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1

This invention pertains to magnetic frequency
changers and in particular to a magnetic fre-
quency changer for producing a great increase
in frequency and adapted to be energized with
polyphase alternating current. The frequency
changer of my invention:is particularly appli-
cable for supplying polyphase voltages of a high
frequency.

It is an object of my invention to magnetically
generate a high order harmonic of an alternat-
ing current source. .

It is another object of my invention to provide
a static frequency changer for supplying poly-
phase power of a relatively high frequency.

Another object of my invention is to provide

- a magnetic frequency multiplier of high efficiency.

An additional object of my invention is to drive
a polyphase induction motor with the output
from my frequency multiplier.

Another object of my invention is to combine
the saturable elements of my magnetic frequency
changer on g single magnetic core structure.

A further object of my invention is to produce
a two-stage frequency multiplier of high effi-
ciency. '

A still further object is to generate the out-
pub frequency in both stages of a two-stage fre-
quency multiplier.

Another object of my invention is to provide
both inductive and conductive coupling between
the primary and secondary stages of a two-stage
frequency multiplier.

An additional object is to energize two fre-
quency-changing systems according to my inven-
tion from polyphase sources displaced in phase
from each other so that the systems provide out-
put voltages displaced in phase from each other
for supplying a polyphase output.

Other objects and a fuller understanding of
my invention may be obtained by referring to the
following specification and claims in conjunction
with the accompanying drawings in which

Figure 1 is the schematic diagram of a static
frequency changer having a number of saturable
inductances combined according to my invention
for supplying a three-phase output voltage of
nine times the input frequency,

Figure 2 is a diagram of a modification of the
secondary arrangement of Figure 1, with capaci-

- tors in series with the load,

Figure 3 is a diagram of another modification
of the same portion of Figure 1 with the capaci-

~tors connected in the two-phase portion of the
-eircuit,

Figure 4 is still another modification, adapted
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to supply a two-phase load from the star mid-
points of the secondary circuit, -

Figure 5 is another modification of a portion
of Figure 1, supplying single-phase output,

Figure 6 is a diagram of another form of my
invention adapted to supply the twelfth harmonic
of the source frequency,

.Figure 7 shows an arrangement for combining
the saturable inductances of Figure 1 on a single
magnetic core structure, for reducing the losses
and providing improved operation, and

Figure 8 shows a common core structure simi-
lar to that of Figure 7 but having half as many
elements, and being adaptable to the production
of a single-phase output as with the circuit of
Figure 6.

In general, the frequency changers made ac-
cording to this invention use groups of saturable
inductances energized from a polyphase source
to generate harmonics of the source frequency
and to balance the input frequency out of the
output. The frequency changers have two stages,
both of which utilize saturable inductances to
generate harmonics; the secondary stage being
energized with harmonic frequencies generated in
the primary stage. Each group of primary sat-
urable inductances supplies one phase of g poly-
phase system having s fundamental frequency
which is a harmoniec of the source frequency. The
order of this harmonic is the same as the num-
ber of inductances in the pbrimary group. The
secondary inductances are energized directly
from the polyphase system of the harmonic fre-
quency and therefore reflect a nonlinear imped-
ance into the primary stage. :

When a star-connected group of saturable in-
ductances s energized by a polyphase source, as
is done in my invention, the midpoint of the star
is not at the potential of the source neutral. Even
though the system is perfectly balanced, so that
voltage of the source frequency is neutralized at
the star midpoint, a voltage still appears between

_ the star midpoint and the source neutral. This

50.
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voltage is of a frequency which is a harmonic of
the source frequency, and the order of the har-
monic s determined by the number of phases in
the system. Thus, if three identical saturable in-
ductances are star-connected to a balanced three-
phase source, the third harmonic voltages gener-
ated In the saturable inductances are all in the
same phase and appear at the star midpoint as
a voltage of three times the source frequency be-
tween the source neutral and the star midpoint.
Likewise, if five identical saturable inductances
are star-connected to a balanced five-phase
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source, a voltage of five times the source frequency
appears between the source neutral and the star
midpoint. .o '

According to my invention, the source neutrzl!
is not necessarily used as a terminal for supply-
ing output voltage of a harmonic frequency, be-
cause I obtain a polyphase output of the har-
monic frequency. For obtaining a three-phase
output of the harmonic frequency, three groups
of star-connected reactors are used. In the case
of & third harmonic output, each group has three
reactors, as just described, for producing the third
harmonic voltage between their star midpoint and
the source neutral. The three groups are not en-
ergized in the same phases, but are energized 40
degrees apart so that the third harmonic voltages
are 120 degrees displaced. Under this condition
the three star midpoints become the terminals
of a three-phase system of three times the source
frequency. This three-phase system may be con-
nected to a secondary star-connected group of
three saturable inductances to obtain a further
frequency increase, producing the third harmonic
of the third harmonic frequency, or the ninth
harmonic of the source frequency.

Thus the primary and secondary stages coop-
erate to generate an output frequency which is
a multiple of the source frequency, the multiply-
ing factor being the product of the number of
primary inductances in each primary group times
the number of saturable inductances per second-
ary group. In the example given, there are three
primary inductances per primary group and three
secondary inductances per secondary group, sO
the multiplying factor is three times three and
the output frequency is nine times the source
frequency. The ninth harmonic voltage is gen-
erated not only in the secondary saturable induct-
ances, but also in the primary saturable induct-
ances, and these voltages also are substantially in
phase with each other so they aid in supplying
the load.

In order to obtain a polyphase output of nine

times the source frequency, two complete fre- |

quency changers of the type just described are
used, and are energized 10 degrees out of phase
with each other. At the ninth harmonic, the
phase displacement becomes 90 degrees to pro-
vide the basis for the desired polyphase outpub
arrangement. .

As in the primary star-connected inductances,
the harmonic voltages appear between the source
neutral and the secondary star midpoints. If
the source neutral is availakle, the load may be
connected to it and the secondary star midpoints.
Alternatively, three complete frequency changers
of the type previously described may be used, en-
ergized 13%; degrees apart to provide 120 degrees
ninth harmonic displacement so the three sec-
ondary star midpoints become the terminals of
a three-phase source of nine times the input fre-
quency, just as in the primary stage the three star
midpoints become the terminals of a three-phase
source of three times the input frequency.

