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1
MODULATION CONTROL OF POWER
GENERATION SYSTEM

CROSS-RELATED APPLICATIONS
The present application is a continuation of co-pending
U.S. patent application Ser. No. 12/211,327, filed 16 Sep.

2008 and entitled MODULATION CONTROL OF POWER
GENERATION SYSTEM, which application is a divisional
of U.S. patent application Ser. No. 11/533,548, filed Sep. 20,
2006, and now U.S. Pat. No. 7,439,713.The entire contents of

10

each such application is incorporated herein by this reference.

TECHNICAL FIELD
15

The invention relates generally to electrical power generation, and in particular to electrical power generators & associated systems.

BACKGROUND OF THE ART
The output voltage and frequency

20

of permanent magnet

(PM) alternators are typically dependent on alternator rotor
speed, which present challenges in power conditioning where
rotor speed cannot be independently controlled, such as in 25
alternators driven by prime-movers such as aircraft, ship,
vehicle or power generation engines, especially where a
specified fixed voltage & frequency alternator output is
desired despite the variable speed operation of the prime
mover. Limited cost-effective and efficient means exist for 30
conditioning high power electricity. Existing electronic commutation systems are bulky and expensive. The applicant's
U.S. Pat. No. 6,965,183, entitled "Architecture for Electric
Machine", and co-pending U.S. patent application Ser. Nos.
10/996,411 and 11/420,614, each entitled "Saturation Con- 35
trol Of Electric Machine", present novel architectures and
methods, although room for further improvement to the arts
of generating and regulating electricity naturally exists.

SUMMARY OF THE INVENTION
It is therefore an object of this invention to provide
improved techniques and apparatuses for generating and
regulating electricity.
In one aspect, the present invention provides an apparatus
comprising a first alternator and a second alternator, each
alternator having a rotor and stator, the stator having a plurality of rotor magnetic circuits co-operatively defined
between the stator and rotor and a plurality of secondary
magnetic circuits, each rotor magnetic circuit encircling a
first portion of at least one power winding of the stator, each
secondary magnetic circuit encircling a second portion of the
power winding disposed outside the rotor magnetic circuits,
at least one control winding associated with said secondary
magnetic circuits such that a saturating control current
through the control winding magnetically saturates at least a
portion of said secondary magnetic circuits distinct from the
rotor magnetic circuits, the secondary magnetic circuits being
paired such that in one secondary magnetic circuit the associated control winding and stator winding second portion are
wound around the stator in a same direction while in the other
secondary magnetic circuit the associated control winding
and stator winding second portion are wound around the
stator in opposite directions; a controlled current source
assembly connected to said at least one control winding of
each alternator and adapted to provide a periodic DC control
current flow thereto, the DC current flow having a maximum

40

45

50

55

60
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amplitude above a saturation level required to saturate said
portions of said secondary magnetic circuits; a first rectifier
for converting alternating current from the at least one power
winding of said first alternator to a direct current; a second
rectifier for converting alternating current from the at least
one power winding of said second alternator direct current;
and a combiner circuit for combining direct current from said
rectifiers into an alternating current output.
In another aspect, the present invention provides an apparatus comprising at least one alternator drivingly connected to
a prime mover to produce an alternator alternating current, the
alternator having a rotor, a stator assembly and a saturation
apparatus, the stator assembly having at least one stator winding for providing said alternator alternating current, the stator
winding having at least a pair of legs serially connected with
one another, the legs spaced apart circumferentially from one
another relative to the stator assembly, the rotor and stator
assembly co-operating to define at least two rotor magnetic
circuits for conducting rotor magnetic flux, one of the rotor
magnetic circuits encircling a first portion of one of said legs
of the stator winding and another one of the rotor magnetic
circuits encircling a first portion of the other of said legs of the
stator winding, the stator assembly defining at least a pair of
secondary magnetic circuits for conducting magnetic flux,
one of the secondary magnetic circuits encircling a second
portion of one of said legs of the stator winding and another
one of the secondary magnetic circuits encircling a second
portion of the other of said legs of the stator winding, the
secondary magnetic circuits being remote from the rotor
magnetic circuits, the saturation apparatus associated with at
least a portion of each secondary magnetic circuit, said at
least a portion of each secondary magnetic circuit being
remote from the rotor magnetic circuits, the saturation apparatus adapted to selectively magnetically saturate said portion
of each secondary magnetic circuit at a selected frequency,
the saturation apparatus adapted to magnetically saturate one
of the secondary magnetic circuits in the same direction as
magnetic flux circulating that secondary magnetic circuit
while magnetically saturating another one of secondary magnetic circuits in the direction opposite to magnetic flux circulating that secondary magnetic circuit; AC-to-DC conversion
circuitry connected to the stator winding adapted to convert
the alternator alternating current into direct current; and DCto-AC conversion circuitry connected to the AC-to-DC conversion circuitry and adapted to convert the direct current into
an alternating current output having an output frequency proportional to the selected frequency.
In another aspect, the present invention provides an apparatus comprising at least one alternator drivingly connected to
a prime mover to produce an alternator alternating current, the
alternator having a rotor and a stator assembly having at least
one stator winding for providing said alternator alternating
current, the stator winding having at least a pair of legs serially connected with one another, the legs spaced apart circumferentially from one another relative to the stator assembly, the rotor and stator assembly co-operating to define at
least two rotor magnetic circuits for conducting rotor magnetic flux, one of the rotor magnetic circuits encircling a first
portion of one of said legs of the stator winding and another
one of the rotor magnetic circuits encircling a first portion of
the other of said legs of the stator winding, the stator assembly
defining at least a pair secondary magnetic circuits for conducting magnetic flux, one of said secondary magnetic circuits encircling a second portion of one of said legs of the
stator winding and the other one of said secondary magnetic
circuits encircling a second portion of the other of said legs of
the stator winding, the secondary magnetic circuits being
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remote from the rotor magnetic circuits, the secondary magnetic circuits having a saturation apparatus including at least
one control winding wound around at least a portion of the
secondary magnetic circuits, said at least a portion of the
secondary magnetic circuits being remote from the rotor
magnetic circuits, the control winding adapted to magnetically saturate said portion of the secondary magnetic circuits
when a saturation threshold current passes through the control winding, wherein one of the secondary magnetic circuits
has its control winding wound in a same direction as the
second portion of the stator winding leg associated therewith,
and wherein the other one of the secondary magnetic circuits
has its control winding wound in an opposite direction relative to the second portion of the stator winding leg associated
therewith; a controlled current source for providing to the
control winding a variable amplitude current having a
