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(57) Abréegée/Abstract:

An electric alternator (10) having a rotor (12), a stator (20) and at least one winding (22) In the stator (20) adapted to conduct a
current, the machine (10) also having first and second magnetic circuits (60, 62) around different portions of the winding which
may be configured relative to one another to control generated output voltage of the winding.
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(57) Abstract: An electric alternator (10) having a rotor (12), a stator (20) and at least one winding (22) in the stator (20) adapted to
conduct a current, the machine (10) also having first and second magnetic circuits (60, 62) around different portions of the winding
which may be configured relative to one another to control generated output voltage of the winding.
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VOLTAGE-LIMITED ELECTRIC MACHINE

TECHNICAL FIELD

The invention relates to electric machines capable of operating at least as

alternators, and in particular to the control of such machines.
BACKGROUND

The output voltage and frequency of PM alternators is essentially determined by
the rotor speed, which present challenges where the rotor speed cannot be
independently controlled. Also, controllability in low- or no-load conditions
requires using regulation apparatus, such as a shunt regulation system, to draw
current from the machine if the voltage increases above a given maximum
allowable value. But these systems add weight and complexity. It would
therefore be desirable to improve the controllability of electric alternators under a

low or no-load condition.

SUMMARY

In one aspect, the present invention provides a method of controlling an output
voltage in a machine operable as an electric alternator/generator, the machine
comprising a rotor and stator assembly, the assembly having a stator including at
least a first winding, the assembly also having first and second magnetic circuits
and a saturation control device, the first magnetic circuit including the rotor and
encircling at least a first portion of the first winding, the second magnetic circuit
encircling at least a second portion of the first winding remote from the first

magnetic circuit, the first and second magnetic circuits coupled when current

- flows in the first winding, the second magnetic circuit including a portion which is

selectively magnetically saturable, the saturation control device being operatively

associated with the magnetically saturable portion of the second circuit and
operable to controllably vary a saturation level of said saturable portion, the

method comprising: reducing the saturation of the magnetically saturable portion



10

19

20

25

30

CA 02643467 2008-08-25

WO 2007/121552 PCT/CA2007/000518

as an output current of the machine reduces towards zero during a low or no-
load condition; preventing an output voltage of the machine from rising above a
threshold value during the low/no-load condition by allowing sufficient flux to
leave the first magnetic circuit and circulate through the magnetically saturable
portion when in an unsaturated condition to induce a reducing voltage in second

portion of the first winding subtractive from the output voltage.

In another aspect, the invention provides a method of providing an electric
alternator, the method comprising: providing an alternator having a rotor, a stator
and at least a first winding providing alternator output power, the stator having a
plurality of first slots and second slots circumferentially around the stator, the first
slots located closer to the rotor than the second slots, the first slots having a
portion of the first winding disposed therein, the second slots having another
portion of the first winding disposed therein, the stator defining a first magnetic
circuit path around the first slots and a second magnetic path around the second
slots, the first magnetic circuit path in use conducting rotor magnetic flux to
induce a first voltage in the first winding, the second magnetic circuit path in use
conducting rotor magnetic flux to induce a second voltage in the first winding, the
second voltage opposite in direction to the first voltage, the stator having first and
second magnetic permeabilities associated with the first and second magnetic
circuit paths; determining a maximum allowable output voltage of the alternator
mode when operating under a low or no-load condition; configuring the stator by
selecting relative permeabilities of the first and second magnetic circuits such
that in use the induced second voltage is sufficient large relative to the induced
first voltage so as to prevent the first voltage from exceeding the maximum

allowable output voltage.

In another aspect, the invention provides an electric alternator comprising a rotor,

a stator and at least a first stator winding providing alternator output power to a
load, the stator having a plurality of first slots and second slots circumferentially
around the stator, the first slots located closer to the rotor than the second slots,

the first slots having a portion of the first winding disposed therein, the second
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slots having another portion of the first winding disposed therein and wound
oppositely relative to the portion In the first slots, the stator defining a first
magnetic circuit path around the first slots and a second magnetic circuit path
around the second slots, the second path outside of the first magnetic circuit
path, the first magnetic circuit path adapted to conduct rotor magnetic flux to
induce a first voltage in the first winding, the second magnetic circuit path
adapted to conduct rotor magnetic flux to induce a second voltage in the first
winding, the second voltage opposite in direction to the first voltage, the stator
having first and second magnetic permeabilities associated with the first and
second magnetic circuit paths, the relative permeabilities selected such that in
use the induced second voltage is sufficiently large relative to the induced first
voltage so as to prevent the first voltage from exceeding a pret-determined

maximum allowable output voltage under a low or no-load condition.
BRIEF DESCRIPTION OF THE FIGURES

