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1 SW TCHE® RELUCTANCE GENERATORS This invention relates to swtched

re‘“} uct ance generator systrens and net hods of operating swtched reluctance 5
'generators Swi tched reluctance (SR) generators, like SR notors, use
electronlc switching circuits. These circuits inject energy fron1a
v@Ttage source into one or nore phase 10 1w ndings over a prescribed
range of rotor angle and receive back fromthe phase w ndi ng(s) over a

~ later range of rotor angl e a larger quantity of energy than previously

i njected. S ELUCTAN ENERATORS nechani cal energy, inparted to
.the generator rotor by 15 applylng a torque in the direction of
rotation. The i.nductance of a phase w nding varies according to the degree
of overlap betTeb® ingentienr rgdpEssotot ¥l tehade rGilvetRRcam FafratRor

poles as they gpi@éfs and weBHLBE of operating switched reluctance
5 generators.

Switched reluctance (SR) generators, like SR motors, use
electronic switching circuits. These circuits injéct
energy from a voltage source into one or more phase
10 windings over a prescribed range of rotor angle and
receive back from the phase winding(s) over a later range
of rotor angle a larger gquantity of energy than
previously injected. This additional energy is
mechanical energy, imparted to the generator rotor by
i5 applying a torque in the direction of rotation.

The inductance of a phase winding varies according to the
degree of overlap between the stator poles of that phase

- winding and the rotor poles as they rotate. If winding
20 current is predominantly occurring while the winding
inductance is increasing (i.e. the overlap 1is

increasing), the magnetic force on the rotor pole tends
to increase overlap. This is the basis of motoring.

25 If the winding current is predominantly occurring while
the winding inductance is decreasing (i.e. overlap
decreasing), the magnetic force is opposing the
separation of the rotor and stator poles. This
separation against the magnetic force demands an input of

30 - mechanical energy to the rotor which is converted in the
machine into electrical energy in the form of an
increasing winding current. To achieve generation,
current must be established in the winding while the
inductance is high so'that the opposing magnetic force is




.20 current is predom nantly occurring while the w nding inductance S
i nCy easi ng (i.e. t he overl ap i's increasing), the magnetic force on
the rotor pole tends to increase overlap. This is the basis of notoring. 25
If the winding current is predom nantly occurring while the w nding

i #duct ance is decreasing (i.e. overlap dee easing), the magnetic force
IS opposing the separation of the rotor and stator poles. Thi s
separation agai nst the nagnetic force denmands an input of 30 nmechani cal
energy to the iarge dhiréhgi potensepardtiont he machine into electrical
energy in the formof an increasing w nding current. To achi eve
generation, current nust be established in the w nding while thg |nguctance
i's high so thaThehes®pposions iskgnstdion fof céknawn electronic switching

circuit can be used for both motoring- and generating
5 operation by adjustment of the range of rotor angle over
which energy is injected into the windings and over which
energy is received from the windings. Examples of prior
art electronic switching circuits are shown in Figures 1
and 2. Figure 1 shows a machine with N phase windings in
10 which each phase winding comprises two separate sections
wound together in a way which reduces, as far as
possible, the'leakage inductance between them. One of
these sections is used to inject energy into the machine
and the other to receive energy returned from the
15 machine.

Figure 2, although showing two parallel winding sections

to clarify the comparison of I?R winding losses between
Figures 1 and 2, can equally well utilise the single

20 section for each winding. In Figure 2 both switches
within each of the two switching circuits must be closed

; to inject energy from the supply into the winding and
both switches must be open for the supply to receive

energy from the windings. A beneficial third switching

25 configuration exists when one switch only is closed. In
- this configuration winding current is free to circulate
through one switch and one diode. This is known as
‘freewheeling’. 1In this mode energy may be transferred
between the mechanical parts, including the rotor and the

30 electrical circuit, but not to or from the electrical

supply.

It will be appreciated that the use of the term
'‘electrical supply’ indicates an electrical storage

e T



2 | arge during pole separation. The sanme configuration of known el ectronic
swi'tching circuit can be used for both notoring and generating 5

operation by adjustnent of the range of rotor angle over which energy is
injected into the wi ndings and over which energy is received fromthe
wi*ndi ngs. Exanpl es of prior art electronic 8witching circuits are shown in
Figures 1 and 2. Figure 1 shows a machine with N phase windings in 10
whi ch each phase_w ndi ng_conprises two separate sections wound together in

a way which red #85icswhichasiposdills ebotine toeakmirct neuersvc elpbondeie
them One of thaseesREdF S | SoHSES 41 IFHAE SRBIEY Jdid-dihay MadYd1g, and

the other to receilve energy returned.fromthe 15, [~ machine. Figure Z,
al t hough shomﬁné)\ﬁ?ﬁ%ﬁ%il%ﬂemFﬁHPﬂb @%EPFOEQrt6néFSFPP9 EReTSY& itd¥h of
[err] wi nding | cesesrdsimeand the means for absorbing the energy, whether

5 for storage or direct use, may be separate and distinct
entities. For the sake of convenience, the term "load"
will be used hereafter to refer both to the electrical
supply and associated storage devices and other separate
or combined means by which energy passes both to and from

10 the generator.