selected frequency and a maximum amplitude of at least said
saturation threshold current; AC-to-DC conversion circuitry
connected to the stator winding and adapted to convert the
alternator alternating current into direct current; and DC-toAC conversion circuitry connected to the AC-to-DC conversion circuitry and adapted to convert the direct current into an
alternating current output having an output frequency proportional to the selected frequency.
In another aspect, the present invention provides an apparatus comprising an alternator having a rotor, a stator assembly and a saturation apparatus, the stator assembly having at
least one stator winding, the winding having at least a pair of
legs serially connected with one another, the legs spaced apart
circumferentially from one another relative to the stator, the
rotor and stator assembly co-operating to define at least two
rotor magnetic circuits for conducting rotor magnetic flux,
one of the rotor magnetic circuits encircling a first portion of
one of said legs of the stator winding and another one of the
rotor magnetic circuits encircling a first portion of the other of
said legs of the stator winding, the stator assembly defining at
least two secondary magnetic circuits for conducting magnetic flux, one of the secondary magnetic circuits encircling a
second portion of one of said legs of the stator winding and
another one of the secondary magnetic circuits encircling a
second portion of the other of said legs of the stator winding,
the secondary magnetic circuits being remote from the rotor
magnetic circuits, the saturation apparatus adapted to magnetically saturate at least a portion of each secondary magnetic circuit, said at least a portion of each secondary magnetic circuit being remote from the rotor magnetic circuits,
the saturation apparatus adapted to magnetically saturate one
of the secondary magnetic circuits in the same direction as
magnetic flux circulating that secondary magnetic circuit
while magnetically saturating the other one of secondary
magnetic circuits in the direction opposite to magnetic flux
circulating that secondary magnetic circuit; and a rectifier
arranged to convert alternating current from the stator winding into direct current.
In another aspect, the present invention provides an apparatus for a generating alternating current comprising at least
one alternator having a stator with at least one stator winding,
the stator defining at least two rotor magnetic circuits and at
least two secondary magnetic circuits separate from the rotor
and the rotor magnetic circuits, the stator winding having first
portions thereof encircled only by the rotor magnetic circuits
and second portions thereof encircled only by the secondary
magnetic circuits; means for magnetically saturating at least
a portion of respective pairs of secondary magnetic circuits in
opposite relative directions to thereby regulate alternator output while leaving the rotor magnetic circuits un-saturated; a
control apparatus adapted to control said means to selectively
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control a saturation level according to a selected pattern; a
rectifier to convert alternating current from the stator winding
into a direct current; and an inverter for converting direct
current from the rectifier into alternating current output having an output pattern proportional to said selected pattern.
In another aspect, the present invention provides a method
of producing alternating current in a power generating system
having at least first and a second alternators each having a
stator comprising at least one power winding and at least one
control winding, each power winding having a plurality of
first portions associated with a plurality of rotor magnetic
circuits and a plurality of second portions associated with a
plurality of secondary magnetic circuits isolated from the
rotor magnetic circuits, each control winding wound around
at least a portion of each secondary magnetic circuit, said
portion of each secondary magnetic circuit being remote from
the rotor magnetic circuits, wherein for each secondary magnetic circuit which has its control winding wound in a same
direction as the second portion of the stator winding associated therewith there is another secondary magnetic circuit
which as has its control winding wound in an opposite direction relative to the second portion of the stator winding associated therewith, said method comprising the steps of driving
said first and said second alternators to induce alternating
current flow in said power windings; varying in amplitude a
control current flow in said control windings of each alternator according to a selected pattern, at least a portion of said
selected pattern having a sufficient current amplitude to magnetically saturate said portions of the secondary magnetic
circuits to thereby control an amplitude of said induced alternating current flow in the power windings; converting current
flow from the power windings of each alternator into a direct
current; and combining said direct currents of each alternator
to provide an alternating current output having a pattern proportional to the selected pattern.
In another aspect, the present invention provides a method
for providing alternating current, the method comprising the
steps of connecting an alternator to a load system, the alternator having a rotor and a stator assembly with at least one
stator winding, the stator winding having at least a pair of
serially-connected legs spaced apart circumferentially from
one another relative to the stator assembly, the legs each
having respective first and second portions; rotating the rotor
relative to stator assembly to circulate rotor magnetic flux
through the stator along respective first magnetic paths
around each of said first portions said legs of the stator winding to induce an alternating current flow in the stator winding,
said induced current in the stator winding inducing a secondary magnetic flux flow in the stator assembly in respective
second magnetic paths around each of said second portions of
said legs of the stator winding, the second magnetic paths
defined wholly within the stator assembly and separately
from the first magnetic path; magnetically saturating and
de-saturating at a desired frequency at least two portions of
the stator assembly remote from the first magnetic path, said
stator assembly portions comprising at least a portion of a
corresponding one of said second magnetic paths and thereby
conducting a said secondary magnetic flux flow therethrough,
wherein one of said at least two stator assembly portions is
instantaneously
saturated in a same direction as secondary
magnetic flux flow therethrough while the other one of said
stator assembly portions is instantaneously saturated in an
direction opposite to secondary magnetic flux flow therethrough; rectifying the induced alternating current into direct
current, the direct current having a cyclical component with a
frequency proportional to said desired frequency; and chang-
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ing the direct current into an alternating current output having
a frequency proportional to said desired frequency.
In another aspect, the present invention provides a method
of generating alternating current output comprising the steps
of driving an alternator to produce electricity corresponding
to a positive half of an output AC cycle; driving a second
alternator to produce electricity corresponding to a negative
half of the output AC cycle; rectifying the respective alternator outputs; and summing the alternator outputs to provide the
alternating current output.
Further details of these and other aspects will be apparent
from the detailed description and figures included below.
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DESCRIPTION OF THE DRAWINGS
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Reference is now made to the accompanying figures, in
which:
FIG. 1 is a cross-section of a permanent magnet alternator;
FIG. 2 is a partial schematic of the alternator of FIG. 1;
FIG. 3 is a sample power winding of the machine of FIGS. 20
1 and 2;
FIG. 4 is a schematic of a partial equivalent circuit of the
machine of FIGS. 1 and 2;
FIG. 5 is a schematic showing a system according to the
26
present description;
FIG. 6 is a schematic of an embodiment of the system of