For a better understanding and to show more clearly how it may be carried
into effect, reference will now be made by way of example to the

accompanying figures, in which:

Figure 1 Is a cross-sectional view of an example of an alternator/motor

machine according to the present invention;

Figure 2 is a somewhat schematic cross-sectional view of a portion of the

machine shown in Figure 1;

Figure 3 is a perspective view of a partial power winding that can be used in

the machine of Figure 1,

Figure 4 is a schematic view of a partial equivalent circuit of the

alternator/motor machine of Figure 1, illustrating its functional aspects; and

Figure 5 is a view similar to Figure 2, showing an example of the machine

during a low or no-load condifion.

VCTICA 2007 goosis
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DETAILED DESCRIPTION

Referring first to Figures 1 and 2, a portion of a permanent magnet (PM) electric
machine 10 according to an example of the present invention is depicted. For
ease of illustration and description, Figure 2 shows a linear arrangement of the
electric machine 10 of Figure 1. However, it is to be understood that the machine
10 is generally preferred to have the circular architecture of Figure 1, with an
inside or outside rotor. It will also be understood by the skilled reader that
Figures 1 and 2, as well as the accompanying description, are schematic in
nature, and that many routine details of the design have been omitted for clarity.
The machine 10, shown in Figure 1 as an outside rotor machine in this
embodiment, is configured as an alternator to generate electrical power, and

optionally also as a motor to convert electrical power into mechanical torque.

The machine 10 has a rotor 12 with permanent magnets 14, optionally interposed
between spacers 16, which rotor 12 is mounted for rotation relative to a stator 20.
A retention sleeve 18 is provided to hold the permanent magnets 14 and the
spacers 16. It also provides the magnetic path behind 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 electromagnetically-independent power windings 22 (the phases are

denoted by the circled numerals 1, 2, 3, respectively in figure 2) and,
correspondingly, a control winding(s) 24 is provided (the number of control
windings may or may not equal the number of power windings, as will be
discussed further below). The power windings 22 and control windings 24 are
separated in this embodiment by a winding air gap 26 and are disposed in radial
slots 28, divided into slot portions 28a and 28b, provided in the stator 20 between
adjacent teeth 30. For ease of description, the adjacent slots 28a, 28b are
indicated in Figure 2 as A, B, C, D, etc. 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 betweeh and at the bottom of the

slots 28b. A rotor air gap 34 separates rotor 12 and stator 20 in a typical fashion.
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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 28 to form the two
distinct slots 28a and 28b. The first slots 28a hold the power windings 22 only,

and the second slots 28b hold both the power windings 22 and control windings
24.

The materials for the PM machine 10 may be any suitable. Materials preferred by
the inventor are samarium cobalt permanent magnets, copper power and control
windings, a suitable saturable electromagnetic material for the stator teeth and
power and control flux buses, such as electrical silicon steels commonly used in
the construction of magnetic machines. The stator teeth, power and control flux
busses may be integral or non-integral with one another, as desired. Figure 3
shows an example of one of the power windings 22, positioned as it would be
wound in the stator in a three-phase configuration. Each of the power windings
22 in this embodiment consists of a single conductor which enters, for instance,
the first slot portion 28a of a selected slot 28 (e.g. at slot “A”), 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 28b of the selected slot 28
(e.g. at slot “A”), after which it extends back through the length of the selected
slot, to then exit the second slot portion 28b, and hence exits the slot 28 on the
same side of the stator as it entered. It then proceeds to the second slot 28b
portion of the next selected slot 28 (e.g. slot “D" in Figure 2), where the power
winding 22 then enters second slot 28b and passes along the slot, exits and
radially crosses the power flux bus 36, and then enters the adjacent first slot
portion 28a of the selected slot 28, and then travels through the slot again to exit
the stator adjacent where the winding entered the selected slot 28. The power
winding then proceeds to the next selected slot 28 (e.q. slot “G"), and so the
pattern repeats. The power winding 22 corresponding to phase 2 (not shown),
would begin in an appropriate selected slot (e.g. slot B of Figure 2) and follow an
analogous path, but is preferably wound in an opposite winding direction relative

