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VOLTAGE-LIMITED ELECTRIC MACHINE 

TECHNICAL FIELD 

[0001] The invention relates to electric machines capable 
of operating at least as alternators, and in particular to the 
control of such machines. 

BACKGROUND 

[0002] The output voltage and frequency of PM alterna 
tors is essentially determined by the rotor speed, Which 
present challenges Where the rotor speed cannot be inde 
pendently 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 

[0003] In one aspect, the present invention provides a 
method of controlling an output voltage in a machine 
operable as an electric altemator/ generator, the machine 
comprising a rotor and stator assembly, the assembly having 
a stator including at least a ?rst Winding, the assembly also 
having ?rst and second magnetic circuits and a saturation 
control device, the ?rst magnetic circuit including the rotor 
and encircling at least a ?rst portion of the ?rst Winding, the 
second magnetic circuit encircling at least a second portion 
of the ?rst Winding remote from the ?rst magnetic circuit, 
the ?rst and second magnetic circuits coupled When current 
?oWs in the ?rst Winding, the second magnetic circuit 
including a portion Which is selectively magnetically satu 
rable, the saturation control device being operatively asso 
ciated 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 suf?cient ?ux to leave 
the ?rst magnetic circuit and circulate through the magneti 
cally saturable portion When in an unsaturated condition to 
induce a reducing voltage in second portion of the ?rst 
Winding subtractive from the output voltage. 

[0004] 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 
?rst Winding providing alternator output poWer, the stator 
having a plurality of ?rst slots and second slots circumfer 
entially around the stator, the ?rst slots located closer to the 
rotor than the second slots, the ?rst slots having a portion of 
the ?rst Winding disposed therein, the second slots having 
another portion of the ?rst Winding disposed therein, the 
stator de?ning a ?rst magnetic circuit path around the ?rst 
slots and a second magnetic path around the second slots, the 
?rst magnetic circuit path in use conducting rotor magnetic 
?ux to induce a ?rst voltage in the ?rst Winding, the second 
magnetic circuit path in use conducting rotor magnetic ?ux 
to induce a second voltage in the ?rst Winding, the second 
voltage opposite in direction to the ?rst voltage, the stator 
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having ?rst and second magnetic permeabilities associated 
With the ?rst and second magnetic circuit paths; determining 
a maximum alloWable output voltage of the alternator mode 
When operating under a loW or no-load condition; con?g 
uring the stator by selecting relative permeabilities of the 
?rst and second magnetic circuits such that in use the 
induced second voltage is suf?cient large relative to the 
induced ?rst voltage so as to prevent the ?rst voltage from 
exceeding the maximum alloWable output voltage. 

[0005] In another aspect, the invention provides an electric 
alternator comprising a rotor, a stator and at least a ?rst 
stator Winding providing alternator output poWer to a load, 
the stator having a plurality of ?rst slots and second slots 
circumferentially around the stator, the ?rst slots located 
closer to the rotor than the second slots, the ?rst slots having 
a portion of the ?rst Winding disposed therein, the second 
slots having another portion of the ?rst Winding disposed 
therein and Wound oppositely relative to the portion in the 
?rst slots, the stator de?ning a ?rst magnetic circuit path 
around the ?rst slots and a second magnetic circuit path 
around the second slots, the second path outside of the ?rst 
magnetic circuit path, the ?rst magnetic circuit path adapted 
to conduct rotor magnetic ?ux to induce a ?rst voltage in the 
?rst Winding, the second magnetic circuit path adapted to 
conduct rotor magnetic ?ux to induce a second voltage in the 
?rst Winding, the second voltage opposite in direction to the 
?rst voltage, the stator having ?rst and second magnetic 
permeabilities associated With the ?rst and second magnetic 
circuit paths, the relative permeabilities selected such that in 
use the induced second voltage is suf?ciently large relative 
to the induced ?rst voltage so as to prevent the ?rst voltage 
from exceeding a pre-determined maximum alloWable out 
put voltage. 