FIG. 5;
FIG. 6a is a schematic of an alternate embodiment of the
FIG. 6 system;
FIG. 7 is a block diagram showing an embodiment of a
control current modulator of FIG. 6;
FIG. S is a schematic similar to FIG. 5, showing another

30

embodiment;
FIG. 9 is a cross-section, similar to FIG. 1, of another
36
configuration for alternator;
FIG. 10 is a schematic similar to FIGS. 5 and S showing
another embodiment;
FIG. 11 is a schematic showing another embodiment;
FIG. 12 is a flowchart of the steps of a method according to
40
the present techniques;
FIG. 13 depicts, in side cross-section, a portion of another
alternator configuration; and
FIG. 14 depicts, in side cross-section, a portion of another
alternator configuration.
46

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS
Referring first to FIGS. 1 and 2, a permanent magnet (PM)
electric machine 10 is depicted. For ease of illustration and 60
description, FIG. 2 shows a linear arrangement of the electric
machine 10 of FIG. 1. However, it is to be understood that the
machine 10 is generally preferred to have the circular architecture of FIG. 1, with an inside or outside rotor (FIG. 1 shows
an outside rotor). It will also be understood by the skilled 66
reader that FIGS. 1 and 2, as well as the accompanying
description, are schematic in nature, and that routine details
of machine design may have occasionally been omitted for
clarity, as will be apparent to the skilled reader. The machine
10 may be configured as an alternator to generate electrical 60
power, a motor to convert electrical power into mechanical
torque, or both. The alternator aspects of such a machine are
primarily of interest in the following description.
The machine 10 has a rotor 12 with permanent magnets 14,
optionally interposed by spacers 16, which rotor 12 is 66
mounted for rotation relative to a stator 20. A retention sleeve
1S is provided to hold the permanent magnets 14 and the

spacers 16. It also provides the magnetic path between the
magnets 14. Stator 20 has at least one power winding 22 and
preferably at least one control winding 24. In the illustrated
embodiment, the stator 20 has a 3-phase design with three
essentially independent power windings 22 (the phases are
denoted by the circled numerals 1, 2, 3, respectively in FIG. 2)
and, correspondingly, three control windings 24. The power
windings in this embodiment are star-connected, although
they may be delta-connected, or even unconnected, if desired.
The power windings 22 and control windings 24 are separated
in this embodiment by a winding air gap 26 and are disposed
in radial phase slots 2S, divided into slot portions 2S'nd 2S",
provided in the stator 20 between adjacent teeth 30. For ease
of description, the adjacent phase slots 2S are indicated in
FIG. 2 as A, B, C, D, etc., to indicate adjacent phase slots 2S.
The power windings 22 are electrically insulated from the
control windings 24. A back iron 32, also referred to as the
control flux bus 32 in this application, extends between and at
the bottom of the slots 2S (ke. below the bottoms of adjacent
slot portions 2S" in FIG. 2). A rotor air gap 34 separates rotor
12 and stator 20 in a typical fashion. A core or "bridge"
portion, also referred to as the "power flux bus" 36 portion of
stator 20 extends between adjacent pairs of teeth 30 in slot 2S
to form the two distinct slots 2S'nd 2S". The first slots
the power windings 22 only, and the second slots 2S"
hold both the power windings 22 and control windings 24
adjacent one another.
The materials for the PM machine 10 may be any deemed
suitable by the designer. Materials preferred by the inventor
are samarium cobalt permanent magnets, copper power and
control windings, a suitable saturable electromagnetic material(s) for the stator teeth and power and control flux buses,
such as Hiperco 50 alloy (a trademark of Carpenter Technology Corporation) is preferred, although other suitable materials, such as electrical silicon steels commonly used in the
construction of electromagnetic machines, may also be used.
The stator teeth, power and control flux buses may be integral
or non-integral with one another, as desired.
FIG. 3 shows an example of one of the power windings 22,
positioned as it would be wound in the stator in a 3-phase
configuration. Each of the power windings 22 in this embodiment consists of a single turn conductor which enters, for
instance, the first slot portion
a selected slot 2S (e.g. at
slot "A" in FIG. 2), extends through the slot and exits the
opposite end of the slot, and then radially crosses the power
flux bus 36 to enter the second slot portion 2S" of the same slot
2S (e.g. at slot "A"), after which it extends back through the
length of the selected slot, to exit the second slot portion 2S",
and hence exits the slot 2S on the same axial side of the stator
as it entered. The conductor of power winding 22 then proceeds to the second slot 2S" of the next selected slot 2S (e.g.
slot "D" in FIG. 2), where the power winding 22 then enters
and passes along the slot 2S, exits and radially crosses the
power flux bus 36, and then enters the adjacent first slot
the selected slot 2S, and then travels through the
portion
slot again to exit slot 2S'nd the stator adjacent where the
winding entered the slot 2S" of the selected slot 2S. The power
winding then proceeds to the next selected slot 2S (e.g. slot
"G"), and so the pattern repeats. A second power winding 22
corresponding to phase 2, begins in an appropriate selected
slot (e.g. slot B of FIG. 2) and follows an analogous path, but
is preferably wound in an opposite winding direction relative
to winding 22 of phase 1. That is, the phase 2 winding 22
would enter the selected slot (slot B) via slot portion 2S"
(since phase 1 winding 22 entered slot A via slot portion 2S',
above), and then follows a similar but opposite path to the
conductor of phase 1, from slot to slot (e.g. slots B, E, etc.).
2S'old
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Similarly, the phase 3 winding 22 is preferably oppositelywound relative to phase 2, and thus enters the selected slot
(e g. slot "C")of the stator via slot portion 2S', and follows the
same general pattern as phase 1, but opposite to the pattern o f
phase 2, from slot to slot (e.g. slots C, F, etc.). Thus, the phases
of the power winding 22 are oppositely-wound relative to one
another.
Meanwhile, a control winding(s) 24 is wrapped around the
control flux bus 32, in a manner as will now be described.
Referring to FIG. 2, in this embodiment, control winding 24
preferably forms loops wrapped preferably multiple times
around the control flux bus 32, such as 25 times to provide a
25: I control-to-power winding turns ratio, for reasons
described below. The direction of winding between adjacent
second slots 2S" is preferably the same from slot to slot, and
thus alternatingly opposite relative to the power winding 22 o f
a same phase wound as described above, so that a substantially net-zero voltage is induced in each control winding 24,
as will also be described further below. Preferably, all loops
around the control flux bus 32 are in the same direction. Note
that the control winding 24 does not necessarily need to be
segregated into phases along with the power windings, but
rather may simply proceed adjacently from slot to slot (e.g.
slots A, B, C, D, etc.). Alternately, though not segregated into
phase correspondence with power windings 22, it may be
desirable to provide multiple control windings, for example,
to reduce inductance and thereby improve response time in
certain situations. Preferably, several control windings 24 are
provided in a series-parallel arrangement, meaning the control windings 24 of several slots are connected in series, and
several such windings are then connected in parallel to provide the complete control winding assembly for the machine.
Although it is preferred to alternate winding direction of the
power windings, and not alternate direction of the control
windings, the power and control windings are preferably
wound in even numbers of slots, half in the same direction and
half in opposite directions to ensure a substantially net-zero
voltage is induced in each control winding 24 as a result of
current flow in the power windings 22, so that the function
described below is achieved.
The control winding(s) 24 is (are) connected to a current
source 50 (see FIG. 4), which in this example includes a
variable current direct current (DC) source and an appropriate
solid state control system preferably having functionality as
described further below. If there is more than one control
winding 24, each control winding 24 can be connected to the
same current source 50, or connected to a respective one. The
approximate current required from such source is defined
primarily by the power winding output current required and
the turns ratio of the power and control windings, as will be
understood by the skilled reader in light of this disclosure.
Referring to FIG. 4, each phase of the machine 10 can be
represented by an approximately equivalent circuit 10'aving
a plurality of alternating current (AC) voltage sources 12'ke.
each, equivalent to the moving magnetic rotor system in conjunction with the portion of a power winding 22 located in the
first slot 2S') connected to a plurality of power inductors
equivalent to the portion of the power winding 22 located
in the second slot 2S"), the voltage sources 12'nd power
inductors 22'rranged alternately in series. Associated with
power inductors 22're a plurality of control inductors
equivalent to control winding 24) having saturable cores
32'equivalent to the control flux bus 32). Control inductors
24're connected to a variable DC current source and control
system in this example, represented by 50. Therefore, one can
see that the power winding(s) 22, the control winding(s) 24
and the control flux bus 32 co-operate to provide at least a