to phase 1 winding 22. That is, the phase 2 winding 22 would enter the selected
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slot (slot B) via slot portion 28b (since phase 1 winding 22 entered slot A via slot
portion 28a, 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). Similarly, the phase 3 winding
22 is preferably oppositely-wound relative to phase 2, and thus enters the
selected slot (e.g. slot "C") of the stator via slot portion 28a , and follows the
same general pattern as phase 1, but opposite to the pattern of phase 2, from
slot to slot (e.g. slots C, F, etc). Thus, as mentioned, the phases of the power
winding 22 will become oppositely-wound relative to control winding 24, as will be

described further below.

Meanwhile, each control winding 24 is wrapped around the control flux bus 32, in
a manner as will now be described. In this embodiment, control winding 24
preferably forms loops around the control flux bus 32 (from as few as 1 to as
many as is desired by the designer - 25 times is preferred in this embodiment, for
reasons described below), wrapped around the control flux bus 32. The direction
of winding between adjacent second slots 28b for control winding 24 is preferably
the same from slot to slot, and thus alternatingly opposite relative to the power
winding 22 of 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, or grouped in such other manner as desired.
In one embodiment, the individual control coils may be connected in series from
slot to slot, irrespective of phase, but are nonetheless segregated into groups of
adjacent slots which are then connected in parallel, to optimize the totai
impendence of the control coil circuit. Although it is preferred to alternate
winding direction of the power windings, and not alternate direction of the control
windings, the important thing in that the power and control windings are wound In
relative 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. If the
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control coil is segregated into phase correspondence with power windings 22, for
example to reduce its inductance by a series parallel arrangement, it is important
that there are an even number of slots of a given phase in which the power
winding and control winding are in opposite directions, to yield the desired

induced net-zero voltage in control winding 24.

The/each control winding 24 is connected to a variable output current source 50
(see Figure 4), which in this example includes a variable 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 by the power winding output current required, divided by the

ratio of the number of turns between the power winding and the control winding.

Referring to Figure 4, the machine 10 as just described can also be represented
schematically by an equivalent circuit 10" having a plurality of alternating current
sources 12' (i.e. each, equivalent to the moving magnetic rotor system In
conjunction with the portion of a power winding 22 located in the first slot 28a)
connected to a plurality of power inductors 22’ (i.e. equivalent to the portion of the
primary winding 22 located in the second slot 28b), the current sources 12" ana
power inductors 22' arranged alternately in series. Associated with power
inductors 22' are a plurality of control inductors 24' (i.e. equivalent to control
winding 24) having saturable cores 32' (equivalent to the saturable control flux

bus 32). Control inductors 24’ are connected to a variable DC current source and
control system in this example, represented by 50. Therefore, one can see that
the primary winding 22, the control winding 24 and the control flux bus 32 co-
operate to provide a saturable core inductor within the stator 12. The saturable
core inductor in conjunction with a second and third effect in this arrangement, to

be described further below, provides an integrated approach to implementing a

regulation scheme of this generic type, as will be further described.
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Referring again to Figure 2, when the machine 10 is used in an alternator mode,
rotor 12 is moved relative to stator 20. The interaction of magnets 14 and the
power winding 22 creates a primary magnetic flux within PM machine 10 along a
primary magnetic flux path or magnetic circuit 60. The primary flux induces a
voltage in the power winding 22, which when an electrical load is connected
results in an induced current, and the induced current causes a secondary
magnetic flux to circulate an adjacent secondary magnetic flux path or magnetic
circuit 62. The primary circuit 60 and the secondary circuit 62 are thus coupled
when a current flows in the power winding 22. The secondary magnetic circuit
62 is for the most part isolated from the rotor 12 and the primary magnetic circuit
60. It is to be understood that this description applies only to phase "1" of the 3-

phase illustrated embodiment, and that similar interactions, etc. occur in respect

of the other phases.