Because, in the circuit of Figure 1, current flows in one
winding section only, except during a brief period while

the current transfers from one section to the other, the

15 sum of the root mean squared [RMS] currents for the two
sections taken separately exceeds the RMS value of the

sum of the currents taken together. This means that the

I°R winding losses for Figure 1 are greater than those for

the arrangement shown in Figure 2 in which the two

. 20 sections have been connected permanently in parallel and
additional electronic switching circuitry has been added

to provide . for the injection and reception of winding

~ energy. '

25 Other switching circuit configurations have been
proposed. These generally have the aim of reducing the
total number of electronic switches from two per phase
(as shown in Figure 2) to a smaller number in total, but
always more than one per phase (as shown in Figure 1 )

30 while still trying to avoid two winding sections for each
phase, as shown in Figure 1. For generation purposes,
the angle range over which energy injection occurs
coincides with the phase winding having a relatively high
inductance (fesulting from substantial angular overlap




Figures 1 and 2, can equally well utilise the single 20 section for
egqh wi ndi ng. In Figure 2 both switches within each of the two sw tching
circuits nust be closed to inject energy fromthe supply into the wi nding
and both switches nust be open for the supply to receive energy fromthe
wierfdi ngs. A beneficial third switching 25 4 configuration exists when one
switch only is closed. In this configuration wi nding current is free to
C|rculate t hrough one switch and one di ode. This is known as

'freewheel i ng' . Betwders nhdesea@pgypm%paxpﬁr%h@tephééebémﬂeémqPﬁﬁareSt
nmechani cal parts, éﬁeﬂg?'gg the %ﬂs{‘%&ﬁ@cé@ce cygj_g;:trl Cahig r£ali dn

but not to or fron1 ectrlca supply be appreciated that,the
use of the termeenteast ckd BAPPring | PRFRRERS %ﬁiwﬂ%ﬁkﬁghﬁupéﬂ%ﬁaﬁknél

receiving energy from the electrical supply generally has
5 relatively low 1nductance (resultlng from little or no
angular overlap between the stator poles of that phase

and the nearest rotor poles in a phase inductance cycle).

It is an object of the invention to provide a switched-
10 reluctance generator in which the proportion of the phase
inductance cycle in which unwanted torque is produced is
reduced, thereby making the machine more efficient in a

genexrating mode.

15 According to the present invention there is provided a
switched reluctance generator system comprising a rotor,
a stator having at least one phase winding, switch means,
means for supplying enefgy to the phase winding according
to actuation of the switch means, means for rotating the
. 20 rotor relative to the stator and control means operable
t¢ control the switch means, the control means being
arranged to actuate the switch means to switch a first
voltage from the means for supplying energy across at
least part of the phase winding to cause flux growth at
25 a first rate during a first part of a phase inductance
cycle, and being arranged to actuate the switch means to
switch a second voltage across the phase winding to cause
flux decay at a second rate, which second rate of decay
is slower than the first rate of flux growth, rotation of
30 the rotor causing energy to be generated at the second
voltage from the phase winding during the second part of

the phase inductance cycle.




3 device which is able both to inject energy into the generator and absorb
ang store energy generated thereby. O course, the actual neans for

i njecting energy to the generator and the neans for absorbing the energy,
whet her 5 for storage or direct use, may be separate and di stinct
entities. For the sake of convenience, the 5erm"load" will be used
hereafter to refer both to the electrical supply and associ ated storage
devices and other separate or_ conbi ned nmeans by which energy passes both to
and from 10 Imenserfarm of the dpventieon Hdeifiqst vefltRggurie Langan ent

flows in one Wi RYNY tIRE RO Vo1 tREFEP! 1Y iy lfrdxefsuwllﬁqlgﬂﬁadeer e

current transfers fromone section to the other, th um-of the r oot
mean squared [ RWEY &M e Hon w%a%§%w%da@%mé&@é@d
the RMVS val ue ofmayhebe constituted by an electrical energy storage

5 device. In this case, the system may also include
voltage boosting means to boost the voltage received at
the second voltage and delivered at the first voltage,
said boostihg means including additional switch means.

10 In an alternative form of the invention the first and
second voltages may be substantially the same. The rate
of flux growth is determined by applying the voltage to
one of two parts of the phase winding and the rate of
flux decay is determined by subsequently applying one or

15 other of the said voltages across the greater inductance
of the two parts of the phase winding to cause flux decay
at the slower rate.

Preferably, the two parts of the phase winding are

. 20 closely magnetically coupled. They may be connected in
series. Conveniently, the two parts of the phase winding
are bifilar wound.

Also according to the present invention there is provided
25 a method of operating a switched reluctance generator
comprising ‘a rotor and a stator having at least one
stator winding, the méthod comprising:
rotating the rotor;
switching a first voltage across at least part of
30 the phase winding during a first part of a phase
inductance cycle to cause flux growth at a first rate
during the first part of the phase inductance cycle;
switching a second voltage across the phase winding

during a second part of the phase inductance cycle to



sum of the currents taken together. This nmeans that the [err] w nding
| osses for Figure 1 are greater than those for the arrangenment shown in

Figure 2 in which the two 20 sections have been connected pernmanently
in parallel and additional electronic switching circuitry has been added to
provide for the injection and reception of wj nding energy. 25 O her

swtching circuit configurations have been proposed. These generally
have the ai mof reducing the total nunber of electronic switches fromtwo

per phase (as shewisen fRvgUdR Ay 0 aa Séé‘:&drﬁi faﬁé)erwhlrbﬁ Oé@éon@Uiaaémafs
“nore than one pe

to avoid two mAnGFﬁg%ng%|5ﬂ§Q¥%$ é@% gﬁﬁ%eé1%§tsﬁ3ﬁﬁ ﬂﬁk % e, ¢ tréb

gener ati on pur poslesinghéhangleeonsdngparty el whecphasergyduaﬁanbeonyudeurs
coincides with the phase wi nding having a relatively high inductance

(resultlng from substanti al angul ar overlef
In one form of the method the first voltage is larger

than the second voltage.

Alternatively, the first and second voltages may be
substantially one and the same voltage. This aspect of
10 the method may include applying the one voltage to one of
two parts of the phase winding during the first part of
the phase inductance cycle; and applying the said voltage
to both parts of the phase winding during the second part
of the phase inductance cycle.
15 '
The invention also extends to a generator comprising:
a rotor; a stator having at least one phase winding, the
rotoxr being rotatable relative to a stator; switch means;
and control means operable to control the switch means,
- 20 the control means being arranged to actuate the switch
means to switch a first voltage across at least part of
o the phase winding to cause flux growth at a first rate
during a first part of a phase inductance cycle of the
rotor, and being arranged to actuate the switch means to
25 switch a second vdltage across the phase winding to cause
flux decay at a second rate, which second rate of decay
is slower than the first rate of flux growth, rotation of
the rotor causing energy to be generated at the second
voltage from the phase winding during the second part of
30 the phase inductance cycle.