BRIEF DESCRIPTION OF THE FIGURES 

[0006] 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 ?gures, in 
Which: 

[0007] FIG. 1 is a cross-sectional vieW of an example of 
an altemator/motor machine according to the present inven 
tion; 
[0008] FIG. 2 is a someWhat schematic cross-sectional 
vieW of a portion of the machine shoWn in FIG. 1; 

[0009] FIG. 3 is a perspective vieW of a partial poWer 
Winding that can be used in the machine of FIG. 1; 

[0010] FIG. 4 is a schematic vieW of a partial equivalent 
circuit of the altemator/motor machine of FIG. 1, illustrating 
its functional aspects; and 

[0011] FIG. 5 is a vieW similar to FIG. 2, shoWing an 
example of the machine during a loW or no-load condition. 

DETAILED DESCRIPTION 

[0012] Referring ?rst to FIGS. 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, FIG. 2 shoWs a linear arrange 
ment 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 
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outside rotor. It Will also be understood by the skilled reader 
that FIGS. 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 FIG. 1 as an outside rotor machine in this embodiment, is 
con?gured as an alternator to generate electrical poWer, and 
optionally also as a motor to convert electrical poWer into 
mechanical torque. 

[0013] 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-indepen 
dent poWer Windings 22 (the phases are denoted by the 
circled numerals 1, 2, 3, respectively in FIG. 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 FIG. 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 ?ux bus 32 in this 
application, extends betWeen and at the bottom of the slots 
28b. 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 ?ux 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 ?rst slots 28a hold the poWer 
Windings 22 only, and the second slots 28b hold both the 
poWer Windings 22 and control Windings 24. 

[0014] 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 Wind 
ings, a suitable saturable electromagnetic material for the 
stator teeth and poWer and control ?ux buses, such as 
electrical silicon steels commonly used in the construction 
of magnetic machines. The stator teeth, poWer and control 
?ux busses 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 three-phase con?guration. Each of the poWer Windings 
22 in this embodiment consists of a single conductor Which 
enters, for instance, the ?rst slot portion 28a of a selected 
slot 28 (eg at slot “A”), extends through the slot and exits 
the opposite end of the slot, and then radially crosses the 
poWer ?ux bus 36 to enter the second slot portion 28b of the 
selected slot 28 (eg 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 (eg slot “D” in FIG. 
2), Where the poWer Winding 22 then enters second slot 28b 
and passes along the slot, exits and radially crosses the 
poWer ?ux bus 36, and then enters the adjacent ?rst slot 
portion 28a of the selected slot 28, and then travels through 
the slot again to exit the stator adjacent Where the Winding 
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entered the selected slot 28. The poWer Winding then pro 
ceeds to the next selected slot 28 (eg 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 FIG. 2) and folloW an analogous path, but 
is preferably Wound in an opposite Winding direction rela 
tive to phase 1 Winding 22. That is, the phase 2 Winding 22 
Would enter the selected slot (slot B) via slot portion 28b 
(since phase 1 Winding 22 entered slotAvia 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. 

[0015] MeanWhile, each control Winding 24 is Wrapped 
around the control ?ux bus 32, in a manner as Will noW be 
described. In this embodiment, control Winding 24 prefer 
ably forrns loops around the control ?ux bus 32 (from as feW 
as l to as many as is desired by the designeri25 times is 
preferred in this embodiment, for reasons described beloW), 
Wrapped around the control ?ux 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 
altematingly opposite relative to the poWer Winding 22 of a 
same phase Wound as described above, so that a substan 
tially net-Zero voltage is induced in each control Winding 24, 
as Will also be described further beloW. Preferably, all loops 
around the control ?ux 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 embodi 
ment, 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 total 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 
How in the poWer Windings 22. If the 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. 

[0016] The/each control Winding 24 is connected to a 
variable output current source 50 (see FIG. 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 de?ned by the poWer Winding output current 
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required, divided by the ratio of the number of turns between 
the power Winding and the control Winding. 