saturable core inductor within the stator 12. The saturable
core inductor in conjunction with other electromagnetic
effects, described further below, provides an integrated
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approach to implementing the power regulation schemes
described below.
Referring again to FIG. 2, when the machine 10 is used in
an alternator mode, rotor 12 is rotated (ke. by a prime mover)
relative to stator 20. The interaction of magnets 14 and the
portions of the stator forming a portion of the primary magnetic circuit, creates a primary magnetic flux within PM
machine 10 along a primary magnetic flux path or magnetic
circuit 60, also referred to herein as the rotor magnetic circuit.
The primary or rotor flux induces a voltage in the power
winding 22 which, when an electrical load is connected,
results in an induced current. The induced current in power
winding 22 causes a secondary magnetic flux to circulate an
adjacent secondary magnetic flux path or magnetic circuit 62.
As the skilled reader will appreciate in light of this disclosure,
if there is no current flow in power winding 22, no magnetic
flux circulates around the secondary magnetic circuit. As
well, magnetic flux, or lack thereof, in the secondary magnetic circuit does not directly affect the flux in the primary
magnetic circuit. The secondary AC magnetic circuit 62 is,
for the most part, isolated from the rotor 12 and the primary
magnetic circuit 60, as the AC flux in secondary magnetic
circuit 62 is due only to current flow in the power winding.
The secondary magnetic circuit can therefore be said to be
defined remotely from the primary magnetic circuit and is
provided in this manner so as to be capable of conducting
magnetic flux independently of flux in the primary magnetic
circuit. It will be noted from FIG. 2, as well, that the primary
magnetic circuit encircles a first portion of the power winding
22 (ke. the portion in slot portion 2S'), while the secondary
magnetic circuit 62 encircles a second portion of the power
winding 22 (ke. the portion in slot portion 2S"), not to mention also a portion of the control winding 24 in this embodiment. Slot portion 2S" is outside the primary magnetic circuit
60. It is to be understood that this description applies only to
of the 3-phase illustrated embodiment, and that
phase
similar interactions, etc. occur in respect of the other phases.
The skilled reader will appreciate in light of the above
discussion that it may be desirable in many situations to
include a regulation apparatus to maintain a minimum current
in the power winding during no-load conditions, such as
applicant's co-pending application Ser. No. 11/379,620
entitled "Voltage-Limited Electric Machine", filed Apr. 21,
2006, incorporated herein by reference and now briefly
described. FIG. 2 shows a dotted magnetic flux path 61,
defined in the stator, along which leakage flux from the rotor
magnets (referred to herein as primary suppression flux 61 for
convenience), flows from a magnet, through teeth 30 and
around the tertiary magnetic circuit path 64, causing some of
the rotor flux that would otherwise flow along the power bus
36 in primary magnetic circuit path 62 to, instead, be
branched down and along the control bus 32 and then back up
via the appropriate tooth 30 to the opposite pole magnet. This
effect results in voltage being induced in the portion of the
power winding 22 disposed in the lower portion 2S" of the slot
2S, the polarity of which opposes the voltage generated in the
portion of the power winding 22 disposed in the upper portion
slot 2S. This also reduces the voltage generated in the
portion of the power winding 22 disposed in the upper portion
slot 2S because some of the flux that would otherwise
pass via the power flux bus 36 is diverted to the control bus 32.
These two actions suppress the effective voltage source
depicted in FIG. 4) when little or no current is present in
control winding(s) 24. As current in control winding(s) 24 is
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10
increased, less rotor leakage flux passes via the control bus
examples of which are disclosed in Applicant's co-pending
application Ser. No. 11/420,614, filed May 26, 2006, incor(ke. along path 61) and the suppressing effect is reduced,
porated herein by reference.
resulting in an increase in the voltage generated in the power
Referring again to the embodiment of FIG. 2, a tertiary
winding 22.
Referring still to FIG. 2, in this embodiment primary mag- 5 magnetic circuit 64 preferably circulates around control bus
32, as partially indicated in FIG. 2 (ke. only a portion of the
netic circuit 60 includes rotor 12, rotor air gap 34, power flux
tertiary circuit is shown, as in this embodiment the tertiary
bus 36 and the portion of stator teeth 30 between rotor 12 and
circuit circulates through the entire stator 20). The control
power flux bus 36. Primary magnetic circuit 60 encircles a
flux bus 32 is preferably common to both the secondary and
portion of the power winding 22 and, in use as an alternator,
10 tertiary magnetic circuit paths. At least a portion of control
magnetic flux from the rotor circulating the primary magnetic
flux bus 32 is saturable by the flux density in the tertiary
circuit 60 causes a current flow in the power winding 22. (As
magnetic circuit 64.
the skilled reader will appreciate, rotation of the rotor causes
When operated as an alternator, the machine 10 permits the
magnetic flux to circulate the primary magnetic circuit 60,
output of the power winding(s) 22 to be controlled through a
regardless of whether current flows in the power winding 22.) 15 manipulation of current
supplied to the control winding(s) 24,
Secondary magnetic circuit 62 includes power flux bus 36,
as will now be described.
control bus 32 and the portion of stator teeth 30 between
As explained above, the equivalent power inductor 22's
control bus 32 and power flux bus 36 in this embodiment.
formed by the portion of the power winding 22 in the second
Since the secondary magnetic circuit 62 path is isolated from
slot 2S" and the secondary magnetic circuit 62, as schematithe primary magnetic circuit 60 path, at no time does rotor 20 cally represented by the equivalent circuit of FIG. 4. The
magnetic flux circulate around the secondary magnetic circuit
control winding 24 shares a portion of the secondary mag62.
netic circuit 62, however since it is preferably wound in the
same direction around the control flux bus 32 in each second
Referring still to FIG. 2, in this embodiment the secondary
slot 2S", as mentioned above, the resulting effect achieved is
magnetic circuit 62 encircles the portions of the power wind25
similar to that provided by alternatingly reversed polarity
2S".
22
and
the
control
24
in
the
second
slot
The
winding
ing
saturable inductors relative to power winding 22, and there is
primary magnetic circuit 60 encircles the first slot 2S'hile
preferably substantially no net voltage generated within the
the secondary magnetic circuit 62 encircles the second slot
overall control winding 24 by flux in the secondary magnetic
2S". The first slot 2S's preferably radially closer to the rotor
circuit 62 or by primary suppression flux 61 from the rotor
12 than the second slot 2S". Power flux bus 36 is preferably
30 magnets.
common to both the primary and secondary magnetic circuit
The application of a DC current from the source 50 to the
paths, but need not be so. For example, if desired, the power
control winding 24 results in a DC flux circulating circuit 64
flux bus may be separate from the upper portion of the secin the control flux bus 32. At the instant in time depicted in
ondary flux path along the direction of flux lines so that the
FIG. 2, it can be seen that the DC flux in tertiary magnetic
secondary magnetic circuit is physically separated from the 35 circuit 64 in the control flux bus 32 is in the same direction in
primary magnetic circuit, as depicted in FIG. 13 (however this
slot A as the AC flux in secondary magnetic circuit 62, but in
will eliminate the no/low-load voltage source suppression
slot D the direction of the DC flux in tertiary magnetic circuit
action as described above). In the embodiment of FIG. 13, the
64 in the control flux bus 32 is opposite to the AC flux in
control winding 24 is located within slots 2Sb provided in a
secondary magnetic circuit 62. As the DC current is increased
separate stator 21, which is preferably but not necessarily 40 in the control winding 24, the flux density in the control bus
positioned concentrically with stator 20. While control wind32 is increased such that the saturation flux density is evening 24 is depicted schematically as a monolithic annulus in
tually reached. The machine may be configured, as well, such
FIG. 13, is it preferably a multiple-turns wound conductor, as
that virtually any current through the control windings results
described above, connected to a suitable power source (not
in saturation of the associated portion of the stator in the
shown in this Figure). Power winding 20 is positioned within 45 absence of power winding current (ke. no opposing fluxes
slots 2Sa and 2Sb, and thus extends between stator 20 and
from the power winding current). It will be understood that
stator 21. Power winding end turns 23 join the conductors of
saturation is reached first in the regions in the control flux bus
32 where the AC flux and the DC flux are in the same direcadjacent slots (the embodiment of FIG. 13 has three sets of
with one
power windings 22~nly one of which is shown
tion, and that at higher DC control currents both regions of the
winding set corresponding to each phase of a three-phase 50 control flux bus 32 become saturated regardless of flux direction, if the current in the power phase winding is not sufficient
system, and hence three sets of end turns 23 are depicted in
FIG. 13, the innermost set corresponding to the power windto prevent saturation in the areas where the flux is in opposite
directions. If the current in the power windings is increased
ing 22 depicted, while the others correspond to adjacent
above the point where saturation of both regions is achieved,
phases which are not depicted). Stator 21 provides control
flux bus 32 and the secondary magnetic circuit 62, while 55 one of the regions will come out of saturation. Once saturation occurs, the AC flux in the secondary magnetic circuit 62
power flux bus 36 is provided in stator 20. Power flux bus
due to the current in the power winding 22 is very signifiportion 36 forms part of primary magnetic circuit 60, while
stator 21 forms part of secondary magnetic circuit 62. Control
cantly reduced. However, as the skilled reader will appreciate
flux bus 32 provides a portion of secondary magnetic circuit
from the description herein, saturation does not substantially
62 and tertiary magnetic circuit 64, as before. Stator 21 is 60 alter the flux in the primary magnetic circuit 60, but rather
supported in any suitable manner, such as through integration
only directly influences the flux developed in the secondary
with stator 20 (not shown), through supports (not shown)
magnetic circuit 62. It will be apparent to the skilled reader
mounted to stator 20 or other suitable foundation, or simply
that saturation of the type described herein preferably does
not occur in any portion of the primary magnetic circuit.
through the intrinsic supported provided by power windings
22 themselves, preferably in conjunction with suitable means 65
As mentioned, the winding pattern of the control winding
24 relative to the power winding 22 preferably results in a
(not shown) to impede unwanted vibration, etc. Still other
suitable machines configurations
are available, a few
near net zero voltage induced in the control winding 24,
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which simplifies control. In this embodiment, from one slot
portion 2S" to the next, successive turns of the power winding
22 are wound in opposite relative directions, while the corresponding portions of control winding 24 adjacent the power
windings are wound in the same direction. Also, since the DC
control current through the control flux bus 32 produces magnetic fluxes in different directions relative to the power winding 22, one section of the control flux bus 32 will saturate
more in one half cycle of the AC power (e.g. in a positive
direction or polarity) while another section of the control flux
bus 32 will saturate more in the other half cycle (e.g. in a
negative direction or polarity), thus tending to equalize the
control action through each half-cycle.
Once saturated, magnetic materials substantially lose their
ability to conduct additional magnetic flux, and as such
appear to be almost non-magnetic to both AC magnetic forces
(H~~) and further changes in DC magnetic influence (H~~).
The net effect of this saturated condition in the control flux
bus 32 is thus to virtually eliminate the inductance due to the
secondary magnetic circuit 62, which thereby significantly
reduces inductance of the machine 10. This action also
reduces leakage flux from the rotor circulating in the control
bus (primary suppression flux 61).
Furthermore, as the current flow in the power winding 22
increases, for example due to an increase in the external load
or an increase in the generated output voltage due to an
increase in operating speed, the portion of the control flux bus
32 in which the flux directions are instantaneously opposing
will become less saturated, which causes a proportional
increase in the inductance. This effect tends to cause the
output current to remain somewhat constant, thus the output
current of the alternator becomes a function of the control
current. The maximum inductance of the equivalent power
inductor 22'ormed by the secondary magnetic circuit 62 is
related to the physical dimensions and materials of the stator
portions carrying the secondary magnetic circuit 62. The peak
power winding current is related to the DC current in the
control winding and may be approximated by:
I~ =K+/Tc "Nc)Ns