The output circuit may be insulated from the
input circuit by providing each secondary satura-
ble inductance with an insulated output winding.
Connecting the windings in series with each other
cancels the third harmonic voltages and adds the
_ninth harmonic voltages to provide a ninth har-
monic output circuit.

The particular arrangement shown and de-
seribed herein is arranged to supply three-phase
output of nine times the input frequency and
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is shown as it may be applied to drive a high-
speed three-phase motor.

With more particular reference to Figure 1,
there is shown a polyphase source of alternating
current 40 supplying a phase splitting transform-
er 14. The neutral wire is designated N and the
remaining output leads of transformer T4 are
numbered from 1 to 18 with each lead being con-
nected to a saturable inductance terminal bearing
the corresponding number. In order to simplify
the schematic these connecting wires are not
shown in the diagram, but are merely indicated
by corresponding numbers. Thus, terminal { on
saturable inductance 41 is electrically connected
to Jead No. 1 on transformer 14, terminal 2 on
saturable inductance 42 is electrically connected
to lead No. 2 on transformer 14 and so on for
terminals 3 to (8 on saturable inductances 43 to
58, which are respectively tied to the leads num-
bered 3 to 18 on transformer 14. The internal
connections and winding arrangement of the
phase-splitting transformer 14 are not shown on
Figure 1 because various arrangements can be
used with substantially the same final results.
The fundamental method of obtaining any re-
quired number of phases from a polyphase source
by adding together properly proportioned volt-
ages from the different phases can be applied in
any one of several different circuit arrangements
in the transformer 4. The source 40 may be the

commercial three-phase supply and transformer

14 may consist of three individual units preferably
delta-connected and having the necessary taps
on the primary windings and the required indi-
vidual insulated secondary windings, or instead
of three individual units, a single three phase
transformer can be used to advantage, with wind-
ings and core arranged according to best design
practices.

The phasing of the output voltages of trans-

former 14 can be visualized from the positioning :

of the primary saturable inductance coils in Fig-
ure 1, in that their position corresponds respec-
tively to the phase of the voltage with which they
are supplied. The nine odd-numbered coils 41
to 51 are supplied from g substantially balanced
nine-phase system, as are the nine even-num-
bered coils 42 to 58. The two nine-phase systems
are displaced from each other by approximate-

1y ten electrical degrees, thus the voltage across -

coil 42 leads.the voltage across coil 41 by ten
degrees and’ the voltage across coil 43 leads that
across coil-42 by approximately thirty electrical
degrees. ’ ‘

The primary saturable inductances &1 to 58
are star-connected in groups of three, each group
belng supplied from a substantially balanced

three-phase system. Thus, from the nine odd--

numbered primary saturable inductances in the
lower part of Figure 1, three star midpoints 94,
95, and 96 are produced. The voltages appear-
ing between these star midpoints have a funda-
mental frequency three times that of the source
40, and since their respective primary voltages
are forty degrees displaced, the triple frequency
voltages are displaced three times forty or one
hundred twenty electrical degrees and the three
star midpoints 94, 95, and 96 represent the ter-
minals of a substantially balanced three-phase
system of three times the frequency of source
40. Similarly, from the nine even-numbered pri-

.mary saturable inductances in the upper part of

Figure 1 three star midpoints 87, 88, and 99 are
obtained, representing the terminals of another
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substantially balanced three-phase system of
three times the source frequency.

'The two triple frequency three-phase systems
thus obtained are connected to two star-connect-
ed secondary circuits with a saturable inductance
in each branch of each circuit connected in se-
ries with a capacitor and a substantially linear
inductance. Thus the three-phase system from
the nine odd-numbered primary coils is con-
nected to the secondary saturable inductances
58, 61 and 63 in series with the capacitors 81,
83 and 85 and the substantially linear inductances
15, 17T and 79. The three-phase system from the
nine even-numbered primary coils is connected to
the secondary saturable inductances 60, 62 and
64 in series with the capacitors 82, 84 and 86 and
the substantially linear inductances 16, 18 and 80.

With the arrangement shown, the currents flow-
ing through the secondary saturable inductances
59 to 64 produce voltages of nine times the fre-
quency of source 40. These voltages are pro-
duced not only in the secondary star-connected
circuits of inductances 59 to 64 but also to a con-
siderable extent in the primary circuits of in-
ductances 41 to 58. Thus in the operation of
the frequency changer of my invention the func-
tion of the secondary star-connected circuits in-
cluding the saturable inductance 59 to 64 is not
only to generate in themselves the ninth harmonic
of the source frequency but also to cause the
primary inductances 41 to 58 to generate the ninth
harmonic of the source frequency and thereby
increase the total amount of ninth harmonic
power generated and made available to the load.

Since the nine even-numbered primary induct-
ances are supplied with voltage ten degrees out
of phase with that supplied to the odd-numbered
primary inductances, the ninth harmonic volt-
ages generated by their respective circuits are
displaced ninety degrees from each other. These
phase-displaced output voltages' may be utilized
as a two-phase output of nine times the source
frequency or by suitable transformer connections
may be converted to three-phase output or any
other required number of phases.

Figure 1 shows one possible arrangement for
utilizing this polyphaseé output. The ninth har-
monic voltage is obtained by adding together sub-
stantially equal voltages from each of the three
saturable inductances in a secondary star-con-
nected group. In the arrangement shown the
output coils- are internally arranged for Scott
connection so a three-phase load can be supplied.
The substantially equal output windings 65, 68
and Ti on saturable inductances 59, 61 and 63
respectively are connected in series to one phase
of the output as the one branch of the Scott con-
nection. There are two substantially equal out-
put windings on each of the saturable induct-
ances 60, 62 and 64, and one of each of thece is
connected in each of the other two branches of
the Scott connection. Output windings 66, 69 and
72 are connected in series to the second phase

- of the output and output windings 67, 70 and 73
are connected in series to the third phase of the
output. The saturable inductances 59 to 64 are
preferably made substantially alike and the out-
put windings are proportioned to supply a sub-
stantially symmetrical three-phase output volt-
age.