[0017] Referring to FIG. 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 ?rst 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' and poWer inductors 22' 
arranged alternately in series. Associated With poWer induc 
tors 22' are a plurality of control inductors 24' (i.e. equiva 
lent to control Winding 24) having saturable cores 32' 
(equivalent to the saturable control ?ux 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 ?ux bus 32 cooperate 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. 

[0018] Referring again to FIG. 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 ?ux Within PM 
machine 10 along a primary magnetic ?ux path or magnetic 
circuit 60. The primary ?ux 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 ?ux to circulate an adjacent secondary 
magnetic ?ux path or magnetic circuit 62. The primary 
circuit 60 and the secondary circuit 62 are thus coupled 
When a current ?oWs in the poWer Winding 22. The second 
ary 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 inter 
actions, etc. occur in respect of the other phases. 

[0019] Primary magnetic circuit 60 includes rotor 12, rotor 
air gap 34, poWer ?ux bus 36 and the portion of stator teeth 
30 betWeen rotor 12 and poWer ?ux bus 36. Primary 
magnetic circuit 60 encircles a portion of the poWer Winding 
22 and, in use as an alternator, causes a current How in the 
poWer Winding 22. Secondary magnetic circuit 62 includes 
poWer ?ux bus 36, control bus 32 and the portion of stator 
teeth 30 betWeen control bus 32 and poWer ?ux 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 ?rst slot 2811 While the 
secondary magnetic circuit 62 encircles the second slot 28b. 
The ?rst slot 28a is preferably radially closer to the rotor 12 
than the second slot 28b. PoWer ?ux 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. 

[0020] A tertiary magnetic circuit 64 preferably circulates 
around control bus 32, as partially indicated in FIG. 2 (i.e. 
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only a portion of the tertiary circuit is shoWn, as in this 
embodiment the tertiary circuit circulates through the entire 
stator 20). The control ?ux bus 32 is preferably common to 
both the secondary and tertiary magnetic circuit paths and 
thus the secondary and tertiary magnetic circuits are mag 
netically coupled. At least a portion of control ?ux bus 32 is 
saturable by the ?ux density of the tertiary magnetic circuit. 

[0021] When operated as an alternator, the machine 10 
permits the output of the poWer Winding(s) 22 to be con 
trolled through a manipulation of current supplied to the 
control Winding(s) 24, as Will noW be described. 

[0022] 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 FIG. 
4. The control Winding 24 shares the secondary magnetic 
circuit 62, hoWever since it is preferably Wound in the same 
direction around the control ?ux bus 32 in each second slot 
28b, as mentioned above, the resulting e?fect achieved is 
similar to that provided by alternatingly reversed saturable 
inductors, and there is preferably substantially no net volt 
age generated Within the control Winding 24 by ?ux in the 
secondary magnetic circuit 62. 

[0023] The application of a DC current from the source 50 
to the control Winding 24 results in a DC ?ux circulating 
circuit 64 in the control ?ux bus 32. At the instant in time 
depicted in FIG. 2, it can be seen that the DC ?ux in tertiary 
magnetic circuit 64 in the control ?ux bus 32 is in the same 
direction in slot A as the AC ?ux in secondary magnetic 
circuit 62, but in slot D the direction of the DC ?ux in 
tertiary magnetic circuit 64 in the control ?ux bus 32 is 
opposite to the AC ?ux in secondary magnetic circuit 62. As 
the DC current is increased in the control Winding 24, the 
?ux density in the control bus 32 is increased such that the 
saturation ?ux density is eventually reached. It Will be 
understood that saturation is reached ?rst in the regions in 
the control ?ux bus 32 Where the AC ?ux and the DC ?ux 
are in the same direction, and that at higher DC control 
currents both regions of the control ?ux bus 32 become 
saturated regardless of ?ux direction, if the current in the 
main phase Winding is not suf?cient to prevent saturation in 
the areas Where the ?ux is in opposite directions. If the 
current in the main Windings 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 ?ux in the secondary magnetic circuit 62 due to the 
current in the poWer Winding 22 is very signi?cantly 
reduced. 