l

where: N~ and N~ are the number of turns in the power and
control windings, respectively, I~ and I~ are the currents in the
power and control windings, respectively, and K is a constant
which is inversely proportional to the maximum inductance
of the power winding and other machine design features, as
will be appreciated by the skilled reader.
This permits manipulation of the output of power winding
22, and thus control winding 24 may be used as a source of
control of PM machine 10. Means for controlling the operation of PM machine 10 are thus available within the machine
itself, as the "control" current may be generated by the power
windings 22 of the PM machine 10, typically in conjunction
with rectifiers. In some instances, an external source of control current may be required or desired, in conjunction with an
electronic current control, although arranging the control
winding 24 in series with the rectified output current may also
be used to regulate output voltage to some extent. The architecture therefore lends itself to many novel possibilities for
control systems for the machine 10, a few examples of which
will now described.
For example, referring now to FIGS. 2 and 4, the output
(i.e. from a power winding 22) of alternator 10 may be controlled by connecting the control winding 24 to a power
supply 50, and a current applied to the control winding 24
preferably sufficient to saturate the control flux bus 32 at a
desired power winding current, such saturation being caused
by magnetic flux flowing along tertiary path 64 induced by
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current passing though control winding 24, which is wrapped
around control flux bus 32 in this embodiment. When saturation occurs, AC flux around the secondary magnetic circuit 62
is effectively eliminated, and the magnetic relationship
between the power winding 22 and the secondary magnetic
circuit 62 is such that inductance due to the secondary magnetic circuit in the power winding 22 is virtually eliminated.
Thus, more current is permitted to flow in the power winding
22 than would flow without the saturating flux developed by
the controlled DC current source. This increase in power
winding current will be limited at the point where the fluxes in
opposing directions become essentially equal in magnitude,
resulting in de-saturation of the secondary magnetic circuit
portions where this flux equalisation condition occurs at that
particular instant. The de-saturation effect results in an abrupt
increase in the inductance at the instant corresponding to
opposing flux equalisation, which in turn limits the power
winding current to the corresponding current value. Therefore, the current level provided by controlled current source
supply 50 can be varied, as required, to regulate the output
current of the power winding 22 (and thus, ultimately, output
voltage) over a range of rotor speeds and electrical loads. In
one example application, in order to effect constant output
voltage control, a feedback control circuit (discussed further
below) is used by the control system of source 50 to compare
the alternator output voltage (i.e. the output of power winding
22) to a fixed reference (e.g. representative of a desired output
voltage level(s)), and control can be configured such that,
when the alternator output voltage is less than a desired reference level, a command is provided to increase the control
current to increase saturation level and therefore output current, and thus the output voltage across a given output load.
Such control systems are well known and may be implemented using digital or analog approaches. In a second
example application, if the current source 50 varies the control current according to a desired pattern, for example such as
in a half-sinusoidal pattern 52 as depicted schematically in
FIG. 4, and thereby affects saturation level accordingly when
the control winding is appropriately configured as described
further below, the absolute value of the amplitude of the AC
output of the power windings will vary according to the same
general pattern and frequency, and thus can be regulated in a
useful manner, as will be further discussed below in reference
to FIGS. 6-12. The input control pattern may be any desired,
and need not be regular or periodic, as will be discussed.
Preferably, the input control will have a lower frequency than
the raw output frequency of the alternator, although this is not
necessary, depending on the output signal or effect desired.
Referring again to FIG. 2, magnetic flux preferably circulates the tertiary magnetic circuit 64 in the same direction
around the control flux bus 32. As mentioned above, although
the control winding 24 is provided in the second slots 2S"
corresponding to a particular phase of the 3-phase machine
described, the power windings 22 are wound in the opposite
direction in each first slot 2S'hich is due to the opposite
polar arrangement of the magnets 14 associated with each
the phase. To ensure that a uniform
adjacent first slot
direction for the tertiary magnetic circuit 64 is provided, as
mentioned, the control windings 24 are preferably wound in
the same direction in all second slots 2S".Also as mentioned,
as a result of this in-phase & out-of-phase or relationship
between the corresponding portions of the power and control
windings as described above, a near net-zero voltage is
induced in the control winding 24, which is desirable because
a relatively low DC potential may be used to provide DC
control currents, and no special considerations are required to
remove a significant AC potential on the control winding 24.
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Referring now to FIG. 5, wherein an alternating current
power generator system utilising machines 10 (having power
winding(s) 22 and control winding(s) 24) is depicted. The
power generator system in this embodiment uses two variable
or fixed speed alternators 270a, 270b, preferably each having
the design of machine 10, each providing variable or fixed
frequency N-phase currents 271a, 271b. The components of
the system may be generally referred to with reference
numerals having an "a"or "b" suffix when referring to aspects
associated with a specific alternator 270a or 270b, and without the suffix when referring generally to such elements. A
current rectifier 272a, 272b, such as a full-wave N-phase
rectifier, converts the N-phase output current 271a, 271b of
the respective power windings 22 into direct current outputs
2SOa, 2SOb. The rectifier 272a, 272b preferably includes filter
(s), such as a high frequency filter, to remove undesired
residual components. The alternators 270a, 270b are driven
using the same or different prime movers 26S such as gas
turbine(s), a windmill(s), water turbine(s) or any other
mechanical power source(s).
Control is achieved by varying control currents 276a, 276b
provided by controllers 274a, 274b to the respective control
windings 24 of alternators 270a, 270b, such that the alternators 270a, 270b AC output currents (ke. the output currents in
power windings 22) vary in amplitude proportionally relative
to the control input currents 276a, 276b (Le. the control
currents in control windings 24)), as described above (ke.
controllers 274a, 274b have a control function similar to
supply 50 of FIG. 4). That is, as the control current in respective control windings 24 is increased, the absolute value of the
alternator output AC current in the respective power windings
22 is increased in amplitude proportionally according to the
principles discussed above. By varying the input control current 276 provided to respective control windings 24 in a
desired pattern and at a level sufficient to saturate at least a
portion of the stator corresponding to the secondary magnetic
circuit 62, according to the teachings above, such as a half
sinusoidal pattern (the input current pattern depicted schematically in FIG. 5), at a desired frequency, the absolute value
of the amplitude of the AC output 271 from the power windings 22 of the alternators will vary according to the same
general pattern and frequency. The control windings and
associated control flux bus are preferably configured such
that virtually any current through the control windings results
in saturation of the control flux bus in the absence of power
winding current (Le. no opposing fluxes from the power
winding current). Once the AC outputs 271a, 271b from the
power windings 22 of the alternators 270a, 270b are rectified
from AC to DC by rectifiers 272a, 272b, the DC outputs 2SOa,
2SOb provide outputs which vary proportionally and in phase
with the control input signal 276a,b, such as in a half sinusoidal pattern (depicted schematically in FIG. 5) if the control
input was a half sinusoidal pattern, thereby following the
input control signal. High frequency filtering applied to the
rectified signal will eliminate any ripple remaining in the
rectified signal, leaving only the desired half sinusoidal
modulated DC outputs. The two alternators 270a, 270b controlled in this arrangement each produce an output in a pattern
corresponding to the control input, which can then be combined in a suitable way by a summer 2S2, to form a full AC
wave output 2S4 (depicted schematically in FIG. 5), at any
frequency desired (usually up to about one half of the alternator fundamental power frequency), including zero frequency (Le. DC) if desired. The rectified output current from
each machine is directly related to the input control current
and as such can be made to vary in any form desired. By
providing each of the control winding sets 24 of the alterna-

tors 270a, 270b with complementary wave forms, a symmetrical AC output wave form results at the combined output
terminals. Providing the respective control windings 24 with
input current having a wave that "looks" like a half wave
rectified signal (e.g. single humps of a rectified sine wave), a
similar current wave form will flow in the rectifier 272 output
circuit, amplified according to the turns ratio between control
and power windings. Reversing polarity of every other cycle
then reconstitutes a full AC wave.
Referring now to FIG. 6, an example of the system of FIG.
5 is depicted in more detail. Like reference numerals denote
like elements. One or more prime movers 26S rotate alternators 270a, 270b to generate n-phase current outputs 271a,
271b from the alternators. The output 271a, 271b is amplitude
modulated as already described, according to the control
inputs 276a, 276b and the internal characteristics of the alternators 270a, 270b, and then rectified by units 272a, 272b, and
then summed 2S2, as will be described below, to provide a
system output voltage & current 2S4 to a load. If half sinusoidal control inputs (for example) are provided to alternators
270a, 270b, the control inputs being out of phase with one
another, and the rectified outputs o f alternators 270a, 270b are
connected one to each end of the load circuit and switches
277a and 277b arranged such that, when the corresponding
rectifier output is zero, the switch provides a short circuit
across the output o f the rectifier, and thus a full sinusoidal AC
current will flow in the load circuit. Preferably, the control
inputs are provided such that only one of the alternators 270a,
270b produces an output current at a given time. The frequency of output current is preferably thus dependent only on
the frequency of the input control current, and not on the
rotational speed of the alternators 270a, 270b. As shown in
FIG. 6, the control current is controlled based on the combined AC outputs (2SOa, 2SOb) which is fed back 2S6 to the
control 274 for processing and input back into the control
cycle. As mentioned, the magnitude of the AC output is
related to the magnitude of the control input by the turns ratio
between the control windings and power windings in alternators 270a, 270b.
Referring still FIG. 6, details of one suitable summer 2S2
arrangement will now be described. Summer 2S2 comprises
two switches 277a, 277b. Switch 277a is closed when alternator 270b is provided with control current and is driving
output current, for example, for the negative half cycle to the
load, and switch 277b is closed when alternator 270a is being
provided control current to deliver positive hal f cycle current
to the load. The switches 277a, 277b are preferably solid state
devices such as IGBT transistors or MOSFET devices, since
unidirectional switches may be used to provide this circuit.
The rectifiers 272a, 272b are any suitable, and preferably
standard, arrangement. The output of the rectifier 272a is at or
near zero when the control current for alternator 270a is at or
near zero and, as such, as the switch 277a is closed it provides
a current path for the current beginning to flow in the reverse
direction through the load from rectifier output 272b, and also
provides a shunt path for residual current that may flow from
rectifier 272a. The switches 277a, 277b may be proportionally controlled during switching "on" and "off', to improve
the fidelity of the generated wave form near to the zero crossing point in the waveform. When this overall modulation
technique is employed, the original alternator fundamental
frequency is essentially eliminated leaving only the control
modulation component as a resulting output power frequency.
Referring still FIG. 6, in another aspect, in order to achieve
a DC output of a given polarity with this arrangement, preferably the input control current to one machine (e.g. 270a) is
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set to a selected DC current, while the other machine (e.g.
270b) is set to zero control current, and the switch across the
un-used machine rectifier (e.g. switch 277b) is closed. The
skilled reader will appreciate that the magnitude of the input
control current to the "live" machine 270a would depend on
how much output DC current is desired from the rectifier
272a, and depends on machine characteristics such as turns
ratio, etc. Of course, if a DC output current of a single polarity
was always required from the system, the system of FIG. 6
could be simplified to remove the 'unneeded'lternator
and
equipment, and thus a single alternator system could be provided, as shown in FIG. 6a (a constant control current is
schematically depicted, but is not required). Referring again
to FIG. 6, the polarity of DC output from the system could, on
the other hand, be reversed at a moments notice if desired,
simply be reversing which machine 270a, 270b was activated
in conjunction with the appropriate switch. Similarly, if a
square wave output current was desired, appropriate modulation (Le. control) current and switch control signals simply
need to be provided.
There are other rectification and output combining methods that allow the use of a single controllable machine to
produce an arbitrary AC output waveform, including sinusoidal of any desired frequency within the limits of the system.
One such example will be discussed below with respect to

