winding arranged to
aid one and oppose the other of its direct current saturat-
ing windings, connections for impressing direct current
on said direct current saturating windings, an output cir-
cuit serially connested to said last-named direct current
saturating windings, said last-named alternating current
windings being respectively connected to the junctions of
said delta-connection, and connections for impressing said
three phase alternating current of predetermined fre-
quency on said last-named alternating current windings,
said freguency doubling saturable core reactor circuits
each having its cors means arranged to be driven from
saturation in one direction to saturation in the opposite
direction in 30 degrees of a cycle of the alternating cur-
rent voltage impressed on its alternating current winding,
said first-named direct current saturating windings being
arranged to provide substantially greater ampere turns
and said last-named direct current saturating windings.

7. A single stage frequency multiplier for converting
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three phase alternating current having a predetermined
frequency into single phase alternating current having a
frequency six times the predetermined frequency compris-
ing three input terminals for comnnection to a source of
three phase alternating current, three pairs of current
limiting saturable core reactors each having a core with
an alternating current winding and a direct current sat-
vrating winding thereon, said direct current windings of
each of said pairs of current limiting reactors being ar-
ranged normally to saturate their associated cores respec-
tively in opposite directions, each pair of said current
limiting reactors having its alternating current windings
serially connected, said serially connected pairs of alter-
nating current windings being delta-connected, three pairs
of frequency doubling output saturable core reactors
cach having a core with an alternating current winding
and a direct current saturating winding thereon, each
pair of said output reactors having its alternating current
windings serially connected, said last-named serially con-
nected pairs of alternating current windings being respec-
tively comnected between said input terminals and the
junction points of said delta-connection, said direct cur-
rent windings of each of said pairs of output reactors
being arranged normally to saturate their associated cores
respectively in opposite directions, a pair of output ter-
minals, said direct current windings of said output reac-
tors being serially connected across said output terminals,
and connections for impressng direct current on all of
said direct current windings, said direct current windings
of said current limiting reactors having substantially
greater ampere turns than the ampere turns of said direct
current windings of said output reactors, each of said
output reactors having its core arranged to be driven
from saturation in the opposite direction in 30 degrees
of a cycle of the alternating current voltage impressed on
its alternating current winding.

8. A single stage frequency multiplier for converting
three phase alternating current having a predetermined
frequency into single phase alternating current having a
frequency six times the predetermined frequency com-
prising three input terminals for connection tc the source
of three phase alternating current, three pairs of current
limiting saturable core reactors each having a core with
an alternating current winding and a direct current satu-
rating winding thereon, said direct current windings of
each of said pairs of current limiting reactors being ar-
ranged normally to saturate their associated cores respec-
tively in opposite directions, each pair of said current
limiting reactors having its alternating current windings
serially connected, said serially connected pairs of al-
ternating current windings being delta-connected, three
pairs of frequency doubling output saturable core reac-
tors each having a core with an alternating current wind-
ing and a direct current saturating winding thereon,
cach pair of said oufput reactors having its alternating
current windings serialiy connected, said last-named serial-
ly connected pairs of alternating current windings being
respectively connected between said input terminals and
the junction points of said delta-connection, said direct
current windings of each of said pairs of cutput reactors
being arranged normally to saturate their associated cores
respectively in opposite directions, said direct current
windings of said current limiting reactors having substan-
tially greater ampere turns than the ampere turns of said
direct current windings of said output reactors, ail of said
direct current windings being connected in series, con-
nections for impressing direct curreni on said serially
commected direct current windings, a pair of cutput termi-
nals, said serially connected direct current windings of said
output reactors being connected across said output termi-
nals, each of said output reactors having its core arranged
to be driven from saturation in one direction fo satura-
tion in the opposite direction in 30 degrees of a cycle of
the alternating current voltage impressed on its alternat-
ing current winding.




9. A single stage frequency multiplier for converting
three phase alternating current having a predetermined
frequency into single phase alternating current having a
frequency six times the predetermined frequency com-
prising three input terminals for connection to the source
of three phase alternating current, three pairs of current
limiting saturable core reactors each having a core with
an alternating current winding and a direct current satu-
rating winding thereon, said direct current windings of
each of said pairs of current limiting reactors being ar-
ranged normally to saturate their associated cores respec-
tively in the opposite directions, each pair of said current
limiting reactors baving its alternating current winding
serially connected, said serially connected pairs of alter-
nating current windings being delta-connected, three pairs
of frequency doubling output saturable core reactors
each having a core with an alternating current winding
and a direct current saturating winding thereon, each
pair of said output reactors having its alternating current
windings serially connected, said last-named serially con-
nected pairs of alternating current windings being respec-
tively connected between said input terminals and the
junction points of said delta-connecticn, said direct cur-
rent windings of each of said pairs of output reactors
being arranged normally to saturate their associated cores
respectively in opposite directions, said direct current
windings of said current limiting reactors having substan-
tially greater ampere turns than the ampere turns of said
direct current windings of said output reactors, all of said
direct current windings being connected in series, con-
nections for impressing direct current on said serially
connected direct current windings, a pair of output termi-
nals, said serially connected direct current windings of
said output reactors being connected across said output
terminals, each of said output reactors having its core
arranged to be driven from saturation in one direction
to saturation in the opposite direction in 30 degrees of a
cycle of the alternating current voltage impressed on its
alternating current winding, and a choke connected in
series with said direct current windings of said current
limiting reactors.