Typically, the switch means comprise an active switch,
such as a semiconductor device, and a diode which are
arranged so that energy injection to cause flux growth




4 between the stator poles of that phase and the nearest rotor poles in a

phasge i nductance cycle). This is in contrast to notoring purposes in
whi ch the phase wi nding receiving energy fromthe electrical supply
generally has 5 relatively |l ow inductance (resulting fromlittle or no

-angul ar overlap between the stator poles of t/hat phase and the nearest

rotor poles in a phase inductance cycle). It is an object of the invention
to provide a switched 10 rel uctance generator in which the proportion
of the phase inductaure odluire itheshachivewaswiitch origuecpadprtduged esergy

reduced, thereby prkipg Efeenan?@%&ﬁeﬁﬂfoﬁ fb&é&P% Jvﬂef’i‘ OR0CLELIDE BR¥Ecn1S

Accordlng to the present T nventl ere rovi
is non-conducting and w1nd1ng current is constrained to

flow through the diode.

The period of energy injection into the generator from
the electrical supply is associated with the build up of
magnetic flux 1linkage with a phase winding by the
connection of the supply voltagé across the whole or part

10 of that phase winding. The recovery of energy by the
supply is associated with the decay of nmgnetic flux
linkage and the conduction of only the diodes connected
with that winding. It is advantageous to make tge
increase in £flux more rapid than its decay because

15 minimising the length of time that the flux is present
while the phase inductance is rising will minimise the
production of unwanted (motoring) torque.

The present invention can be put into practice in various

20 ways some of which will now be described by way of
example with reference to the accompanying drawings in
which:

Figures 1 and 2 are circuit diagrams of known switched
25 reluctance generator switching circuits;

Figure 3 is a circuit diagram of a first embodiment of
the invention;

30 Figures 4 and 5 are circuit diagrams of alternative
voltage boosters for use in the circuit of Figure 3;

Figure 6 is a circuit diagram of a second embodiment of
the invention;



sw tched rel uctance generator systemconprising a rotor, a stator having at
| east” one phase wi nding, swtch nmeans, neans for supplying energy to the
phase w nding according to actuation of the switch neans, neans for

rotating the 20

rotor relative to the stator and control neans operable

to control the switch neans, the control nears being arranged to actuate
the swtch neans to switch a first voltage fromthe neans for supplying

energy across at |east part of the phase winding to cause flux

rowth at 25

a first rate duri B§oureprst g@ad 8f arghgiscrigucdbageanyclof agaeseaﬁéve
arranged to actuayglthgesybbsleBafdrt AseWihCRha ¢3¢endtVolrt #9guaer @ss the
phase wi nding to cause flux decay at a second rate, which second rate of
decay is slower than the first rate of flux growh, rotation of 30 t he
rotor causing eneFggure iBe igeneraiecudt Ahagramond \likwipsl f ¢vibodivenbase
wi ndi ng duréng thghgecond paLt of hhe phase i nductance cycl e.
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Invention; an
Figure 10 is a schematic diagram of a generator system in
which the invention may be incorporated.

Referring generally to Figures 3 to 8, in a first
particular form. of the invention a configuration of
electronic switching circuit for a switched reluctance
generator provides a higher voltage source for the
purpose of energy ihjection into the generator windings
than the voltage of the load providing the electrical
storage capability into which the windings return energy,
the returned energy exceeding the injected energy. A
feature of this form of the invention is the provision,
as part of the electronic switching circuit, of a circuit
which takes energy from the load at a lower voltage and
converts this to a higher voltage for injection into the
generator windings for flux growth at a greater rate
because of the higher voltage. The lower voltage is
applied across the winding during flux decay so that the
decay is more gradual. This circuit conveniently takes
the form of the well-known boost converter using high
frequency switching and energy storage technology.

Referring particularly to Figure 3, a switching circuit
for a switched reluctance generator 9 is connected with
each of three phase windings 10, 12 and 14 of the
switched reluctance geﬁerator. Each of the phase
windings is mounted oﬁ a stator defining stator poles
that are induced with a magnetic polarity by excitation




5 1n one formof the invention the first voltage is |larger than the second
val'tage. The neans for supplying energy may al so be neans for absorbing the
generated energy and nay be constituted by an electrical energy storage 5
devi ce. In this case, the systemnmay al so include voltage boosting neans
t @ ‘boost the voltage received at the second ol tage and delivered at the
first voltage, said boosting neans including additional switch nmeans. 10

In an alternative formof the invention the first and second vol tages may
be substantial |y PhetBanewitghedawingdingsux Hreekor ks deelertedediphyin the

appl yi ng the vol t 3ggtbe 29e 6 d¥eeRal Sapivé Nheorhasee BEi BY RtbE hensst e
of flux decay is deteLn1ned bX subsquently appl¥:ng one_or )
whic constitutes he neans by “which the rotor is

rotated.

Each phase winding 10, 12, 14 has a switch 16, 18, 20,
respectively serially connected, at one end. The other
ends of the phase windings of the generator 9 are
commonly connected with a first terminal 22 of a boost

10 converter 24. The switches are commonly connected to a
second terminal 26 of the boost converter 24. A
generator load 28, including an electrical storage
device, serves as a sink for energy from the generator
and as a source of excitation energy for the windiné.

15 The load 28 has a positive terminal also connected with
the first terminal 22 of the boost converter 24 and,
therefore, With the other ends of the commonly connected
windings. A negative terminal of the load 28 is
connected with a third terminal 30 of the boost converter

20 24. Recirculating diodes 32, 34, 36 are respectively
conﬁected to conduct from the negative terminal of the
load 28 to the one end of its associated phase winding
10, 12, 14.