act as a shunt circuit for the remaining current. The controlled
slower switching of a given switch 277a, 277b, as described
above, can provide the correct rate of change of circuit output
current such to match the reference signal rate of change near
to the zero crossing point, which thereby minimizes or eliminates crossover distortion.
In addition to frequency control of the generated alternating current 2S4, it is possible to regulate the amplitude of the
generated alternating current 2S4. A feedback control circuit
is used by the modulation and switch controller 274 to compare the amplitude of the generated alternating current 2S4 to
a fixed reference (e.g. representative of a desired amplitude),
and control can be configured such that, when the generated
alternating current 2S4 is less than a desired amplitude, a
command is provided to increase the amplitude of the control
current to increase saturation level and therefore amplitude of
the generated alternating current 2S4. Likewise, when the
amplitude of the generated alternating current 2S4 is above a
desired reference amplitude (which may or may not be the
same reference amplitude mentioned above), a command is
similarly provided to reduce the amplitude of the control
current to decrease saturation level and therefore the amplitude of the generated alternating current. The amplitude of the
generated alternating current can thus be regulated. However,
as mentioned, feedback control of any sort is considered
optional to the present invention, and may be omitted if
desired.
FIG. S shows an alternate arrangement, in which a single
modulated alternator 370 and full bridge of 4 bi-directional
switches is provided to provide a symmetrical AC output, as
will now be described. In this arrangement, the modulation
signal 376 supplied by a modulation unit 374 to the control
winding 24 can be either an AC signal similar in shape and
frequency to the desired final output signal, or a full wave
rectified version of what is desired as a final output signal (e.g.
similar in shape & frequency), as depicted schematically in
FIG. S. As the current increases during the first half cycle of
the control input 376 wave (e.g. a sine wave) increases from
zero and then decreases back to zero, the output current of the
rectifier 3SO output will similarly increase then decrease.
Once this first half cycle of the control input 376 is completed
(Le. the control current wave has returned to zero input current), the position of the switches 377 on the output 3 SO of the
rectifier 372 are reversed, causing the current into the load to
be reversed. Then as the control current begins to increase in
the negative direction below zero, where AC control current is
provided (or to increase again where full wave rectified control current is provided), the output current begins to increase
in the opposite direction in the load, since the switch positions
are reversed, and then subsequently decrease back to zero
thereby completing the other half of the AC sine wave.
Referring to FIG. 9, in another embodiment, a N-phase,
"dual channel" machine, according to the general principles
described in applicant's U.S. Pat. No. 6,965,183 as modified
in accordance with the present teachings, may be used, and
will now be described in more detail. The dual channel
machine 410 has two (in this embodiment) circumferentially
distributed distinct and fully independent (ke. electromagnetically separate) N-phase sets of primary windings 422 and
associated control windings 424 provided in stator 420. Stator
420 is divided into two sectors or halves 420a, 420b, the
halves being delineated in FIG. 9 by the stippled line bisecting the stator, and the separate winding sets (e.g. 422a/424a
and 422b/424b) of each channel are confined to these separate
sectors or halves 420a, 420b of the machine, which thereby
provides a "two-in-one" or 2-channel machine 410. Each of
the two sets of N-phase windings is independently control-
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FIG. S.
In order to obtain a high fidelity power signal from the
output of the power system of FIG. 6, the system arrangement
shown in FIG. 7 may optionally be used to provide modulation and switch control 274. A reference signal source 290 of,
for example, a 400 Hz sine wave of a desired fixed amplitude
is provided to one input of a differencing error amplifier and
signal splitter 292. The other input of the differencing amplifier 292 is provided with feedback signal 2S6 derived by a
load current and voltage monitor 29S from the output of the
power system (ke. in this example, a 400 Hz sine wave). The
difference or error between the reference 290 and the output
signal feedback 2S6 is determined. From this, a "correcting"
current waveform is generated, which has been modified
from the "pure" input wave in an attempt to remove the error
in the output power signal, relative to the desired output (as
represented by the reference 290), to thereby yield the more
"pure" output waveform. This corrected waveform then
becomes the basis for the control current 276, and the signal
splitter 292 provides an appropriate signal to current sources
294a and 294b. Thus, in the example of FIG. 6, the corrected
control current may vary from the "pure" input wave depicted
schematically at 276a, 276b. The corrected modulation control current is provided as the control input current 276a, 276b
to the alternators 270a, 270b. This effect causes the output
power signal to be similar to the reference signal 290, within
an error band based on the gain parameters o f the differencing
amplifier 292. In this way, any nonlinearities in the control
winding 24 or rectifier systems 272a, 272b can be minimized,
or preferably eliminated, including crossover distortion due
to the switch action of the switches 277a, 277b. Referring
again to FIG. 6, the crossover distortion due to the switching
action of the switches 277a, 277b is preferably also minimised by control 275a, 275b of the rate at which the switches
277a, 277b are opened and closed, such that the rate of change
of the output current, as the exchange from one rectifier
system (e.g. 272a) providing current to the load changes over
to the other rectifier system (e.g. 272b) providing current to
the load. This crossover distortion minimization technique
may be desired in situations where the output current 271a,
271b of the alternators 272a, 272b, can not be completely
reduced to zero, such that the switches 277a, 277b effectively
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lable and thus have the effect similar to as if two distinct
machines were provided (Le. as in FIG. 6). As discussed in
applicant's U.S. Pat. No. 6,965,183, this multi-channel architecture permits a plurality of independently controllable alternators to exist within the same stator, and which may either be
operated conjunctively or independently as desired. This feature thus permits more than one functional "machine" to exist
within the same stator structure.
The stator of FIG. 9 preferably includes means for impeding cross-talk between the tertiary magnetic circuits of channels A and B, such as is described in applicant's co-pending
application Ser. No. 11/419,238, entitled "Magnetic Control
Circuit Separation Slit", filed May 19, 2006. As described in
that application, the presence of a cross-talk reduction feature, such a stator slit 421, acts to substantially contain the
tertiary magnetic within the channel. As such, the tertiary
magnetic flux preferably travels along the entire length o f the
control flux bus 432 to the channel boundary, where the
presence of the cross-talk reduction slit 421 redirects the flux
up to power flux bus 436, where it then travels back along
entire length of the power flux bus 436 (this flux is not present,
and therefore not depicted, in the single channel embodiment
of FIG. 2), until the path joins up again with the beginning of
the tertiary path, in the vicinity o f another cross-talk reduction
slit 421.
FIG. 10 illustrates an alternating current power generator
system using a dual channel machine 410 to provide alternator 470. In alternator 470, preferably half 420a of the machine
410 provides functionality comparable to alternator 270a of
FIG. 5, while the other half 420b of the machine 410 provides
the functionality of alternator 270b of FIG. 5. A power source
controller 474 includes current sources adapted to provide an
appropriate control current 476a, 476b to control the alternator output currents 470a, 470b. As described above, by varying control currents 476a, 476b alternately with a period
corresponding to the desired output frequency, each consisting of one half of the desired output waveform (in this case, a
trapezoidal wave) during one half of the desired total period
corresponding to the desired output frequency, channels A
and B of alternator 470 can be modulation-controlled
in a
manner as described above.
The frequency of the generated alternating current 484 is
controlled by the frequency of the control currents 476a, 476b
and the frequency at which the AC component is restored.
Additionally, the amplitude of the generated alternating current 484 is controlled by the amplitude of the control currents
476a, 476b. Accordingly, feedback 486 is optionally provided to the modulation and switch controller 474 so that the
amplitude
of the control current can be automatically
adjusted to compensate for fluctuations of the generated alternating current or voltage 484.
Therefore it can be seen that output frequency is controlled
and can be set to fixed desired value or may be varied in time,
all independently of the mechanical speed of the alternator(s).
For example, it is thus possible to drive a power generator
directly from a variable speed gas turbine and yet provide a
constant 60 Hz alternating current output, by providing a
suitable control input(s). In another example, 400 Hz alternating current used in aeronautics applications could also be
provided, again by providing a suitable control input(s).
Therefore, the speed of the alternator(s) is no longer critical to
output frequency. In arrangements where more than one alternator is employed, such as in FIGS. 5 and 6 for example, the
speed of alternators 270a, 270b need not necessarily be equal.
In all arrangements, the speed of the alternator(s) need only
be above a given minimum speed required for production of
a minimum output voltage and/or frequency. The minimum