10. A single stage frequency multiplier for converting
three phase alternating current having a predetermined
frequency into single phase alternating current having
a frequency six times the predetermined frequency com-
prising three input terminals for connection to the source
of three phase alternating current, three pairs of current
limiting saturable core reactors each having a core with
an alternating current winding and a direct current satu-
rating winding thereon, said direct current windings of
each of said pairs of current limiting reactors being ar-
ranged normally to saturate their associated cores respec-
tively in the opposite directions, each pair of said current
limiting reactors having its alternating current windings
serially conmnected, said serially connected pairs of alter-
nating cwrrent windings being delta-connected, three pairs
of {requency doubling output saturable core reactors each
having a core with an alternating current winding and a
direct current saturating winding, each pair of said out-
put reactors having its alternating current windings serial-
ly connected, said last-named serially connected pairs of
alternating current windings being respectively connected
between said input terminals and the junction points of
said delta-connection, said direct current windings of each
of said pairs of output reactors being arranged normally
to saturate their associated cores respectively in opposite
directions, said direct current windings of said current
limiting reactors having at least substantially twice the
ampere turns of said direct current windings of said out-
put reactors, all of said direct current windings being
connected in series, connections for impressing direct
current on said serially connected direct current windings,
and a pair of output terminals, said serially connected
direct current windings of said output reactors being con-
nected across said output terminals, each of said output
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reactors having its core arranged to be driven from satu-
ration in one direction to saturation in the opposite direc-
tion in 30 degrees of a cycle of the alternating current
voltage impressed on its alternating current winding.

11. A static single stage frequency multiplier for con-
verting polyphase alternating current having a prede-
termined frequency into a single phase alternating current
having a frequency which is said predetermined frequency
multiplied by double the number of the phases of said
polyphase current, comprising: a plurality of biased fre-
quency doubling saturable core reactor circuits each hay-
ing alternating current winding means, each of said alter-
nating current winding means being connected to a dif-
ferent phase conductor of the source of said polyphase
alternating current, each of sajd frequency doubling sat-
urable core reactor circuits having output winding means;
an output circuit including all of said output winding
means; and an internal neutral network connecting the
alternating current winding means of said frequency dou-
bling saturable core reactor circuits, said neutral network
comprising a plurality of biased current limiting saturable
Core reactor circuits connected in a mesh polygon rela-
tionship, and said alternating current winding means being
Tespectively connected to the junctions of said network.,

12. A static single stage frequency multiplier for con-
verting polyphase alternating current having a predeter-
inined frequency into single phase alternating current
having a frequency which is said predetermined frequency
multiplied by double the number of the phases of said
polyphase current, comprising: a plurality of frequency
doubling saturable core reactor circuits each having alter-
nating current winding means and other winding means;
connections for impressing a bias voltage on at least a
part of each of said other winding means; an output cir-
cuit serially connecting at least a part of each of said
other winding means; each of said alternating current
winding means aiding a part and opposing another part of
its associated other winding means; connections for re-
spectively connecting each of said alternating current
winding means in circuit with a different phase conductor
of the source of said polyphase alternating current; and
an internal neuntral network connecting said alternating
current winding means, said internal meutral network
comprising a plurality of current limiting saturable core
reactor circuits each having bias winding means and
alernating current winding means, said last mentioned
alternating current winding means aiding a part and
opposing the remainder of said bias winding means and
being connected in a mesh polygon network relationship,
said alternating current winding means of said frequency
doubling reactors being connected respectively to the
junctions of said network, and connections for impressing
a bias voltage on said bias winding means.

13. A static single stage frequency multiplier for con-
verting polyphase alternating current having a prede-
termined frequency into single phase alternating current
having a frequency which is said predetermined fre-
quency multiplied by double the number of the phases of
said polyphase current, comprising: a plurality of input
terminals adapted to be respectively connected to a source
of polyphase alternating current; a plurality of pairs of
frequency doubling output saturable core reactors equal
in number to the number of phases of said source and
each having a core with an alternating current winding
and a direct current saturating winding, each pair of
said output reactors having its alternating current wind-
ings serially connected, each of said serially connected
pairs of alternating current windings having one end
connected to a respective input terminal, said direct cur-
rent windings of each of sajd pairs of output reactors
being arranged normally to saturate their associated
cores respectively in opposite directions; a plurality of
pairs of current limiting saturable core reactors equal in
number to the number of phases of said source and each
having a core with an alternating current winding and a
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direct current saturating winding thereon, said direct
current windings of each of said pairs of current limiting
reactors being arranged normally to saturate their cores
respectively in opposite directions, each pair of said cur-
rent limiting reactors having its alternating current wind-
ings serially connected, and the serially connected pairs
of alternating current windings being connected in a mesh
polygon relationship to form an internal neutral network;
the serially connected alternating current windings of said
pairs of output reactors being connected respectively to
the junctions of said network, and all of said direct cur-
rent windings being connected in series; comnections in-
cluding a series choke for impressing direct current on
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20
said serially connected direct current windings; and a
pair of output terminals, said serially connected direct
current windings of said output reactors being connected
across said output terminals.
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