[0024] 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 simpli?es control. Also, since the DC 
control current through the control ?ux bus 32 produces 
magnetic ?uxes in different directions relative to the poWer 
Winding 22, one section of the control ?ux bus 32 Will 
saturate more in one cycle of the AC poWer While another 
section of the control ?ux bus 32 Will saturate more in the 
other, thus tending to equaliZe the control action through 
each half-cycle. 

[0025] Once saturated, magnetic materials substantially 
lose their ability to conduct magnetic ?ux, and as such 
appear to be almost non-magnetic to both AC magnetic 
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forces (H AC) and further changes in DC magnetic in?uence 
(HDC). The net effect of this saturated condition in the 
control ?ux bus 32 is thus to virtually eliminate the induc 
tance due to the secondary magnetic circuit 62, Which 
thereby signi?cantly reduces inductance of the machine 10. 

[0026] Furthermore, as the current How 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 ?ux bus 32 in Which the ?ux directions are instan 
taneously 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: 

Where: NP and NC are the number of turns in the poWer and 
control Windings, respectively, IP and 1C 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. 

[0027] 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 recti?ers. 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 recti?ed 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. 

[0028] 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 suf?cient to 
fully saturate the control ?ux bus 32, such saturation being 
caused by magnetic ?ux ?oWing along tertiary path 64 
induced by current passing though control Winding 24, 
Which is Wrapped around control ?ux bus 32 in this embodi 
ment. When saturation occurs, AC ?ux around the secondary 
magnetic circuit 62 is effectively eliminated, and the mag 
netic 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 cur 
rent is permitted to How in the poWer Winding 22. Therefore, 
the current level provided by controlled current source 
supply 50 can be continuously varied, as required, to regu 
late 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 feedback control circuit is used by 
the control system of source 50 to compare the alternator 
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output voltage (i.e. the output of poWer Winding 22) to a 
?xed reference (eg representative of a desired output 
voltage level(s)), and control can be con?gured 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. 

[0029] Magnetic ?ux preferably circulates the tertiary 
magnetic circuit 64 in the same direction around the control 
?ux bus 32. As mentioned above, although the control 
Winding 24 is provided in the second slots 28b correspond 
ing to a particular phase of the three-phase machine 
described, the poWer Windings 22 are Wound in the opposite 
direction in each ?rst slot 2811 Which is due to the opposite 
polar arrangement of the magnets 14 associated With each 
adjacent ?rst 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 men 
tioned, 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 signi?cant 
AC potential on the control Winding 24. 

[0030] 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 Wind 
ings 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 there 
fore undesirable for this reason. With the present architec 
ture 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 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 ?ux in the 
?rst 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 FIG. 5. The diverted 
portion of the ?ux tends to induce a voltage in the second 
portion of the poWer Winding 22, Which voltage subtracts to 
a voltage induced in the ?rst portion of the poWer Winding 
22. 

[0031] By appropriately setting the relative permeability 
(or reluctance) of the primary magnetic circuit versus a 
branch magnetic circuit portion 61 de?ned the stator, the 
amount of ?ux Which tends to loop through the control bus 
at loW- or no-load conditions can be controlled, Which can 
be used to de?ne the output voltage of the machine under 
no-/loW-load conditions, as Will noW be described. Perme 
ability is determined by the relative cross-sections, magnetic 
path lengths, and materials of the tWo magnetic circuits, as 
Will be discussed further beloW. 