The three condensers 80, 9f, 92 are energized
from the output voltage and aid in its excitation.
They are shunted with the three saturable in-
ductances 87, 88 and 89 respectively. This ar-
rangement is particularly advantageous when g
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variable load is to be supplied, since it maintains
a stable value of load voltage in spite of load
variations. In particular, when the load is an
induction motor, the capacitors 86, 91 and 92
should be relatively large to start the motor
quickly and the use of saturable inductances 81,
88 and 89 makes it unnecessary to switch out the
large capacitors as the motor comes up to speed.
With increasing motor speed, the output voltage
tends to rise, thus causing the inductances 87, 88
and 89 to draw increasing exciting current gnd
holding the load voltage down to the required
level,

The circuit diagram shown in Figure 1 is the
preferred embodiment of my invention as ap-
plied to the production of a three-phase outpui
of nine times the source frequency, but numerous
modifications may be made depending upon the
operating requirements.

The three capacitors 98, 91, and 92 in the out-
put circuit aid in the excitation of the output
voltage but they need not be eonnected exactly
as shown in Figure 1. Their function may be
carried out in several other circuit arrangements,
one of which is shown in Figure 2.

The circuit of Figure 2 is that of the second-
ary portion of a frequency changer for providing
a three-phase output of nine times the source
frequency as is done in the circuit of Figure 1.
The terminals 94, 85, 96, 97, 98 and 99 which
join the primary and secondary portions of the
frequency changer of Figure 1 are identified in
Figure 2 so the circuit of Figure 2 may be used
to replace the secondary portion of Figure 1.

In Figure 2 the capacitors 98, 91, and 92 are
connected in series with the load, while the sat-
urable inductances 87, 88 and 89 remain in par-
allel with the load as in Figure 1. The circuit
operation of Figure 2 is essentially as described
for Figure 1 with the capacitors 80, 81, and 92
aiding in the excitation of the output voltage
and the saturable inductances 87, 88, and 88
serving to stabilize the output voltage.

Figure 3 is similar to Figure 2, and shows an-
other manner of connecting the capacitors for
excitation of the output voltage. In Figure 3,
capacitor 90 is connected across the output of
the odd-numbered saturable inductances 59, 61,
and 63 obtained from windings 65, 68, and T{,
and capacitor 81 is connected across the output
of the even-numbered saturable inductances €0,
62, and 64 obtained from windings 65, 61, 63, T¢,
72, and 13. Thus the output voltage excitation
is accomplished in a two-phase circuit with only
two capacitors, while the load receives g three-
phase voltage as before.

The saturable stabilizing inductances 81, 88, and
89 are omitted in Figure 3. Satisfactory circuit
operation under many conditions is obtainable
without these inductances, particularly when wide
variations in load current are not experienced.

- Figure 4 shows another circuit meodification
in which the secondary saturable inductances 59
to 64 are not provided with secondary windings
but the output is obtained from the star midpoints
as is done in the primary circuits. As previous-
ly described, the secondary star midpoints are
not at the potential of the system neutral. A

ninth harmonic voltage appears between each star
midpoint and the neutral of the system, the volt-
ages being ninety degrees displaced just as the
ninth harmonic voltages in Figures 1, 2, and 3
are displaced.

The neutral wire N shown in Figure 1 may be
obtained from suitable windings on the phase-




2,437,003

splitting transformer 74, In Figure 4, this neutral
wire serves as one terminal of the two-phase cut-
put -circuit, the other two.terminals being the
star midpoints of the secondary circuits. The
two capacitors 90 and 91 are connected one across
each of the output phases to aid in exciting the
output voltage.

In Figure 4, the linear inductances 15, 76, 17,
18, 19 and 80 are omitted. I have found that
under many operating conditions, satisfactory re-
sults may be obtained without these inductances,
not only in the specific circuit shown in Figure 4,
but also in the other circuits shown herein.

The circuit of Figure 5 is arranged to provide
a single-phase output and may be connected to
the terminals 94, 95, and 96 of Figure 1. In Fig-
ure 5, the capamtors 81, 83, and 85 together with
their linear inductances 15, 11, and 79 are con-
nected in parallel with their respective saturable
" inductances 59, 61, and 63. The capacitors aid
in the excitation of the third harmonic voltage
* as in the other arrangements shown, and the op-
eration of the frequency changer is substantially
as previously described. The single-phase out-
put is supplied to the capacitor 868, which func-
tions as in the other arrangements. It will be
apparent that the circuit arrangement shown is
not restricted to single-phase output, but may
be applied to Figures 1, 2, 3, and 4 for obtaining
polyphase output. Conversely, single-phase out-
put may beé obtamed from the circuits of Figures
1,2, 3, and 4.

When other output frequencies are required the
circuit may be rearranged to obtain other har-
monics of the input frequency. The system as
shown in Figure 1 may be thought of as consist-
ing of two frequency changers energized with in-
put voltages displaced in phase, one freguency
changer for each of the two output phases. In
describing forms of my invention which provide
a single-phase output, it will be understood that
polyphase output can be obtained by using two
single-phase systems.

In the systems of Figure 1 it can be seen that
each of the groups of primary inductances sup-
blies one secondary saturable inductance, and that
the number of primary coils is the number by
which the input frequency is multiplied to ob-
tain the output frequency. Thus with nine coils
as in Figure 1 the ninth harmonic of the input
frequency is obtained. For obtaining other har-
monics of the source frequency, the principles de-
sceribed herein may be applied directly without
departing from the spirit and scope of my inven-
tion.

My invention is also applicable to the produc-
tion of even harmonics of the source frequency.
It is possible to obtain the even harmonics with
the same arrangement used for the odd har-
monics using an even number of primary coils
but I prefer to bias the coils to aid in the pro-
duction of even harmonics. To obtain the twelfth
harmonic, for example, twelve primary coils are
used, they may be connected in four groups of
three each, and tied to four secondary induct-
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ances, in which case the secondary inductance

may be biased and the pr1mary inductances un-
biased.