25 The boost converter 24 can take the form shown in Figure
4 or Figure 5, for example. In Figure 4 a boost
transistor 40 is connected with the third terminal 30 and
with a boost diode 42 which is connected to conduct
toward the second terminal 26. An inductor 43 is

30 connected from between the serially connected boost
transistor 40 and the diode 42 to the first terminal 22.
A first '‘capacitor 44 is connected across the serially
connected boost transistor 40 and boost diode 42, i.e.
between the second and third terminals 26 and 30. A



15 ot her of the said voltages across the greater inductance of the two
pafts of the phase winding to cause flux decay at the slower rate.
Preferably, the two parts of the phase wi nding are 20 cl osely
magnetically coupled. They may be connected in series. Conveniently, the
"two parts of the phase winding are bifilar wblnd. . Al so according to the
present invention there is provided 25 a net hod OL operatinP a sw tched
rel uctance generator cqnprising a rotor and a stator having at |east one
stator wi ndigng, tﬁ%c%ghﬁ’&p Tsi%fy: 13 oFAERRGEeReLrEWERT Silfer dHiNRS sand
first voltage acrobirdtteemihapar 220and030 oft bRe BBBSE c¥hiErBErdgaing a
first part of a phase inductance cycle to cause flux growh at a first
rate during the first part of the phase inductance cycle; .

In Figure 5 the boost converter is similar to that in

5 Figure 4, but has its first capacitor connected between

the first and second terminals 22 and 26. Again, this is

a well known boost converter circuit and it will not be
~described in further detail here.

10 The switches 16, 18 and 20, shown schematically in Figure
3, are typically electronic switching devices, e.g.
transistors such as insulated gate bipolar transistors
(IGBT’s) or similar power semi-conductor devices that
will be within the contemplation of the skilled persoﬁ.

15 |
The boost converter 24 is used to provide a higher
voltage supplied to the phase winding during a first part
of the phase inductance cycle the voltage otherwise
available "from the load 28. The transistor 40 is

20 switched at high frequency, typically around 10-100 kHz.

When the transistor 40 of the boost converter conducts,

energy is transferred from the load 28, smoothed by the

_ second capacitor 46, to the inductor 43. When the

25 transistor 40 then becomes non-conducting, energy at a

boosted voltage is transferred (in the case of the

circuit of Figure 4) from the inductor 43 and the load 28

. to the first capacitor 44 via the diode 42 and thence to

the three switches 16, 18, 20 which inject enexrgy in turn

30 into the generator windings 10, 12, 14. The switches 16,

18, 20 are operated at appropriate angles of rotation of

the rotor in accordance with well-known switched
reluctance generator timing practice.

N iR



switching a second vol tage across the phase w nding during a second part of

the .phase inductance cycle to 6 cause flux decay at a second rate, which
second rate of decay is slower than the first rate of flux growth, during
the second part of the phase inductance cycle. 5 In one formof the

nefhod the first voltage is larger than thel¥econd voltage. Alternatively,
the first and second voltages may be substantially one and the sane
vol tage. This asEect of 10 t he ‘met hod may i ncl ude appl yi t he ane.
vol tage to one ofnt#Beparee of T Phase Y EWFBUrThEPend %F§Prp§r3t 8¢
me pﬂase I_ndg_ct apensgrered asl enel Yingtt heageaiitomw! agebue belid paetrgyof
© phase wn Ingnggékgg EHEOStCQQ§E£§¥5tor windings is also derived from
the first capacitor 44 and the load 28, smoothed by the

5 gsecond capacitor 46.

The energy, at the boosted voltage, initially injected
into each of the generator windings 10, 12, 14, during
conduction of the corresponding switch 16, 18, 20, is
10 increased by SR generator action as a result of the
mechanical power rotating the rotor of the SR generator.
Thus, when any of the .switdhes 16, 18, 20 is opened
during its phase inductance cycle, the energy returned to
the load 28, via the associated diode 32, 34, 36 exceeds
15 the injected energy previously drawn from the load 28 at
the load supply voltage. Over one or more full cycles
of ‘the SR generator, the surplus energy is available to
power the load 28 as an electrical energy storage device
and/or as 4 sink of electrical energy.
20
Another embodiment of the first form of the invention is
" shown in Figure 6 together with alternative boost
converter circuits therefor in Figure 7 and 8. In
keeping with Figures 3 to 5, like components have been
25 accorded like numerals. The circuit of Figure 6 is in

effect a rearrangement of the circuit in Figure 3.

In Figure 6 the current flow through the windings 10, 12,
14 is in the opposite direction to that in the windings
30 in the arrangement of Figure 3. The polarity of the load
28 is reversed and the conducting direction of the diodes
32, 34, 36 and of the switches 16, 18, 20 are reversed
i.e. all polarities and current directions are reversed.
Essentially, the performance of the circuit of Figure 6



of the phase inductance cycle. 15 The invention also extends to a generator
comprising: a rotor; a stator having at |east one phase w nding, the rotor
being rotatable relative to a stator; switch neans; and control neans
operable to control the switch neans, 20 “the control neans being
arranged to actuate the switch neans to switth a first voltage across at

| east part of the phase winding to cause flux growth at a first rate during
a first part of a phase inductance cycle of the rotor, and being arranged
to actuate the swibcheqeivalent 230 thewi tef Figawend3vorndgerkkl osh hbe

phase winding to ﬁ%ﬁé?ﬁégﬁxiﬁe%ﬁ*tﬁbrad§F99thE§E¢’ whi ch second rate of

decay is slower t Irst rate of ux growth, rotation of the rotor
causing energy to be generated at the second voltage fromthe phase w ndi ng

during the secondppablkd®hg3@o a ddtorgsert Elicd@anESrey6fethe invention,

5 an SR generator is proVided with three phase windings
each of which is made up of two sections which are
closely coupled magnetically and which are connected so
Ithat, when a current is passed through both sections of
a phase winding, the flux produced by each section is in

10 the same direction. The circuit of this particular form

of the invention is shown in,Figure 9.