Primary magnetic circuit 60 includes rotor 12, rotor air gap 34, power flux bus 36
and the portion of stator teeth 30 between rotor 12 and power flux bus 36.
Primary magnetic circuit 60 encircles a portion of the power winding 22 and, in
use as an alternator, causes a current flow in the power winding 22. Secondary
magnetic circuit 62 includes power flux bus 36, control bus 32 and the portion of
stator teeth 30 between control bus 32 and power flux bus 36. In this
embodiment, the secondary magnetic circuit 62 encircles the portions of the
power winding 22 and the control winding 24 in the second slot 28b. The primary
magnetic circuit 60 encircles the first slot 28a while the secondary magnetic
circuit 62 encircles the second siot 28b. The first slot 28a is preferably radially
closer to the rotor 12 than the second slot 28b. Power flux bus 36 is preferably
common to both the primary and secondary magnetic circuit paths and thus the

primary and secondary magnetic circuits are coupled, as mentioned.

A tertiary magnetic circuit 64 preferably circulates around control bus 32, as
partially indicated in Figure 2 (i.e. only a portion of the tertiary circuit is shown, as
in this embodiment the tertiary circuit circulates through the entire stator 20). The

control flux bus 32 is preferably common to both the secondary and tertiary
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magnetic circuit paths and thus the secondary and tertiary magnetic circuits are
magnetically coupled. At least a portion of control flux bus 32 is saturable by the

flux density of the tertiary magnetic circuit.

When operated as an alternator, the machine 10 permits the output of the power
winding(s) 22 to be controlled through a manipulation of current supplied to the

control winding(s) 24, as will now be described.

As explained above, the equivalent power inductor 22' is formed by the portion of
the power winding 22 in the second slot 28b and the secondary magnetic circuit
62, as schematically represented by the equivalent circuit of Figure 4. The
control winding 24 shares the secondary magnetic circuit 62, however since it is
preferably wound in the same direction around the control flux bus 32 in each
second slot 28b, as mentioned above, the resulting effect achieved is similar to
that provided by alternatingly reversed saturable inductors, and there is
preferably substantially no net voltage generated within the control winding 24 by

flux in the secondary magnetic circuit 62.

The application of a DC current from the source 50 to the control winding 24
'results in a DC flux circulating circuit 64 in the control flux bus 32. At the instant
in time depicted in Figure 2, it can be seen that the DC flux in tertiary magnetic
circuit 64 in the control flux bus 32 is in the same direction in slot A as the AC flux
in secondary magnetic circuit 62, but in slot D the direction of the DC flux in
tertiary magnetic circuit 64 in the control flux bus 32 is opposite to the AC flux in
secondary magnetic circuit 62. As the DC current is increased in the control
winding 24, the flux density in the control bus 32 is increased such that the
saturation flux density is eventually reached. It will be understood that 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 direction, and that at higher DC control currents both
regions of the control flux bus 32 become saturated regardless of flux direction, if
the current in the main phase winding is not sufficient to prevent saturation in the

areas where the flux is in opposite directions. If the current in the main windings
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is increased above the point where saturation of both regions is achieved, one of
the regions will come out of saturation. Once saturation occurs, the AC flux in
the secondary magnetic circuit 62 due to the current in the power winding 22 is

very significantly reduced.

As mentioned, the winding pattern of the control winding 24 relative to the power
winding 22 preferably results in a near net zero voltage induced in the control
winding 24, which simplifies control. 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 cycle of the AC power while another section of the control flux bus 32 will
saturate more in the other, thus tending to equalize the contro! action through

each half-cycle.

Once saturated, magnetic materials substantially lose their ability to conduct
magnetic flux, and as such appear to be almost non-magnetic to both AC
magnetic forces (Hac) and further changes in DC magnetic influence (Hpc). 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.

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, power
output current of the alternator to become a function of the control current. The
maximum inductance of the equivalent power inductor 22' formed 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 power

winding current limit is related to the current in the control winding by:
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Ip =K+(|C*NCINP)

where: Np and N¢ are the number of turns in the power and control windings,
respectively, lp and Ic 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.