A circuit arrangement of this type is shown ia
Pigure 6, with the twelve primary saturable in-
ductances 10} to 112 connected in four groups
of three and with the four secondary inductances
118, 119, 120, and "12{ energized from the star
midpoints of the four groups of primary induct-

* ances. The twelve primary inductances are con-

70
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nected to the twelve-phase output of the phase-
splitting transformer 108 which is energized from
the three-phase source 40. The outputb leads of
the transformer {60 are numbered from 1 to 12
and are electrically connected respectively to the
terminals f to {2 of the inductances .10l to 2.
In order to avoid confusing the diagram, the ac-
tual connecting wires to terminals 1 to 12 are not
shown.

The internal structure of the transformer {08
which provides the twelve-phase output and the
neutral connection N is not shown, since trans-
formers of this type are well known in the art, .

and a wide variety of winding arrangements may -

be used. The phasing of the output voltages is
indicated by the posilioning of the coils 101 to™
112 in Figure 6. The operation of the primary
svage of my frequency multiplier embodying these
twelve inductances is substantially the same as
the operation of the primary stage of Figure 1,
except that a four-phase output of three times
the source frequency is cbtained in Figure 6. This
four-phase output is supplied to the four sec-
ondary inductances 117, 118, {19, and 120 which
are connected in series with.the four capacitors
125, 128, 127, and 128 respectively. Capacitors
126 and 128 are connected at terminal ti§ and
capacitors 125 and {27 are connected at termi-
nal 115. When these terminals are connected

‘together to form a common junction point, this

junction point may be used as one output termi-
nal and the neutral N as the other output ter-
minal of the frequency changer,

The secondary windings 121, (22, 123, and 124
of the secondary saturable inductances are con-
nected In series, substantially cancelling voltages
of the third and sixth harmonics of the source
frequency and adding voltages of the twelfth har-
monic of the source frequency. Capacitor 90 con-
nected across these secondary windings aids in
the excitation of the twelfth harmonic voltage
which is supplied to the load.

Direct current source fi3 is connected in se-
ries with blocking inductance 114 and connected
to the windings (21, 122, (23, and 124. The direct
current supplied by source {13 aids in the pro-
duction of even harmonics in the secondary.sat-
urable inductances by biasing their magnetic
cores. Except for the biasing action in Figure 6,
the operation of the frequency changer is sub-
stantially as described in connection with Fig-
ure 1.

In the operation of my invention as exempli-
fied in Figure 1 the frequency conversion is ac-
complished in two stages, designated as primary
and secondary. Initially, the primary stage mul-
tiplies the input frequency by an integer n which
is the same as the number of inductances in each
primary group. Each primary group of induct-
ances Is energized with a substantially symmetri-
cal zm-phase voltage. The number of primary
groups m is the same as the number of second-
ary saturable inductances and the secondary
stage multiplies-the frequency by the integer m.
For this purpose, the.m groups are energized
symmetrically out of phase with each other from
a substantially symmetrical- m times n-phase
source.” The cooperation between the two stages,
however, causes the primary stage to generate
not only the nth harmonie. .of ‘the input fre-
quency, hut also the m. tlmes nth “harmonic,

. thereby increasing the -availablé output power

‘and increasing the converter\emmency The

output frequency -is 7. times n times the mput

frequency, and in the output circuit a capamtor
N\
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is connected, where it is energized with the out-
put frequency and aids in exciting and control-
ling the output voltage. The secondary stage

‘also includes capacitors which reflect a capaci-

tive impedance to the output of the primary
stage, which is fundamentally an m-phase volt-
age of n times the input frequency, but which
also includes a large component which is of the
output frequency.

Figure 1 shows schematically the electrical
connections of one form of frequency changer
embodying the features of my invention. Thus
far nothing has been said regarding the physi-
cal or mechanical arrangement of the parts, and
in fact, no special arrangement is necessary to
obtain the results described. The eighteen pri-

mary saturable inductances are preferably made

substantially alike and the-six secondary satus
rable inductances are also preferably substan-
tially alike with the exception of their output
windings, which are arranged for Scott con-
nection as previously mentioned. The other cir-
cuit elements are likewise substantially sym-
metrical in their values in order to obtain a bal-
anced, symmetrical output voltage, substantially
free of undesired harmonics of the source fre-
quency.

In order to reduce the iron losses nermally oc-
curring in such a large number of inductances
operating at high flux density, it is possible to
combine certain of the inductances on common
cores. Thus the three saturable inductances 81,
88 and 89 connected across the output may he
combined on a single three-phase core-type
structure, with the added advantage of the phase
balancing effect produced by the core construec-
tion. Similarly, the frequency-changing reac-
tors can be combined on common cores in var-
ious manners, a limitation being that the core
construction must not tend to suppress the de-
sired harmonie.

The core structure shown in Figure 7 does
more than simply save iron weight and reduce
core losses; it combines both the primary and
secondary saturable reactors of Figure 1 on a
single core structure, 93, and provides an induc-
tive connection between the primary and sec-
ondary inductances. The numbers used in Fig-
ure 7 refer to the inductance numbers of Figure
1, no electrical connections being shown in Fig-
ure 7. The magnetic core structure comprises
six sections magnetically in series. The term
“magnetically in series” is used to indicate that
at least part of the flux through a core member
flows through the adjacent core member in the
adjacent section. This constitutes a rather
broad definition of a series magnetic circuit, but
by referring to Figure 7, the series relationship
becomes evident when it is noted that, for ex-
ample, g large part of the flux through induct-
ance coil 41 also flows through inductance coil
42, as in a series magnetic circuit, although it is
actually a series-parallel circuit.