In Figure 9, each of three phase windings is made up of
first and second serially connected winding sections 56,
15 54 and 58; and 52, 56 and 60. A load 62 has a negative
terminal connected to one end of each of first switches
64, 66, 68 which are respectively connected between each
of the corresponding pair of winding sections. Similarly,
each of three -second switches 70, 72 and 74 is
20 respectively connected to the opposite end of the
corresponding first winding 50, 54, 58. Each of three
diodes 76, 78 and 80 is respectively connected to conduct
from the negative terminal of the load 62 to the opposite
end of the corresponding first winding 50, 54, 58. The
25 positive terminal of the load 62 is connected to each of
three further diodes 82, 84 and 86 which are also
respectively connected with the opposite ends of the
corresponding second winding sections 52, 56 and 60.

.30 As with the previous form of the invention, the switches
64 to 74 are electronic switching devices using
transistors, such as IGBT'’s or the like.



Typically, the switch means conprise an active switch, such as a
sem.conductor device, and a diode which are arranged so that energy
injection to cause flux growh 7 occurs when the active switch is
conducting, energy return (i.e. regeneration) occurs when the active swtch
i s~non-conducting and winding current is constrained to flow through the

di ode. 5 The period of energy injection into the generator fromthe
electrical supply is associated with the build up of magnetic flux |inkage
with a phase w néhey dynfigucanbert pbn Rifgutee Suppeples| enpracrbsant e

whol e or part 104,59 2 WRlpPNETfedtdd 119 turd NEntECONE" ¥t i8HCDEY A):H he
phase winding over prescribed ranges of rotor angle, as
discussed above, and enables the return of energy from
5 both sections of each phase winding over a later range of
rotor angular movemerit, the returned energy exceeding the
injected energy as a result of mechanical effort rotating
the rotor of the SR generator.

10 The circuit of Figure 9 is so configured that the full
| voltage of the load 62 is applied to one section of a
selected one of the phases during energy injection, but
the two sections of a phase are connected in series
across the load 62 when energy is being returned. i
15
Energy from the load 62 is injected into the first
winding sections 50, 54 and 58 in turn by closing the
pairs of switches 70 and 64; 72 and 66; 74 and 68,
creating in the -corresponding winding section in turn
20 current which flows from the load 62. When the pair of
switches 70 and 64, 72 and 66, 74 and 68 associated with
each phase are opened, the currents flowing in the
winding sections 50, 54, 58 transfer, in part, to the
second winding sections 52, 56, 60 respectively such that
25 the flux associated with each phase is substantially
unchanged. The current flowing in the two winding
section's together is then increased by SR generator
action, so that more energy is returned to the load via
the diodes 76 and 82, 78 and 84, 80 and 86, to the load
30 62 than is taken from it during energy injection, as a
| result of mechanical effort rotating the rotor of the SR
generator. '



supply is associated with the decay of magnetic flux |inkage and the

conduction of only the diodes connected with that w nding. It is
advant ageous to make the increase in flux nore rapid than its decay
! because 15 mnimsing the length of tinme that the flux is present while

t he* phase inductance is rising will mnimsé4he production of unwanted
. (notoring) torque. The present invention can be put into practice in
: various 20 ways sonme of which will nqw be des¢ribed by way of exanpple

_with reference t i AdATRHIFAThENE 40RAgE2i APRALEH: L7 e st asa i Bdne
. circuit diagrans gdctkivnabahé Chebehines Aekdlhanoelgehaghl AatwMdE N Ngx

circuits; Figure 3 is.a circuit_.diagram of first e di t of the .
Cventi on: 30 © SEdRl g S tie R Andicudiits amtind e, tead ez is
vol t age boosters dmplim@ Bprbbe diheuphasé mMigidieg3;as a whole the same
5 voltage determines a lower rate of flux decay because of
the increased inductance.

In a particularly useful form the two sections of each
phase winding have equal numbers of turns and are wound

10 in a bifilar manner to.maximise the magnetic coupling
between the two sections of a phase. The resulting close
coupling assists the transfer of current between the two
sections.

15 In keeping with the typical prior art switching circuits,
there are two active switches in this embodiment for each
phase winding. After energy has been injected into omne
of the winding pairs, say 50/52, as described above it is
then possible to transfer energy between the rotor and

20 the winding in a freewheeling mode by turning off one of
the associated switches without passing current to, or
taking current from, the load 62 and to turn off the
second switch after a delay amounting to a fraction of
the phase inductance period. This actuation of switches

25 in the freewheeling mode after energy injection, but
before the return of energy to the load, provides an
extra degree of freedom for the control of SR generators,
particularly at low speed.

30 For the sake of clarity Figure 10 shows a switched
reluctance generator system in which the invention is
usable. ' The system consists of a prime mover 90 (for
example an internal combustion engine) which is operably
connected with the shaft of a rotor 92 which is part of



Figuré 6is acircuit di agram of a second enbodi nent of the invention;
Figures 7 and 8 are circuit diagrans of alternative voltage boosters for
use in the circuit of Figure 6; Figure 9 is a circuit diagramof a third

enbodi ment of 5 the invention; and Figure 10 is a schematic di agram of
a -generator systemin which the invention nma¥5be incorporated. 10
Referring generally to Figures 3 to 8 in a first particular formof the

i nvention a configuratiqn of electronic switching circuit for a swtched
rel uctance generatBf Fafrhed Fedugancromagidng fee (BR Ehispampediment
energy injection angRré8cpHaS8MAGKiNé 'TE NASlustrated. This is controlled

by a switching circuit 96 which controls the energy in
_ the three phase windings through connections 98 under the
5 control of a contreller 100. The energy supply and
return controlled by the switching circuit is to and from
a common battery unit 102 acting as the load.