[0032] Referring still to FIG. 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 
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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 ?ux circulating along path 64, Which is Why 
?ux 64 is no longer shoWn in FIG. 5), and the permeability 
of the control ?ux bus 32 increases, since the control ?ux bus 
32 is not saturated. This increase in permeability tends to 
result in a portion of the AC ?ux 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 ?ux bus, to instead loop through the 
control ?ux bus before rejoining the main primary circuit 
path once again, as depicted by dotted line 61 in FIG. 5. 
Thus, the primary magnetic circuit has tWo branches. The 
?ux 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 poWer Windings 22 by ?ux ?oWing 
through the main branch of the primary magnetic circuit, and 
thus the voltage induced by ?ux in branch 61 subtracts from 
the voltage generated in the poWer Windings by the ?ux 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 ?ux passing through the main 
path of the primary magnetic circuit is reduced, as a result 
of part of the ?ux 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 ?ux branches off from the main ?ux path 
to circulate through the branch 61 is dependent on the 
relative permeabilities of the tWo branches of the primary 
magnetic circuit. 
[0033] 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 levelipreferably 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 
con?gured 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 poWer ?ux bus 36 relative to the control 
?ux bus 32. Altemately, a stepped or changing cross-section 
tooth can be provided. Many other possibilities also exist. 

[0034] A suitable design can be achieved by designing the 
poWer ?ux bus to approach saturation at loW poWer Winding 
currents, Which results in some of the rotor ?ux branching to 
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branch 61 to circulate through the control bus 32. The ?ux 
density in the poWer ?ux 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. 

[0035] 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. 

[0036] 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. Pat. No. 6,965,183 Which discloses a multi 
channel architecture concept Which, When modi?ed 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 conduc 
tor, more than one 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 electromag 
netic con?guration suitable (i.e. permanent magnet rotor not 
necessary), and may be provided in an outside or inside 
con?guration, or any other suitable con?guration. Other 
Winding con?gurations 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 con?guration. 
Any suitable saturation means may be used. Although a DC 
source is preferred for control of saturation in some embodi 
ments described above, an AC source may also be used in 
certain circumstances to achieve desired results, as the 
skilled reader Will understand. 

[0037] 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. 

[0038] Still other modi?cations 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 modi?cations are intended to fall Within the appended 
claims. In this application, it is to be understood that the term 
‘alternator’ is sometimes used generically to mean a device 
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used for generating electricity, and is not always intended 
therefore to be limited to a device for generating an output 
alternating current. 

What is claimed is: 
1. A method of controlling an output voltage in a machine 

operable as an electric altemator/ generator, the machine 
comprising a rotor and stator assembly, the assembly having 
a stator including at least a ?rst Winding, the assembly also 
having ?rst and second magnetic circuits and a saturation 
control device, the ?rst magnetic circuit including the rotor 
and encircling at least a ?rst portion of the ?rst Winding, the 
second magnetic circuit encircling at least a second portion 
of the ?rst Winding remote from the ?rst magnetic circuit, 
the ?rst and second magnetic circuits coupled When current 
?oWs in the ?rst Winding, the second magnetic circuit 
including a portion Which is selectively magnetically satu 
rable, the saturation control device being operatively asso 
ciated 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 condi 
tion by alloWing su?icient ?ux to leave the ?rst mag 
netic circuit and circulate through the magnetically 
saturable portion When in an unsaturated condition to 
induce a reducing voltage in second portion of the ?rst 
Winding subtractive from the output voltage. 

2. The method of claim 1 Wherein the step of preventing 
includes alloWing some of the ?rst magnetic circuit to 
circulate into the magnetically saturable portion by selecting 
relative permeabilities of the stator so as to direct suf?cient 
?ux through the saturable portion to induce a suf?cient 
reducing voltage to limit the output voltage to said threshold 
value. 

3. The method of claim 2, Wherein a relative dimension of 
at least one stator portion remote from the ?rst circuit is 
selected to reduce a permeability of the stator relative to the 
?rst magnetic circuit and thereby promote ?ux circulation 
through the magnetically saturable portion When unsaturated 
in the loW/no-load condition. 