By referring to Figure 1 it can be seen that
coil 42 has induced in it a fundamental voltage
ten electrical degrees.behind the voltage in coil
42. The arrows on Figure 7 show the phasing of
the coils, with 41 and 42 phased in the same' di-
rection but with coil 5f phased opposite to 42.
Since the voltage in 5i is 170 electrical degrees
out of phase, reversing the coil makes it only
ten degrees away from 42, so the fluxes through
these adjacent primary core members in series
are displaced ten electrical degrees just as be-

. tween the fluxes in the core members within
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coils 41 and 42, The same method of phasing is

.- foliowed throughout the eighteen primary coils
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so that the fundamental fluxes through adjacent
primary core members in series with each other
are displaced in phase ten electrical degrees from
each other, and the induced voltages in the coils
on these core members are likewise displaced
ten electrical degrees.

In each one of the six core sections in Figure
7 there are three primary core members mag-
netically in parallel with each other and with a
secondary core member. Between the core sec-
tions, transverse core members are arranged to
carry the flux which is the difference between
the fluxes in adjacent series core members.

These transverse core members are the connect-

ing means which put the core members of a sec-
ticn effectively in a parallel magnetic circuit.
Most of the magnetizing force supplied by each
coil is expended in the core member within the
coil so the external magnetomotive forces in the
parallel magnetic circuit are relatively small.
Nevertheless, since the magnetomotive forces
spent in the transverse members are small in
comparison with those spent in the core mem-
bers within the inductance coils, the term “mag-
netically in parallel” seems to be applicable. The
three primary coils on the three parallel primary
core members are star-connected to a substan-
tially symmetrical three-phase source and their
fundamental voltages therefore differ in phase
by 120 degrees. With this phasing, the second-
ary core members need carry practically no flux
of the fundamental frequency, since the funda-
mental fluxes circulate through the primary core
members and are substantially balanced out of
the secondary core members.

The three-phase star connection of the primary
inductances together with the saturation of the
core members, produces a third harmonic compo-
nent in the primary fluxes. Whereas the funda-
mental fluxes in the adjacent primary core mem-
bers in parallel with each other are phased 120
degrees apart, the third harmonic fluxes have
three times this phase displacement and are
therefore in phase with each other. All the third
harmonic fluxes of the section therefore must re-
turn through the secondary core member of the
section. In this manner the secondary saturable
inductance has a voltage induced in it before the
primary and secondary circuits are electrically
connected. When the inductances of Figure 7
are connected in the circuit of Pigure 1 the fre-
quency-changing action described in connection
with Figure 1 is obtained, but at the same time
the increased coupling between primary and sec-
ondary circuits provided by the core structure of
Figure 7 increases the power which can be ob-
tained and also improves the efficiency of the con-
verter. Improved operation is also obtained by
the interaction between primary and secondary
at the output frequency. The primary saturable
inductances generating the ninth harmonic of the
input frequency supply their ninth harmonic
fluxes directly through the secondary core mem-
bers where they induce voltage in the output
windings.

In the core structure 93 shown in Figure 7, the
transverse members are preferably made large
enough so that they operate at a relatively low
flux density and relatively little magnetizing
force is spent in them. Under this condition the
magnetizing force of each primary coil is largely
spent in the core member within the coil, and it
is possible to obtain a high magnetizing force per
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unit length of flux path. At the same time it is
possible to obtain a good output wave shape even

_though the core structure does not appear to be

perfectly symmetrical in all respects, since the
important part of the flux path is the same for
each coil. The six core sections in Pigure 7 may
be separated, making six individual core struc-
tures, but this increases the size and weight of
the core, and the arrangement shown is pre-
ferred.

Although Figure 7 shows the secondary core
member inserted between two parallel primary
core members, it is also possible to arrange the
three primary core members side by side with the
secondary adjacent to one of the outside primary
coils as is done in Figure 8. As already stated;
the transverse members are preferably made
large enough so that little magnetomotive force
is spent in them, so it can be seen that the position
of the secondary core members with respect to
the primary is not highly important.

The core structure shown in Figure 8 is adapt-
able to the practice of my invention when a
single-phase output is to be obtained. For single-
phase output, only half as many coils are re-
quired, and the core structure consists of three
instead of six sections, with each section being
the same as before. In this case, the phase dis-
placement between the fundamental fluxes in ad-
jacent series core members is twenty degrees in-
stead of ten degrees as with six core sections.
Coil 41 becomes adjacent to 51 which is in turn
adjacent to 43, and with the phasing indicated
by the arrows, the induced fundamental fre-
quency voltages from adjacent primary core
members magnetically in series are twenty elec~
trical degrees apart.

The principles of core construction disclosed
in Figures 7 and 8 are not restricted to producing
the ninth harmonic of the input frequency but can
be adapted to the production of other frequencies
just as the principles embodied in the circuit of
Figure 1 are adaptable to the production of har-
monics other than the ninth.

The number of primary saturable inductance
groups m is the number of core sections, and the
number of primary saturable inductances n in
each group is the number of primary core mem-
bers magnetically in parallel. In addition there
is also a secondary core member in parallel with
the primary core members. The foregoing rela-
tionships follow from the fact that the primary
saturable inductance coils on each core section

"are star-connected to make a primary group, so
the number of primary core members in parallel
becomes the number of primary inductances in a
group, and the number of groups, which is also

the number of secondary saturable inductances, -

is the number of core sections. The type of core
construction shown, as well as the principles of
circuit arrangement as previously outlined, is ap-
plicable to the production of various harmonics,
both even and odd, other than the ninth. As
previously mentioned, the production of even har-
monics can be aided by biasing the saturable in-
ductances. The biasing can be accomplished by
adding windings on the inductances and passing
direct current through the windings as is done
in Figure 6.

Although I have described my invention with a
certain degree of particularity, it is understood
that the present disclosure has been made only
by way of example and that numerous changes in
the details of construction and the combination
and arrangement of parts may be resorted to
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without departing from the spirit and the scope
of the invention as hereinafter claimed.