At low speed the energy injection can be performed using

10 the circuit of Figure 9 as described above. The energy
returned to the load (i.e. generated) can involve
alternate periods of freewheeling and energy return in a
phase inductance cycle. During the freewheeling period
the winding current increases, drawing energy from the

15 rotor. During energy return energy, with the additional
contribution from the rotor, is returned to the load.
The use of the alternate periods of freewheeling and
energy return may be referred to as ’‘chopping’. At low
speeds the chopping mode can be used to increase the

20 duration in which current can be drawn from the
generating system, thus enabling the extended duration to
be a greater fraction of the phase inductance cycle.

In general the invention increases the proportion of a
25 phase inductance period available for generating and
reduces the proportion in which motoring takes place.
Thus, while the invention has been described in
connection with the illustrative embodiments discussed
above, those skilled in the art will recognise that many
30 variations may be made without departing from the present
invention. Accordingly, the above description of several
embodiments is made by way of example and not for
purposes of 1limitation. The present invention is
intended to be limited only'by the spirit and scope of



15 than the voltage of the |load providing the electrical storage
capability into which the windings return energy, the returned energy
exceedi ng the injected energy. A feature of this formof the invention is
the provision, as part of the electronic switching circuit, of a circuit 20
which takes energy fromthe load at a | ower w@l tage and converts this to a
hi gher voltage for injection into the generator w ndings for flux growh at

a greater rate because of the higher voltage. The | ower voltage is
appl i ed across t h&ha dgildewimd d-afimsx decay so that the 25 decay is
nore gradual . This circuit conveniently takes the formof the well-known

boost converter using high frequency sw tching and energy storage

technol ogy. Referring particularly to Figure 3, a switching circuit 30

for a swtched reluctance generator 9 is connected with each of three phase
wi ndi ngs 10, 12 and 14 of the switched reluctance generator. Each of
the phase - '

R -t o vs



wi ndi ngs is nounted on a stator deflnlng stator poles that are |nduced W
a_.magnetic polarity by excitation 9 of the switched windings rot-or

rotated within the stator by an external drive connected to a rot

whi ch constitutes the neans by which the rotor is rotat ed I EHM“'“ ﬂi
wi-adi ng 10, 12,

connected, at one end. The ot her ends of the phase mﬁndlngs of the

th

I o

14 has a swtch 16, 18, 20, lnespectlvely s

generator 9 are comonly connected with a first terminal 22 of a boost 10

converter 24.

PIAEME £ ches are commonly connected to a second termnal

of the boost converter 24. A

10

15

20

25

30

1. A switched reluctance generator system comprising a
rotor; a stator having at least one phase winding, switch
means, means for supplying energy to the phase winding
according to actuation of the switch means, means for
rotating the rotor relative to the stator and control
means operable to control the switch means, the control
means being arranged to actuate the switch means for
supplying energy at a first voltage across at least part

- of the phase winding to cause flux growth at a first rate

during a first part of a phase inductance cycle, and
being arranged to actuate the switch means to switch a
second voltage across the phase winding to cause flux
decay at a second rate, which second rate of decay is
slower than the first rate of flux growth, rotation of
the rotor causing energy to be supplied at the second
voltage from the phase winding during.the second part of
the phase inductance cycle.

2. A system as claimed in claim 1 in which the first
voltage is larger than the second voltage.

3. A system as claimed in claim 1 or 2, including
voltage boosting means arranged to receive the energy
generated at the second voltage and to boost it” to
another voltage. |

4. A system as claimed in claim 3 in which the voltage
boosting means are arranged to boost the energy generated
at the second voltage to the first voltage.

5. A system as claimed in claim 1 in which the phase
winding is tapped such that the first voltage is applied

S :

h i|||

26



generator load 28, including an electrical storage device, serves as a sink
for energy fromthe generator and as a source of excitation energy for the
wi ndi ng. 15 The | oad 28 has a positive termnal als ﬂmnmumummmuhe
first termnal 22 of the boost converter 24 and, theref

efids of the comonly connected wi ndings. 18 negative termital ™ of the
load 28 is connected mnth a third terninal 30 of the boost converter 20 ~
24. Reci rcul ati ng dl% 32, 34, 36 are respectively connected to conduct
from the. negativ&® e nitriFtofPife PladB® PHaske BHMNG and t&hes§660RCed
phase wi ndi ng 10vol2agkd 1525pp11e'51%.d}.€6§é tHaVELI € dddCcaacbaliephirest @Frm
shown in Figure % Qr gggur% for exanpl e. In Figure 4 a boost
transistor 40 is g@n &d I)the third termnal 30 and with a boost

di ode 42 which is connected to conduct toward the second termnal 26.

An inductgr

43618 p system as claimed in claim 5 in which the first
and second voltages are substantially the same.

7. A system as claimed in claim 5 or 6 in which the
first and second parts of the phase winding are arranged
10 to be closely magnetically coupled.

8. . A system as claimed in claim 6 or 7 in which the

first and second parts of the phase winding are connected

-

in series.

15
9. A sYstem as claimed in claim 7 or 8 in which the
first and second parts of the phase winding are bifilar
wound .

20 10. A system as claimed in any of claims 1 to 9 in which
the means for supplying energy comprise an electrical
storage device.

11. A system as claimed in claim 10 in which the

25 electrical storage device is also arranged to absorb the
energy generated at the second voltage.