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 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 control current 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, 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 fully saturate the
control flux bus 32, such saturation being caused by magnetic flux flowing along
tertiary path 64 induced by 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 in the power winding 22 is virtually
eliminated. Thus, more current is permitted to flow in the power winding 22.
Therefore, the current level provided by controlled current source supply 50 can
be continuously 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 order to effect constant output voltage control, for example, a
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feedback control circuit 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.

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 28b corresponding to a
particular phase of the three-phase machine described, the power windings 22
are wound in the opposite direction in each first slot 28a which is due to the
opposite polar arrangement of the magnets 14 associated with each adjacent
first slot 28a of the phase. To ensure that a uniform 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 28b. Also as
mentioned, a net-zero voltage is induced in the control winding 24, which is
desirable because a relatively low DC potential is then required to provide DC
control currents, thus no special considerations are required to remove a

significant AC potential on the control winding 24.

The skilled reader will appreciate, in light of this disclosure, that it may be
desirable in many situations to include a regulation apparatus, for instance a
shunt regulator circuit dissipating electrical power outside the normal load circuit,
to maintain a minimum current in the power windings 22 during a low or no-load
condition when the machine 10 operates as an alternator. However, such
regulation apparatus tends to add weight and complexity, and is therefore
undesirable for this reason. With the present architecture of the machine 10, the
designer may instead select the rotor and stator physical dimensions and/or
materials to yield the desired machine performance under the low or no-load

condition, and thereby dispense with the need for a shut regulator or similar
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system, or reduce the complexity of such a system. To do so, the machine 10 is
designed, as described further below, such that a portion of the flux in the first

magnetic circuit 60 is automatically diverted during the low or no-load conditions, |
to loop through the control bus 32 and around at least one of the second slot 28b
in which a portion of the power winding 22 and a portion of the control winding 24
are disposed, as shown in Figure 5. The diverted portion of the flux tends to
induce a voltage in the second portion of the power winding 22, which voitage

subtracts to a voltage induced in the first portion of the power winding 22.

By appropriately setting the relative permeability (or reluctance) of the primary
magnetic circuit versus a branch magnetic circuit portion 61 defined the stator,
the amount of flux which tends to loop through the control bus at low- or no-load
conditions can be controlled, which can be used to define the output voltage of
the machine under no-/low-load conditions, as will now be described.
Permeability is determined by the relative cross-sections, magnetic path lengths,

and materials of the two magnetic circuits, as will be discussed further below.

Referring still to Figure 5, the electrical load to which the primary windings 22 is
reduced, the current level in the control windings 24 is decreased as well by a
electronic control circuit arranged to regulate the output voltage of the system. In
the case where the load on the primary windings circuit reduces towards zero
current, the control current is reduced towards zero as well (and so, too, does
magnetic flux circulating along path 64, which is why flux 64 is no longer shown
in Figure 5), and the permeability of the control flux bus 32 increases, since the
control flux bus 32 is not saturated. This increase in permeability tends to result
in a portion of the AC flux in the primary magnetic circuit (developed by the
moving permanent magnets on the rotor) branching off from the main primary
magnetic circuit path, through the power flux bus, to instead loop through the
control flux bus before rejoining the main primary circuit path once again, as
depicted by dotted line 61 in Figure 5. Thus, the primary magnetic circuit has two
branches. The flux passing through branch 61 tends to induce a voltage in the

power windings 22 which is opposite in direction to the voltage induced in the
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nower windings 22 by flux flowing through the main branch of the primary
magnetic circuit, and thus the voltage induced by flux in branch 61 subtracts from
the voltage generated in the power windings by the flux in the power bus. In
addition to this subtractive effect, the voltage induced in the power windings 22
also tends to be decreased merely because the flux passing through the main
path of the primary magnetic circuit is reduced, as a result of part of the flux from
the magnets being diverted to the control bus through branch 61. Both of these
effects, together, tend to reduce the voltage generated in the power windings 22
by the magnets when the control current is set to a low or zero value (i.e. when
the output current demand is low). How much flux branches off from the main
flux path to circulate through the branch 61 is dependent on the relative

permeabilities of the two branches of the primary magnetic circuit.