I claim as my invention:

1. A frequency changer comprising in combina-
tion a plurality of saturable inductances adapted
to be energized from a substantially symmetri-
cal nine-phase source of alternating current, rep-
resenting first, second, and third three-phase sys-
tems, a first group of three of the saturable in-
ductances star-connected to the first three-phase
system, a second group of three of the saturable
inductances star-connected to the second three-
phase system, a third group of three of the sat-
urable inductances star-connected to the third
three-phase system, a fourth group of three sat-
urable inductances star-connected to the three
star midpoints of the first three groups, and a
group of three capacitors, one connected in series
with each of the inductances of the fourth group.

2. A frequency changer comprising in combina-
tion a plurality of saturable inductances adapted
to be energized from a substantially symmetrical

" nine-phase source of alternating current, repre-

25

30

35

40

45

50

60

70

75

senting first, second, and third three-phase sys-
tems, a first group of three of the saturable in-
ductances star-connected to the first three-phase
system, a second group of three of the saturable
-inductences star-connected to the second three-
phase system, a third group of three of the satu-
rable inductances star-connected to the third
three-phase system, a fourth group of three sat-
urable inductances star-connected to the three
midpoints of the first three groups, and a group
of three capacitors energized from the three star
midpoints of the first three groups, and a fourth
capacitor energized with nine times the source
frequency. -

3. A frequency changer comprising in com-
bination a bplurality of saturable inductances
adapted to be energized from a substantially sym-
metrical nine-phase source of alternating cur-
rent, representing first, second, and third three-
phase systems, a first group of three of the satu-
rable inductances star-connected to the first
three-phase system, a second group of three of
the saturable inductances star-connected to the
second three-phase system, a third group of three
of the saturable inductances star-connected to
the third three-phase system, a fourth group of
three saturable inductances star-connected to
the three midpoints of the first three groups, and
a group of three capacitors energized from the
three star midpoints of the first three groups,
and g fourth capacitor energized with nine times
the source frequency, said fourth capacitor being
energized from voltage appearing between the
star midpoint of the fourth group of inductances
and the neutral of the nine-phase source.

4, A frequency changer comprising in combina-
tion g plurality of saturable inductances adapted
to be energized from a substantially symmetrical

nine-phase source of alternating current, repre- -

senting first, second, and third three-phase sys-
tems, a first group of three of the saturable in-

5 ductances star-connected to the first three-phase

system, a second group of three of the saturable

“inductances star-connected to the second three-

phase system, a third group of three of the satu-
rable inductances star-connected to the third
three-phase system, g fourth group of three sat-
urable inductances star-connected to the three
midpoints of the first three groups, and a group
of three capacitors energized from the three star
midpoints of the first three groups, and a fourth
capacitor energized with nine times the source
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frequency, output winding means on each of the
saturable inductances of the fourth group, said
winding means being connected in series and en-
ergizing the fourth capacitor.

5. A frequency changer adapied to multiply
the frequency of an alternating current source
by m times 72, and adapted to be energized from
a substantially symmetrical polyphase source
having m times n phases representing three sub-
stantially symmetrical n-phase systers, said fre-
quency changer comprising m groups of saturable
inductances having % inductances in each grouy,
each' group being star-connceted to one of the
n~-phase systems, an additional group of m satu-
rable inductances star-connected to ihe m-phase
system of n times the source frequency represent-
ed by the star midpoints of the first m ArouDs,
a group of = capacitors energized by the m-phase
system of # times the source frequency, zn ad-
ditional capacitor energized with m times 7 times
the source frequency, the sum of the voltages
across the inductances energized by the system
of n times the source frequency being voliage of
m times n times the source frequency, m and
being integers.

6. In combination, a bplurality of lrequency
changers according to eclaim 5, adapted to be
energized by polyphase scurces displaced in phase
from each other and adapted to supply polynhase
power of the increased freguency.

7. In combination, two frequency chanzers ac-
cording to claim 4, adapted to ke energized Ly
two polyphase sources displaced substantially ten
electrical degrees from each other, producing two-
phase power of nine times the source fregueicy,
the outputs of the two frequency changers being
internally arranged for Scott connection to pro-
vide three phase output of nine times the source
‘frequency.

8. In combination, first saturable inductance
means adapted to be energized by a polyphase
alternating current source of iz times u# phases
and to generate m phases of the mth harmonic
of the source frequency, second saturable induct-
ance means adapted to be energized with the n
phase mth harmonic generated by the firss
means and to generate the m times nth har-
monic of the source frequency, the second means
cooperating with the first means in causing the
first means to generate the m times nth har-
monic thereby increasing the available power
at this frequency, first capacitive means ener-
gized by the mth harmonic frequency angd second
capacitive means energized by the m times nth
harmonic frequency, m and # being integers.

9. In combination, a saturable magnetic core
structure comprising a plurality of core members
in three sections arranged magnetically in series,
each section having three primary core members
in paralle] with each other and in parallel with
a secondary core member, a primary winding on
each of said primary core members adapted to
be energized from a polyphase source of alter-
nating current, the three primary windings in
each section being star-connected to a substan-
tially symmetrical three-phase system, the phase
displacement between the induced voltage from
adjacent primary core members magnetically in
series with each other being substantially twenty

electrical degrees, the phase displacement be-

tween the induced voltages from adjacent pri-
mary core members in paralle] with each other
being substantially 120 electrical degrees, a sec-
ondary winding on each secondary core mem-
ber, the three secondary windings being adapted
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to have induced in them three-phase voltage of
a frequency three times the frequency of the
alternating current source, and three capacitors
in series with the three secondary windings in
a star-connected circuit connected to the three
star-midpoints of the primary windings.

10. In combination, a saturable magnetic core
structure comprising a plurality of core members
in three sections arranged magnetically in series,
each section having three primary core members
in parallel with each other, and in parallel with
a secondary core member, a primary winding
cn each of said primary core members adapted
to be energized from a polyphase source of alter-
nating current, the three primary windings in
each section being star-connected to a substan-
tially symmetrical three-phase system, the phase
displacement between the induced voltage from
adjacent primary core members magnetically in
series with each other being substantially twenty
electrical degrees, the phase displacement be-
tween the induced voltages from adjacent pri-
mary core members in parallel with each other
being substantially 120 electrica] degrees, a sec-
ondary winding on each secondary core mem-
ber, the three secondary windings being adapted
to have induced in them three-phase voltage of a
frequency three times the frequency of the alter-
nating current source, and three capacitors in
series with the three secondary windings in a
star-connected circuit connected to the three
star-midpoints of the primary windings, output
circuit means comprising substantially equal
output windings on each of said secondary core
members, the output windings being connected
in series, and a fourth capacitor energized from
said output windings.