12. A method of operating a switched reluctance
generator comprising a rotor and a stator having at least

30 one stator winding, the method comprising:

rotating the rotor;

switching a flrst voltage across at least part of
the phase winding during a first part of a phase
inductance cycle to cause flux growth at a first rate



30 connected from between the serially connected boost transistor 40
and the diode 42 to the first termnal 22. A first CapdbitUI 4418

connected across the serially connected boost transi st |ode

42, i.e. between the second and third term nals 26 an4ﬂ@ E Bﬂiﬂu! cond

capacitor 46 is connected between the first apd third *erm

of the boost converter 24. In Figure 5 the boost converter is S|n1Iar to '
that in 5 Figure 4, but has its first capacitor connected between the
"first and second temingalthe?Z iansdt 2artAgiinhetbhasbsiaduetbnbeowycbeost

- converter circuit and ig, ighhhﬁ%a% gﬁacbbgﬁggénaE#EEQeEhgeﬁﬁégehgiﬁdlﬁg

The switches 16, 18 ang Remat
: during a second part of the phase 1nductance cycle to

cause flux decay at a second rate, which second rate -of
5 decay is slower than the first rate of flux growth,

during the. second part of the phase inductance cycle.

13. A method as claimed in claim 12 in which the £first
voltage is larger than the second voltage.

10
14. A method as claimed in claim 13, including boosting
the second voltage to the first voltage.

15. A method as claimed in claim 12, including applyiﬁg
15 the first voltage to one of two parts of the phase
winding during the first part of the phase inductance
cycle and applying the second voltage to both parts of
the phase winding during the second part of the phase
inductance-cycle; |
20
16. A method as claimed in claim 15 in which the first
and second voltages are substantially the same.

17. A switched reluctance generator comprising:

25 a rotor; a stator having at least one phase winding,
the rotor being rotatable relative to a stator; switch
means; and control means operable to control the switch
means, the control means being arranged to actuate the
switch means to switch a first voltage across at least

30 part of the phase winding to cause flux growth at a first
rate during a first part of a phase inductance cycle of
the rotor, and being arraﬁged to actuate the switch means
to switch a second voltage across the phase winding to
cause flux decay at a second rate, which second rate of



3, are typically electronic swtching devices, e.g. transistors such as
I n3u] ated gate bipolar transistors (I GBT' s) or simlar power sem -conductor

devices that will be within the contenplation of the ski” m ] hF
boost converter 24 is used to provide a higher voltage s mﬂmmﬁm b
i

*

. phiase winding during a first part of the pha3@ inductance*cytle tie Vol tag
- otherw se available fromthe |oad 28. The transistor 40 is 20
switched at high frequency, typically around 10-100 kHz. Wen the

transi stor 40 of €ReaWook? ednvWert cfhawmndbet sEikster gpties oF afduus r ggOVEBM

the |oad 28, snmooi-Bedrh¥nt B TREOVSLeAPG IO Gneddy I pOIYehOFalidd at
When t he 25 transi stor 40 then becones non-conducti ngéiener at a

boost ed vol t age i §ber SFRIUF e¥OLERIBNE KT LB BNRSS [ FLNE1DE 4fhe
from the inductorsédonddphite bBadhd8phaskheénBitstneapagtlier 44 via the

di ode 42 ang t hence to

18. A generator as claimed in claim 17, including
voltage boosting means arranged to receive energy
generated at the second voltage and to boost it to
another voltage.

10
19. A generator as claimed in claim 17 in which the
phase winding is arranged into first and second parts
such that the first voltage is applicable to the first
part of the phase winding and the second voltage - is

15 applicable across the first and second parts of the phase
winding. '

20. A generator as claimed in claim 19 in which the
first and second parts of the phase winding are arranged
20 in a closely magnetically coupled relationship.

21. A generator as claimed in claim 19 or 20 in which
the first and second parts are connected in series.

25 22. A generator as claimed in claim 20 or 21 in which
-the first and second parts are bifilar wound.

23. A generator as claimed in any of claims 19 to 22 in
which the first and second voltages are substantially
30 equal.

24. A generator as claimed in any of claims 17 to 23 in
which the switch means comprise an active switch and a
diode, the active switch being arranged to permit £lux



the three swtches 16, 18, 20 which inject energy in turn 30 into the
generator windings 10, 12, 14. The switches 16, 18, 20 are operate
~appropriate angles of rotation of the rotor in accordalrmmn/iﬂmr WN

. swi:tched reluctance generator timng practice. In t mﬂ ’lJ gﬂ 5,
the energy in the inductor 43 is transferred2io the first Eaplaci®ors 44, but
. the energy injected into the generator windings is also derived fromthe

- first capacitor 44 and.the |oad 28, snootheq by_the 5, second capacitor
' 46. The energy, a‘?rf’ﬁ’ghb ‘@%?%dc%‘ Sﬁé}"gi'nittq’feal ‘ﬂ&og‘ﬁj Oeidg iR §Hhhe
gener at or wi ndi ngthat, géderddeddanergychadimistraioied o E0owesheréthgough

Switch 16, 18, 20y1leh he act it SHIELPY SR A20REALYE 1351 on as a resul




nmechani cal power rotating the rotor of the SR generator. Thus, when any of
the switches 16, 18, 20 is -opened during its phase inductance cycle, the

energy returned to the load 28, via the associ ated di ode 32 S SPre
15. the injected energy previously drawn fromthe |oad 2 -éﬂ t Eré%ﬁgBEEN
suppl y vol t age. Over one or nore full cycleg of the SR ge Qr LAGED

surplus energy is available to power the load 28 as an electrical energy
storage device and/or as a sink of electrical energy. 20 Another enbodi nent
- of the first fornABEIRALT nvention is shown in Figure 6 together with

al ternative boost swamesiEbe REGUCTUNCE GRRERAGORSN Figure 7 and 8. In
keeping with Figures 3 to 5, [ike conponents have been 25 accorded |ike

nunerals. The circuit of Figure 6 is in effect a rearrangenent of the
circuit in Figure 3. | A Buwditiched el uitamRid JdrvdduOut dbee ¥bTHhagsuds,
12, 5 that flux growth in a phase winding occurs at a faster
rate during the initial part of the phase inductance
cycle and at a second, slower rate during the subsequent
part of the phase inductance cycle. The difference
between flux growth and decay may be achieved either by
10 applying different voltages during the two parts of the
- phase inductance cycle or by applying the same voltage
over only part of the phase winding during the initial
part of the phase inductance cycle and then applying that
voltage across the phase winding thereafter. It is
15 advantageous to make the increase in flux more rapid than
its decay because minimising the length of time that theé
flux is present while the phase inductance is rising will

minimise the production of unwanted (motoring) torque.