According to an aspect of the present invention, by design the dimensions,
materials, etc. of the stator may be selected to set the relative permeabilities of
the two branches of the primary circuit such that the power windings 22 have an
output voltage under low-/no-load conditions (i.e. with little or no control current)
which is set to a pre-determined desired level - preferably approximately equal to
the full load output voltage (i.e. with full control current). Thus, the dimensions of
the stator can be selected to balance the low/no load effect of voltages induced
by the two branches of the magnetic circuit when control current is substantially
zero, to thereby yield the desired output voltage in the power windings. If a
particular design yields a no-load output voltage in power winding 22 which is too
high relative to the desired level, the stator design dimensions can be set to
provide increased permeability to the branch 61, relative to the main path of the
primary magnetic circuit, to thereby induce a larger counter-voltage effect, and
thus attenuate the no-load output voltage in the power windings. Conversely, if
the no-load output voltage in power winding 22 is too low relative to the desired
level, the stator dimensions can be configured to compensate. In practice, since
the teeth 30 are common to both paths, the relative permeabilities of the two

branches is more simply adjusted by adjusting the relative properties of the
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power flux bus 36 relative to the control flux bus 32. Alternately, a stepped or

changing cross-section tooth can be provided. Many other possibilities also

exist.

A suitable design can be achieved by designing the power flux bus to approach
saturation at low power winding currents, which results in some of the rotor flux
branching to branch 61 to circulate through the control bus 32. The flux density
in the power flux bus 36 naturally increases at low main winding currents and

decreases at higher main winding currents, as will be appreciated by one skilled
in the art.

As can be appreciated, reducing the saturation of the magnetically saturable
portion as the output current of the machine 10 reduces towards zero during a
low or no-load condition can be used to prevent an output voltage of the machine
10 from rising above a threshold value during the low or no-load condition. This
can greatly simplify the electronics required to regulate the output of the machine
10. The present technique thereby offers an intrinsic low/no-load voltage
regulation, achieving a better regulation system with fewer/simpler electronics,

and potentially removes the need for a shunt regulator circuit.

The above description is therefore meant to be exemplary only, and one skilled In
the art will recognize that other changes may also be made to the embodiments
described without departing from the scope of the invention disclosed. For
example, the machine may be single or multi-phase, single or multi-channel (see,
for example, applicant's U.S. Patent No. 6,965,183 which discloses a multi-
channel architecture concept which, when modified in accordance with the
present teachings, provides a suitable multi-channel machine according to the
present invention). 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) (i.e. single conductor, more than one
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wire, insulated, laminated, Litz etc.) or may be superconductors. In multiphase

machines, there may be delta or Y-connected windings in accordance with
known 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 (i.e. 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 aiso
have any suitable configuration. Any suitable saturation means 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 in certain circumstances to

achieve desired results, as the skilled reader will understand.

The ‘low’ load situation can be interpreted as a situation where the electrical
capacity of the machine 10 is far greater than the electrical power that it must
provide at the moment. The ‘no-load’ situation may include a situation where the
machine 10 is disconnected from the load, either on-purpose or not, or electrical

load(s) are turned off.

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. In this application,

it is to be understood that the term 'alternator' is sometimes used generically 1o
mean a device used for generating electricity, and is not always intended

therefore to be limited to a device for generating an output alternating current.
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WHAT IS CLAIMED IS:

1. A method of controlling an output voltage in a machine operable as an
electric alternator/generator, the machine comprising a rotor and stator
assembly, the assembly having a stator including at least a first winding, the
assembly also having first and second magnetic circuits and a saturation control
device, the first magnetic circuit including the rotor and encircling at least a first
portion of the first winding, the second magnetic circuit encircling at least a
second portion of the first winding remote from the first magnetic circuit, the first
and second magnetic circuits coupled when current flows in the first winding, the
second magnetic circuit including a portion which is selectively magnetically
saturable, the saturation control device being operatively associated with the
magnetically saturable portion of the second circuit and operable to controllably
vary a saturation level of said saturable portion, the method comprising:

reducing the saturation of the magnetically saturable portion as an output
current of the machine reduces towards zero during a low or no-
load condition;

‘preventing an output voltage of the machine from rising above a
threshold value during the low/no-load condition by allowing
sufficient flux to leave the first magnetic circuit and circulate through
the magnetically saturable portion when in an unsaturated condition
to induce a reducing voltage in second portion of the first winding

subtractive from the output voltage.