11, In combination, a saturable magnetic core
structure comprising & plurality of core sections
magnetically in series, each section comprising a
plurality of primary core members and a3} least
one secondary core member, magnetically in par-
alle] with each other, primary windings on the
primary core members adapted to be energized
from a polyphase source of alternating current
and to induce in the secondary core members
fluxes of a frequency which is a_harmonic of the
frequency of the polyphase source, a plurality
of capacitors adapted to be energized with said
harmonic frequency and to aid in its excitation,
a plurality of output windings on said secondary
core members, said output windings being con-
nected in series to cancel voltage of said har-
monic frequency and to supply a load with volt-
age having g frequency which is a multiple of
the harmonic frequency.

12, A two-stage magnetic frequency multi-
plier, the first stage comprising a plurality of
primary saturable inductances adapted to be en-
ergized from a polyphase source of alternating
current, to generate a harmonic of the source
frequency, the second stage comprising a plural-
ity of secondary saturable inductances and a
plurality of capacitors adapted to be energized
with the said harmonic to generate an output
frequency which is a multiple of said harmonic,
the second stage cooperating with the first stage
in the generation of the output frequency in the
primary saturable inductances as well as in the
secondary saturable inductances.

13. A two-stage magnetic frequency multi-
plier, the first stage comprising a plurality of
primary saturable inductances arranged in star-
connected groups each group being adapted to
be energized from a polyphase source of alter-
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nating current, and to supply one phase of a poly-
phase system having a fundamental frequency
which is a harmonic of the source frequency, the
second stage comprising a plurality of secondary
saturable inductances and a plurality of capaci-
tors, adapted to be energized with the said har-
monic to generate an output frequency which is
a multiple of said harmonic.

14. A two-stage magnetic frequency multi-
plier, the first stage comprising a plurality of

i6

of the saturable inductances star-connecied to
the second three-phase system, a third group of

> three of the saturable inductances star-connected

10

primary saturable inductances arranged in star- |

" - connected groups, each group being adapted to

be energized from a polyphase source of alter-
nating current and to supply one phase of a
polyphase system having a fundamental fre-
quency which is a harmonic of the source fre-
quency, the second stage comprising a plurality
of secondary saturable inductances and a plu-
ralify of capacitors, adapted to be energized
with the s2id harmonic to generate an output
frequency which' is a multiple of said harmonic,
each secondary inductance being energized from
the star-midpoint of one of the primary groups,
magnetic ‘core means providing inductive cou-
pling between each secondary inductance and its
energizing primary group, with flux of the source
frequency being balanced out of the secondary
inductances.

15. A two-stage magnetic frequency multiplier,
the first stage comprising eighteen primary sat-
urable inductances arranged in six star-con-
nected groups, each group being adapted to be
energized from a three-phase source of alter-
nating current, the six three-phase energizing
sources comprising two substantially symmetrical
nine-phase systems, the second stage comprising
‘six secondary saturable inductances connected
with six capacitors in two substantially equal
groups, each group being adapted to be energized
from one of the nine-phase systems through the
primary inductances which provide three-phase
systems having a fundamental frequency three
times the source frequency, output winding means
on the secondary saturable inductances, the out-
put windings of a group being connected in series,
cancelling the triple frequency voltage and pro-
viding output voltage of nine times the source
frequency.

16. A frequency changer comprising in com-
bination a plurality of saturable inductances
adapted to be energized from a substantially
symmetrical nine-phase source of alternating
current, representing first, second, and third
three-phase systems, a first group of three of the
saturable inductances star-connected to the first
three-phase system, a second group of three of
the saturable inductances star-connected to the
second three-phase system, a third group of three
of .the saturable inductances star-connected to
the third three-phase system, a fourth group of
three saturable inductances star-connected to the
three midpoints of the first three groups, and a
group of three capacitors, and three substan-
tially linear inductances, one capacitor being
connected in series with each of the linear in-
ductances and in series with each of ‘the in-
ductances of the fourth group.

17. A frequency changer comprising in com-
bination a plurality of saturable inductances

adapted to be energized from a substantially.

symmetrical nine-phase source of alternating
current, representing first, second, and third
three-phase systems, a first group of three of
the saturable inductances star-connected to the
first three-phase system, a second group of three
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to the third three-phase system, a fourth group
of three saturable inductances star-connected to-
the three midpoints of the first three groups, and
a group of three capacitors energized from the
three star midpoints of the first three groups,
and a fourth capacitor energized with nine times
the source frequency, output winding means on
each of the saturable inductances of the fourth
group, said winding means being connected in
series and energizing the fourth capacitor, and
an additional saturable stabilizing inductance
connected in parallel with the fourth capacitor.

18. A plurality of frequency changers accord-
ing to claim 2 adapted to be energized by nine-
phase sources displaced in phase from each other
and to supply a polyphase output of nine times
the source frequency. .

19. A plurality of frequency changers accord-
ing to claim 4 adapted to be energized by nine-
phase sources displaced in phase from each other
and to supply 2 polyphase output of nine times
the source frequency.

20. Two frequency changers according to claim
1, adapted to be energized from two nine-phase
sources displaced in phase approximately ten
degrees from each other, and adapted to supply
two-phase output of nine times the source fre-
quency.

21. Two frequency changers according to claim
1, adapted to be energized from two nine-phase
sources displaced in phase approximately ten
degrees from each other, with output windings
on each of the saturable inductances of the
fourth group of each frequency changer, the out-
put windings of each frequency changer being

- connected in series to supply output voltage of

nine times the source frequency, said output
windings being Scott connected to provide a sub-
stantially symmetrical three phase output.