output voltage of the alternator at maximum control current is
defined by machine parameters such as maximum flux rate o f
change and the length of the windings looped by the flux from
the rotor. The machine speed or output voltage is preferably
sufficient to at least provide a DC output from the rectifiers to
be able to reproduce the peak voltage required in the output
waveform. The machine speed is preferably any practical
speed above this minimum speed. Preferably, to maximize the
weight and size benefits offered by the present approach,
alternator(s) speed will be as high as possible, to minimize the
alternator(s) size required to generate the desired output voltage & current.
Referring to FIG. 12, a method to provide a modulated AC
power output at a desired frequency is depicted. One or more
alternators are driven (600) by one or more prime movers, to
induce electricity in the power windings 22. Saturation in the
alternator secondary magnetic circuit is selectively controlled
(610) according to a desired output pattern, thereby affecting
the alternator output as described above. The alternator output is converted (620) from AC to DC (ke. the absolute value
of the alternator output is acquired), and filtering is also
optionally performed. The DC signal is then restored (630) to
AC output signal having a frequency corresponding to the
input pattern. The output AC signal may then be provided
(640) to a suitable load. Feedback monitoring (650) can be
used help improve output signal fidelity or provide other
monitoring or control function, as desired.
The present approach permits alternator output to be varied
from zero frequency (Le. DC) up to frequencies that are only
limited by the speed and number of magnets used in the rotor.
Modulation can also be set to any amplitude between zero and
the maximum alternator output, which is limited only by the
power o f the prime mover rotating the alternator. The controlto-power winding turns ratio is preferably more than I:I to
achieve an amplification effect between the control input and
the alternator output. However, generally speaking, a lower
inductance (and thus turns ratio) in the control windings is
desired for AC excitation reasons, but a higher turns ratio
results in higher amplification which is also desirable, and so
optimization is usually required. Affecting the trade-off is the
fact that the power winding voltages can be very high, where
the control windings at high current can still be at a very low
voltage, if the frequency of the alternator output is significantly larger than the modulation frequency.
Existing 60 Hz turbine generator sets normally run at 3600
RPM or slower, in order to obtain their 60 Hz output frequency. This requirement leads to very large machines for
useful power generation, and in general the size and weight of
the machine is inversely proportional to its operating speed
for a given power rating. Large vehicles such as trains and
ships, as well as oil platforms or other outposts requiring
standard electrical power, have a limited choice as to power
supply, such as low speed generators (high power gear box,
plus large 3600 or 1800 RPM generator) or expensive solid
state power electronics and heavy filtering systems, to synthesize the low frequency power. The present approach permits the provision of a large-output power supply which is
only a fraction of the weight and cost of these prior art systems. The present invention therefore offers a lightweight,
simple and versatile solution to all these, and other, problems.
The alternator(s) may be driven by any suitable primer-mover
(s), though a prime-mover with high tangential speed (Le.
relative speed between alternator stator and rotor) will minimize the size of the present system, and thereby take advantage of the space, weight, etc. savings offered by the present
approach. The present system is particularly well suited to be
driven by a main shaft of a gas turbine engine, and the size &

5

10

15

20

25

30

35

40

45

50

55

60

65

US 7,944,187 B2

19

20

weight savings make it well-suited for use with aero-engines,
such as a turbofan, turboshaft and turboprop gas turbine
engines.
The present invention may be used to provide different
alternating current shapes such as a sinusoidal, trapezoidal,
triangular sawtooth, square wave or any other desired shape
or pattern. The shape/pattern need not be regular nor fixed.
The shape of the generated alternating current 2S4 is adjusted
by providing the appropriate shape of control current 276a,
276b. The design of machine 10 allows for varying degrees of
saturation, as opposed to an on/off scheme. The generated
alternating current 2S4 can thus be modulated as desired. It
should however be taken into consideration that the electric
machine 10 may have a sufficient non-linear behaviour,
depending on configuration, that the shape of the control
current 276a, 276b must compensate to achieve the desired
result. Additionally, as mentioned the generated current 2S4
is not necessarily a periodic alternating current but could also
be any time varying current, or as mentioned, need not vary at
all (Le. can be DC).
In another embodiment, rather than rely on a control winding 24 and controlled current source 50 for saturation control
in one or more alternators, saturation may instead be provided
by permanent magnet(s) brought into close proximity to the
control flux bus by an appropriate control and actuation system, which may be mechanical, electrical, electronic or otherwise, or combinations thereof. For example, referring to
FIG. 14, a saturation assembly comprising one or more suitable permanent magnets SO brought into close proximity to
the secondary magnetic circuit 62 by an appropriate control
and actuation system (not shown), which may be mechanical,
electrical, electronic or otherwise, or combinations thereof.
For example, permanent magnets SO are mounted on a support S2, which is controllably moveable, such as through
rotation, reciprocation, vibration or other movement, so as to
permit the magnets to periodically vary a saturation level of at
least a portion of the secondary magnetic circuit, to appropriately control power winding 22 as described above. The frequency of saturation is adjusted through control of the speed
and movement of the moving magnets SO. This permanent
magnetic saturation assembly eliminates the need for an electromagnetic assembly with control winding 24 and its associated circuitry. Any other suitable magnetic or electromagnetic saturation techniques may be employed in order to
achieve the saturation control effect described herein.
Although single phase system outputs have thus far been
described above for simplicity, the system output can have
any desired number of phases, provided that the required
number and configuration of alternators are provided to do so.
For example, referring to FIG. 11, a turbine 56S drives a
six-channel alternator 570 (having channels "a" to "f', not
shown) to provide a 3-phase power supply system including
six independent power winding sets 522a-f, and respective
control windings 524a-f, providing dual-channel 3-phase
output 5S4 to a load. Thus provided is a 3-phase source having
a variable frequency, from zero (ke. DC) to maximum frequency, depending on the control input provided, which has
many potential applications requiring high power capability,
and which offers cost, size and complexity advantages over
solid state devices, especially at higher power levels.
For clarity, the skilled reader will understand that, in general, saturation of a magnetic material is defined as the region
in the operating range of flux density in the material where a
further increase in magnetizing force (H) produces no significant change in flux density (B) above what would be observed
in a circuit comprised only of air. The skilled reader will also
appreciate that operating a magnetic material at a flux density

50% below the saturation flux density is not considered to be
50% saturated, but rather is understood to be not saturated at
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all (Le. unsaturated).
The above description is meant to be exemplary only, and
one skilled in the art will recognize that changes may be made
to the embodiments described without department from the
scope of the invention disclosed. For example, the number of
phases in the alternators could be varied and could be to any
number. The alternators may be single phase or multi-phase,
single or multi-channel. The windings may have single or
multiple turns per slot, the number of turns of a winding not
necessarily has to be a whole number. The number of power
windings does not necessarily have to equal the number of
control windings, and one or more windings may perhaps be
present in a slot. The windings may be any conductor(s) (Le.
single conductor, more than one wire, insulated, laminated,
Litz etc.) or may be superconductors. In multiphase alternators, there may be delta or Y-connected windings in accordance with suitable techniques. There need not be an air gap
between the power and control windings, as long as the windings are electrically isolated from one another. The rotor can
be any electromagnetic configuration suitable (Le. permanent
magnet rotor not necessary), and may be provided in an
outside or inside configuration, or any other suitable configuration. Other winding configurations are possible, and the
ones described above need not be used at all, or throughout
the apparatus. Also, the magnetic circuits described can be
arranged in the stator (and/or rotor) in any suitable manner.
Likewise, the stator and rotor may also have any suitable
configuration. For example, the stator need not be slotted, as
any suitable stator configuration may be used. Any suitable
saturation technique may be used. Although a DC source is
preferred for control of saturation in some embodiments
described above, an AC source may also be used when suitable to achieve desired results. The control input need not be
regular, periodic or have constant frequency or amplitude,
and may have complex frequency(ies), such as an audio signal, or may have zero frequency (DC). Rectifiers need not be
conventional, but may be or use any suitable means of acquiring the absolute value of an AC signal. The inverters, summers, etc. need not be conventional, but may be or use any
suitable means of providing an AC signal from the provided
inputs. The rectifiers, summers, inverters, etc. described are
exemplary only, and any suitable means of converting AC to
DC, or vice versa, may be used without departing from the
invention taught herein. Although only a portion of the secondary magnetic circuit is saturated in the above embodiments, the entire secondary magnetic circuit may saturated if
desired, provided that the rotor magnetic circuit is not saturated. Still other modifications which fall within the scope of
the present invention will be apparent to those skilled in the
art, in light of a review of this disclosure, and such modifications are intended to fall within the appended claims.
The invention claimed is:
1. An apparatus comprising:
at least one alternator drivingly connected to a prime mover
to produce an alternator alternating current, the alternator having a rotor and a stator assembly having at least
one stator winding for providing said alternator alternating current, the stator winding having at least a pair of
legs serially connected with one another, the legs spaced
apart circumferentially from one another relative to the
stator assembly, the rotor and stator assembly co-operating to define at least two rotor magnetic circuits for
conducting rotor magnetic flux, one of the rotor magnetic circuits encircling a first portion of one of said legs
of the stator winding and another one of the rotor mag-
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netic circuits encircling a first portion o fthe other of said
legs of the stator winding, the stator assembly defining at
least a pair secondary magnetic circuits for conducting
magnetic flux, one of said secondary magnetic circuits
encircling a second portion of one of said legs of the
stator winding and the other one of said secondary magnetic circuits encircling a second portion of the other of
said legs of the stator winding, the secondary magnetic
circuits being remote from the rotor magnetic circuits,
the secondary magnetic circuits having a saturation
apparatus including at least one control winding wound
around at least a portion of the secondary magnetic
circuits, said at least a portion of the secondary magnetic
circuits being remote from the rotor magnetic circuits,
the at least one control winding adapted to magnetically
saturate said portion of the secondary magnetic circuits
when a saturation threshold current passes through the at
least one control winding, wherein one of the secondary
magnetic circuits has its control winding wound in a
same direction as the second portion of the stator winding leg associated therewith, and wherein the other one
of the secondary magnetic circuits has its control winding wound in an opposite direction relative to the second
portion of the stator winding leg associated therewith;
a controlled current source for providing to the at least one
control winding a variable amplitude current having a
selected frequency and a maximum amplitude of at least
said saturation threshold current;
AC-to-DC conversion circuitry connected to the stator
winding and adapted to convert the alternator alternating
current into direct current; and
DC-to-AC conversion circuitry connected to the AC-to-DC
conversion circuitry and adapted to convert the direct
current into an alternating current output having an output frequency proportional to the selected frequency.
2. The apparatus as claimed in claim 1, wherein the current
provided to the at least one control winding is direct current
varying in amplitude according to said desired frequency.
3. The apparatus as claimed in claim 2, wherein the amplitude varies in a half-sinusoidal manner.
4. The apparatus as claimed in claim 1, wherein the at least
one control winding has a multiple turns ratio relative to said
second portion of the respective legs of the stator winding.
5. The apparatus as claimed in claim 1, wherein the stator
includes a plurality of peripheral slots, and wherein said first
portions of the legs of the stator winding are disposed within
different said slots.
6. The apparatus as claimed in claim 1, wherein the
selected frequency is independent of a rotational speed of the
alternator.
7. The apparatus as claimed in claim 1, wherein the prime
mover drives the alternator at a variable speed, and wherein
the selected frequency is substantially fixed.
S. The apparatus as claimed in claim 1, wherein the
selected frequency is lower than a raw output frequency of the
alternator.
9. The apparatus as claimed in claim 1, wherein the
selected frequency is a complex frequency.
10. The apparatus as claimed in claim 1, wherein the output
frequency is substantially equal to the selected frequency.
11.The apparatus as claimed in claim 1, wherein the output
frequency is substantially one-half of the selected frequency.
12. The apparatus as claimed in claim 1, further comprising
a feedback monitor circuit adapted to monitor said alternating
current output, the monitor communicating with at least one
of the controlled current source and the DC-to-AC conversion
circuitry.
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13.The