2. The method of claim 1 wherein the step of preventing includes allowing
some of the first magnetic circuit to circulate into the magnetically saturable
portion by selecting relative permeabilities of the stator so as to direct sufficient
flux through the saturable portion to induce a sufficient reducing voitage to limit

the output voltage to said threshold value.
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3. The method of claim 2, wherein a relative dimension of at least one stator
portion remote from the first circuit is selected to reduce a permeability of the
stator relative to the first magnetic circuit and thereby promote flux circulation

through the magnetically saturable portion when unsaturated in the low/no-loaa

condition.

4. The method of claim 3, wherein the at least one stator portion is the

magnetically saturable portion.

. The method of claim 2, wherein at least one material of at least one stator
portion remote from the first circuit is selected to reduce a permeability of the
stator relative to the first magnetic circuit and thereby promote flux circulation
through the magnetically saturable portion when unsaturated in the low/no-load

condition.

0. The method of claim 5, wherein the at least one stator portion is the

magnetically saturable portion.

7. A method of providing an electric alternator, the method comprising:
providing an alternator having a rotor, a stator and at least a first winding
providing alternator output power, the stator having a plurality of
first slots and second slots circumferentially around the stator, the
first slots located closer to the rotor than the second slots, the first
slots having a portion of the first winding disposed therein, the
second slots having another portion of the first winding disposed
therein, the stator defining a first magnetic circuit path around the
first slots and a second magnetic path around the second slots, the
first magnetic circuit path in use conducting rotor magnetic flux to
induce a first voltage in the first winding, the second magnetic
circuit path in use conducting rotor magnetic flux to induce a second

voltage in the first winding, the second voltage opposite in direction
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to the first voltage, the stator having first and second magnetic
permeabilities associated with the first and second magnetic circuit
paths;

determining a maximum allowable output voltage of the alternator mode
when operating under a low or no-load condition;

configuring the stator by selecting relative permeabilities of the first and
second magnetic circuits such that in use the induced second
voltage is sufficient large relative to the induced first voltage so as

to prevent the first voltage from exceeding the maximum allowable

output voltage.

8. The method of claim 7, wherein the step of configuring includes adjusting

the relative dimensions of stator portions defining the first and second magnetic

circuit paths.

9. The method of claim 7, wherein the step of configuring includes adjusting

the relative materials of stator portions defining the first and second magnetic

circuit paths.

10. The method of claim 7, wherein the second circuit branches from the first
circuit, and the method further comprises the step of diverting a portion of the

magnetic flux circulating the first circuit to the second circuit.

11.  An electric alternator comprising a rotor, a stator and at least a first stator
winding providing alternator output power to a load, the stator having a plurality
of first slots and second slots circumferentially around the stator, the first slots
located closer to the rotor than the second slots, the first slots having a portion of
the first winding disposed therein, the second slots having another portion of the
first winding disposed therein and wound oppositely relative to the portion in the
first slots, the stator defining a first magnetic circuit path around the fi'rst slots and

a second magnetic circuit path around the second slots, the second path outside
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of the first magnetic circuit path, the first magnetic circuit path adapted to
conduct rotor magnetic flux to induce a first voltage in the first winding, the
second magnetic circuit path adapted to conduct rotor magnetic flux to induce
a second voltage in the first winding, the second voltage opposite in direction
to the first voltage, the stator having first and second magnetic permeabilities
associated with the first and second magnetic circuit paths, the relative
permeabilities selected such that in use the induced second voltage is
sufficiently large relative to the induced first voltage so as to prevent the first
voltage from exceeding a pre-determined maximum allowable output voltage

under a low or ho-load condition.

12. The alternator of claim 11 wherein the pre-determined maximum
allowable output voltage is substantially equal to a full load output voltage of

the first winding.

13. The alternator of claim 11 further comprising a second winding
disposed in the second slots, the second winding coiled around a stator
- portion remote from the first magnetic circuit and defining a portion of the
second magnetic circuit, the second winding connected to a current source
and In use-adapted to selectively energize the second winding to saturate said
stator portion, said stator portion being unsaturated in a no-load condition
when substantially no current is drawn from the first winding by the load, and
wherein during in this no-load condition the induced second voltage is
sufficiently large relative to the induced first voltage so as to prevent the first

voltage from exceeding a pre-determined maximum allowable output voltage.
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