22. Two frequency changers according to claim
16, adapted to be energized from two nine-phase
sources displaced in phase approximately ten de-
grees from each other, with output windings on
each of the saturable inductances of the fourth
group of each frequency changer, the outputb
windings of each frequency changer being con-
nected in series to supply output voliage of nine
times the source frequency, said output windings
being Scott connected to provide a substantially
symmetrical three-phase output.

23. Two frequency changers according to claim
1, adapted to be energized from two nine-phase
sources displaced in phase approximately ten de-
grees from each-other, with output windings on
each of the saturable inductances of the fourth
group of each frequency changer, the output
windings of each frequency changer being con-
nected in series to supply output voltage of nine
times the source frequency, said output windings
being Scott connected to provide a substantially
symmetrical three-phase output, a group of three
capacitors and three saturable stabilizing induct-
ances connected in parallel across the three phase
output of nine times the source frequency.

24. In combination, first saturable inductance
means adapted to be energized by a polyphase
alternating current source of m times n phases
and to generate n phases of the mth harmonic
of the source frequency, second saturable induct-
ance means adapted to be energized with the n -
phase mth harmonic generated by the first means
and to generate the m times nth harmonic of the
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source frequency, the second means cooperating
with the first means in causing the first means to
generate the m times nth harmonic thereby in-
creasing the available power at this frequency,
lirst capacitive means energized by the mth
harmonic frequency and second capacitive means
energized by the m times nth harmonic fre-
quency, m and 7 being integers, biasing means
adapted to produce unidirectional flux in at least
one of the first and second saturable inductance

means to augment the production of even har-

monics when at least one of the integers m and
n is an even number,

25. In combination, a saturable magnetic core
structure comprising six core sections magneti-
cally in series, each section comprising three pri-
mary core members and one secondary core mem-
ber magnetically in parallel with each other, pri-
mary windings on said primary core members,
the primary windings of each core section being
star-connected to a substantially symmetrical
three phase source, the primary windings on ad-
jacent series core members being energized ap-
proximately ten electrical degrees out of phase
with each other, secondary windings on the sec-
ondary core members, the secondary winding of
each core section being energized from the star-
midpoint of the primary windings of that section,
the secondary windings being connected in two
three-phase star-connected circuits, six capaci-
tors energized from theé six star-midpoints of the
primary windings, output windings on the sec-
ondary core members, the output windings of
alternate core sections being connected in series,
balancing out the voltages of three times the
source frequency and providing two output volt-
ages of nine times the source frequency, with a
phase displacement of substantially ninety de-
grees between them.

26. In combination, a saturable magnetic core
structure comprising a plurality of core sections
magnetically in series, each section comprising a

plurality of primary core members and a plu-

rality of secondary core members magnetically
in parallel with each other, primary windings on
the primary core members adapted to be ener-
gized from a polyphase source of alternating cur-
rent and to induce in the secondary core mem-
bers fluxes of a frequency which is a harmonic
of the source frequency, a plurality of capacitors

adapted to be energized with said harmonic fre- .
_ quency and to aid in its excitation, biasing means

adapted to produce unidirectional -flux through
at least two of said secondary core members in

each section, and a plurality of output windings ;

on said secondary core members, the output wind-
ings being connected in series to cancel voltage
of said harmonic frequency and to supply a load
with voltage having a frequency which is an
even-numbered multiple of the harmonic fre-
quency.

27. A magnetic frequency multiplier compris-
ing in combination & plurality of primary satur-
able inductances and a plurality of secondary sat-
urable inductances, the primary inductances be-
ing adapted to be energized from a polyphase
source and being both inductively and conduc-
tively connected to the secondary inductances to
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energize them with a harmonic of the source fre-
quency, a plurality of capacitors adapted to be
energized with said harmonic, and serially con-
nected output windings on the secondary satur-
able inductances for supplying an output fre-
quency which is a multiple of said harmonic.

28. A magnetic frequency multiplier compris-
ing in combination a plurality of primary satur-
able inductances and a plurality of secondary
saturable inductances, the primary inductances
being adapted to be energized from a polyphase
source and being both inductively and conduc-
tively connected to the secondary inductances to
energize them with a harmonic of the source fre-
quency, a plurality of capacitors adapted to be
energized with said harmonic, and output cireuit
means for supplying an output frequency which
is a multiple of said harmonic.

29. In combination, a saturable magnetic core
structure comprising a plurality of core members
in three sections arranged magnetically in series,
each section having three primary core members
in parallel with each other, and in parallel with
a secondary core member, a primary winding on
each of said primary core members adapted to be
energized from a polyphase source of alternating
current, the three primary windings in each sec-
tion being star-connected to a substantially sym-
metrical three-phase system, the phase displace-
ment between the induced voltage from adjacent
primary core members magnetically in series

.with each other being substantially twenty elec-

trical degrees, the phase displacement between
the induced voltages from adjacent primary core
members in parallel with each other being sub-.
stantially 120 electrical degrees, a secondary
winding on each secondary core member, the
three secondary windings being adapted to have
induced In them three-phase voltage of a fre~
quency three times the frequency of the alter-
nating current source, and three capacitors in
series with the three secondary windings in a
star-connected circuit connected to the three
star-midpoints of the primary windings, output
circuit means comprising substantially equal out-
put windings on each of said secondary core
members, the output windings being connected
in series, and a fourth' capacitor shunted by a
saturable inductance energized from said output
windings.

30. In combination with a frequency multiplier
having saturable magnetic core means and sec-
ondary circuit means adapted to be energized
with harmonic voltage from the saturable mag-
netic core means, output stabilizing means com-
prising parallel connected capacitive and satur-
able inductive means connected across the sec-
ondary circuit means.

31. In combination with a frequency multiplier
having saturable magnetic core means and out-
put circuit ‘means adapted to be energized with
harmonic voltage from the saturable magnetic
core means, exciting means for producing sta-
bilized harmonic voltage in the secondary circuit
means, said exciting means comprising parallel
connected capacitive and saturable inductive
means connected across the output circuit mesans.
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