4. The method of claim 3, Wherein the at least one stator 
portion is the magnetically saturable portion. 

5. The method of claim 2, Wherein at least one material of 
at least one stator portion remote from the ?rst circuit is 
selected to reduce a permeability of the stator relative to the 
?rst magnetic circuit and thereby promote ?ux circulation 
through the magnetically saturable portion When unsaturated 
in the loW/no-load condition. 

6. 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 ?rst Winding providing alternator output poWer, the 
stator having a plurality of ?rst slots and second slots 
circumferentially around the stator, the ?rst slots 
located closer to the rotor than the second slots, the ?rst 
slots having a portion of the ?rst Winding disposed 
therein, the second slots having another portion of the 
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?rst Winding disposed therein, the stator de?ning a ?rst 
magnetic circuit path around the ?rst slots and a second 
magnetic path around the second slots, the ?rst mag 
netic circuit path in use conducting rotor magnetic ?ux 
to induce a ?rst voltage in the ?rst Winding, the second 
magnetic circuit path in use conducting rotor magnetic 
?ux to induce a second voltage in the ?rst Winding, the 
second voltage opposite in direction to the ?rst voltage, 
the stator having ?rst and second magnetic permeabili 
ties associated With the ?rst and second magnetic 
circuit paths; 

determining a maximum alloWable output voltage of the 
alternator mode When operating under a loW or no-load 

condition; 

con?guring the stator by selecting relative permeabilities 
of the ?rst and second magnetic circuits such that in use 
the induced second voltage is suf?cient large relative to 
the induced ?rst voltage so as to prevent the ?rst 
voltage from exceeding the maximum alloWable output 
voltage. 

8. The method of claim 7, Wherein the step of con?guring 
includes adjusting the relative dimensions of stator portions 
de?ning the ?rst and second magnetic circuit paths. 

9. The method of claim 7, Wherein the step of con?guring 
includes adjusting the relative materials of stator portions 
de?ning the ?rst and second magnetic circuit paths. 

10. The method of claim 7, Wherein the second circuit 
branches from the ?rst circuit, and the method further 
comprises the step of diverting a portion of the magnetic ?ux 
circulating the ?rst circuit to the second circuit. 

11. An electric alternator comprising a rotor, a stator and 
at least a ?rst stator Winding providing alternator output 
poWer to a load, the stator having a plurality of ?rst slots and 
second slots circumferentially around the stator, the ?rst 
slots located closer to the rotor than the second slots, the ?rst 
slots having a portion of the ?rst Winding disposed therein, 
the second slots having another portion of the ?rst Winding 
disposed therein and Wound oppositely relative to the por 
tion in the ?rst slots, the stator de?ning a ?rst magnetic 
circuit path around the ?rst slots and a second magnetic 
circuit path around the second slots, the second path outside 
of the ?rst magnetic circuit path, the ?rst magnetic circuit 
path adapted to conduct rotor magnetic ?ux to induce a ?rst 
voltage in the ?rst Winding, the second magnetic circuit path 
adapted to conduct rotor magnetic ?ux to induce a second 
voltage in the ?rst Winding, the second voltage opposite in 
direction to the ?rst voltage, the stator having ?rst and 
second magnetic permeabilities associated With the ?rst and 
second magnetic circuit paths, the relative permeabilities 
selected such that in use the induced second voltage is 
suf?ciently large relative to the induced ?rst voltage so as to 
prevent the ?rst voltage from exceeding a pre-determined 
maximum alloWable output voltage. 

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 ?rst 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 ?rst magnetic 
circuit and de?ning a portion of the second magnetic circuit, 
the second Winding connected to a current source and in use 
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adapted to selectively energize the second Winding to satu- prevent the ?rst voltage from exceeding a pre-determined 
rate said stator portion, said stator portion being unsaturated maximum allowable output voltage. 
in a “no-load” condition When substantially no current is 14. The invention as described in the attached speci?ca 
draWn from the ?rst Winding by the load, and Wherein during tion and draWings. 
in this “no-load” condition the induced second voltage is 
su?iciently large relative to the induced ?rst voltage so as to * * * * * 