apparatus as claimed in claim 1, wherein the stator
assembly comprises a first stator defining the rotor magnetic
circuits and a second stator defining the secondary magnetic
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circuits.
14. The apparatus as claimed in claim 1, wherein the DCto-AC conversion circuitry includes a switching apparatus
driven at the selected frequency.
15. The apparatus as claimed in claim 1, wherein said at
least one alternator comprises at least two said alternators
each having a said controlled current source and a said AC-toDC conversion circuitry, and wherein the DC-to-AC conversion circuitry sums the direct currents received from the ACto-DC conversion circuitry associated with each alternator to
provide said alternating current output.
16. The apparatus as claimed in claim 15, wherein the
alternators are driven by a common drive shaft.
17. The apparatus as claimed in claim 16, wherein the
alternators have a common rotor and the respective stators are
sectors of a common stator
provided in non-overlapping
body.
1S. The apparatus as claimed in claim 16, wherein the
alternators are driven by the same prime mover.
19. The apparatus as defined in claim 15, wherein the
alternators are driven by different drive shafts.
20. The apparatus as defined in claim 5, wherein the at least
one control winding comprises a plurality of control windings
provided in a series-parallel arrangement, wherein the control
windings of a plurality of slots are connected in series, and
wherein a plurality of said series-connected windings are
connected in parallel with one another to the current source.
21. The apparatus as claimed in claim 1, wherein each
secondary magnetic circuit circulates only one leg of the
stator winding.
22. An apparatus comprising:
an alternator having a rotor, a stator assembly and a saturation apparatus, the stator assembly having at least one
stator winding, the winding having at least a pair of legs
serially connected with one another, the legs spaced
apart circumferentially from one another relative to the
stator, the rotor and stator assembly co-operating to
define at least two rotor magnetic circuits for conducting
rotor magnetic flux, one of the rotor magnetic circuits
encircling a first portion of one of said legs of the stator
winding and another one of the rotor magnetic circuits
encircling a first portion of the other of said legs of the
stator winding, the stator assembly defining at least two
secondary magnetic circuits for conducting magnetic
flux, one of the secondary magnetic circuits encircling a
second portion of one of said legs of the stator winding
and another one of the secondary magnetic circuits
encircling a second portion of the other of said legs of the
stator winding, the secondary magnetic circuits being
remote from the rotor magnetic circuits, the saturation
apparatus adapted to magnetically saturate at least a
portion of each secondary magnetic circuit, said at least
a portion of each secondary magnetic circuit being
remote from the rotor magnetic circuits, the saturation
apparatus adapted to magnetically saturate one of the
secondary magnetic circuits in the same direction as
magnetic flux circulating that secondary magnetic circuit while magnetically saturating the other one of secondary magnetic circuits in the direction opposite to
magnetic flux circulating that secondary magnetic circuit; and
a rectifier arranged to convert alternating current from the
stator winding into direct current.
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23. The apparatus as claimed in claim 22, wherein the
saturation apparatus is adapted to magnetically saturate said
at least a portion of each secondary magnetic circuit at a
substantially constant saturation level.
24. An apparatus for a generating alternating current comprising:
at least one alternator having a stator with at least one stator
winding, the stator defining at least two rotor magnetic
circuits and at least two secondary magnetic circuits
separate from the rotor and the rotor magnetic circuits,
the stator winding having first portions thereof encircled
only by the rotor magnetic circuits and second portions
thereof encircled only by the secondary magnetic circuits;
means for magnetically saturating at least a portion of
respective pairs of secondary magnetic circuits in opposite relative directions to thereby regulate alternator output while leaving the rotor magnetic circuits un-saturated;
a control apparatus adapted to control said means to selectively control a saturation level according to a selected
pattern;
a rectifier to convert alternating current from the stator
winding into a direct current; and
an inverter for converting direct current from the rectifier
into alternating current output having an output pattern
proportional to said selected pattern.
25. The apparatus as defined in claim 24, further comprising:
means for monitoring at least one of a deviation of an
amplitude and a deviation of a frequency of said alternating current output relative to a reference signal; and
means for varying operation of the control apparatus to
reduce said deviation.
26. A method for providing alternating current using an
alternator connected to a load system, the alternator having a
rotor and a stator assembly with at least one stator winding,
the stator winding having at least a pair of serially-connected
legs spaced apart circumferentially from one another relative
to the stator assembly, the legs each having respective first and
second portions, the method comprising:
rotating the rotor relative to stator assembly to circulate
rotor magnetic flux through the stator along respective
first magnetic paths around each of said first portions
said legs of the stator winding to induce an alternating
current flow in the stator winding, said induced current

5

10

15

20

25

30

35

40

45

in the stator winding inducing a secondary magnetic flux
flow in the stator assembly in respective second magnetic paths around each of said second portions of said
legs of the stator winding, the second magnetic paths
defined wholly within the stator assembly and separately
from the first magnetic path;
magnetically saturating and de-saturating at a desired frequency at least two portions of the stator assembly
remote from the first magnetic path, said stator assembly
portions comprising at least a portion of a corresponding
one of said second magnetic paths and thereby conducting a said secondary magnetic flux flow therethrough,
wherein one of said at least two stator assembly portions
is instantaneously saturated in a same direction as secondary magnetic flux flow therethrough while the other
one of said stator assembly portions is instantaneously
saturated in an direction opposite to secondary magnetic
flux flow therethrough;
rectifying the induced alternating current into direct current, the direct current having a cyclical component with
a frequency proportional to said desired frequency; and
changing the direct current into an alternating current output having a frequency proportional to said desired frequency.
27. The method as defined in claim 26, wherein a second
alternator is connected in parallel with said alternator, and
wherein the rotating, magnetically saturating and de-saturating and rectifying are applied to both alternators, and wherein
the changing includes summing said direct currents obtained
from each alternator.
2S. The method as defined in claim 27, wherein the magnetically saturating and de-saturating the alternators is performed so that the direct current obtained from one alternator
provides a half-cycle portion of the alternating current output
and the direct current obtained from the other alternator provides a different a half-cycle portion of the alternating current
output.
29. The method as defined in claim 2S, wherein one halfcycle portion is a positive current half-cycle portion and one
half-cycle portion is a negative current half-cycle portion.
30. The method as defined in claim 26, further comprising
determining an error between the alternating current output
and a reference signal, and modifying at least one of a magnetic saturation amplitude and said desired frequency to
reduce said error.