20
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14 js in the opposite grrection to that in the mnndlngf in the

arrargenment of Figure 3. The polarity of the |oad 28 \s reversed and-tHe
- conducting direction of the diodes 32, 34, 36 and of the sy tickies 16, 88 g
20 are reversed i.e. all polarities and current directionsiare revérée@g ﬂ

Esséntially, t he performance of the circuit of Figure 6 25§ equi varl ent
to'that of Figure 3 and will not be described in further detail here.

: According to a second particular formof the | gghon n SR
generator is provided with three phase w ndi ngs @ ESMK. Ns made up of

two sections which are closely coppl ed gnetically and which are connected
so that, when a current is passed|through bpth sections of

Voltage Source-\\\\\ \ Phase 1
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>
{ |
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a phase winding, the flux produced by each section is in 10
divection. The circuit of this particular formof the inv

in Figure 9. In Figure 9, each of three phase windings is

and second serially connected w nding sections 50, 15

t he same

mtrhon Isgjilémm ,

S S[‘IQVXK]

57° 56 and 60. A load 62 has a negative term nal connected to one end of
each of first sw tches 64, 66, 68 which are respectlvely connect ed between

each of the correspondin ’
three second swtches (70, 72 and
connected to the opposite end of
54, 58. Each of three dijodes 76, 78 anfi180 is r
conduct fromthe negativ
the corresponding first w
the |l oad 62 is connected t?efach oﬁ ﬁdw e
whi ch are al so

: rIy,

36

each of

rst w nding 50,
zgpnnected to
site end of

i ye term nal of

+] x
0 T2 |32 34
Fig 3
B |
(16 8 {20
26 10 3 12 14
] 22
L8 o — € i
-1 h 4 h A h 4
0 T8 ] 3 3
Fig_6
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respectively connected with the opposite ends of the corre pnﬂdlng S@CQnQ_J\ ;

wi.hgding sections 52, 56 and 60. 30

of "each phase

‘phase wi nding aver

rotating the rot

's or the |ike.

As with the previousiiform@irtitEDd
i nvention, the SWi t ches 64 to 74 are electronic swtching
tranS|stors such as

9 “enabl es energy fromt

13 The conflg%agtion of Figure
[

| oad 62 to be injected in turn i4@0 one section

LRdi AG ver- prese--bed ranges of r,et—e-r aneH € - as —d+-scusped
above, and enables thejreturn of enefgy fromb5 ections of eagh
ter range of rotor angulan novene ur nkd
energy exceeding the infjected energyLas a result:of mech nlcal rt :
or| of R generat . T
:44 ﬁzs 177 ] 42 43 1 22
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- 10 The circuit of Figure 9 is so configured that the full voltage of
the |oad 62 is appl ied to one section of a selected one of . the_phases

dufi fig energy injection, but the two sections of a phase afey Qennegtfegg @rtN
sersi. ‘es across the |oad 62 when energy is being returned. 15 Energypif,;r@fgt

| o 62 is injected into the first w nding sections 50, 54- tand-=58—Ha—ttra——
by ¢tlosing the pairs of switches 70 and 64; 72 and 66; 74 and 68, creating
in the correspondi ng wi nding section in turn 20 current which flows
fromthe load 62. Wen the pair of switches 70 and 64, 72 and 66, 74 and

68 associated with each phase are opened, the currents flowng in the

w ndi ng sections 50, 54, 58 transfer, in part, to the second w ndi ng
sections 52, 56, 60 respectively such that 25 the flux associated with
each phase is substanti al current flowing in the two

wi ndi ng 86
L
. 66
50 54 58
70
72 ,
Th
: 76 78 *80
+l=_
Fig 9
| \
(ﬂz_ L
‘ | ! qq, l \.".."\
© = = \ o
| > 24;3?\"1 | |
¢ e 102
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46
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+sectiorls together is then increased by SR generator action, so that nore
energy is returned to the load via the diodes 76 and 82, 78 and 84, 80 and
86, to the |load 30 - 62 than is taken fromit during energy injection, as
a result of nmechanical effort rotating the rotor of the SR generator. 14
The voltage fromthe |load 62 applied to the 44 rst w nding section al one
determnes a relatively high rate of flux growth due to the | ower

i nduct ance.” When the load 62.is applied across the phase wi nding as a whol e
tthe sane 5 vVABSTRACEt erm nes a | ower ‘rate of flux decay because of the

i ncreased |nductqﬂﬁficﬁébekﬁfﬁé*ﬁﬁéﬁwéﬂhﬁﬁfgéisforn1the two sections of

.each

_ A switched reluctance generator is controlled such

5 that flux growth in a phase winding occurs at a faster

rate during the initial part of the phase inductance

cycle and at a second, slower rate during the subsequent

part of the phase inductance cycle. ' The difference

between flux growth and decay may be achieved either by

10 applying different voltages during the two parts of the

phase'inductance cycle or by applying the same voltage

over only part of the phase winding during the initial

part of the phase inductance cycle and then applying that

voltage across the phase winding thereafter. It is

15 advantageous to make the increase in flux more rapid than

its decay because minimising the length of time that the

flux is present while the phase inductance is rising will
minimise the production of unwanted (motoring) torque.

Fig. 3
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‘phase wi ndi ng have equal nunbers of turns and are wound 10 ina bifilar
manner to maxim se the magnetic coupling between the two sections of a
phase. The resulting close coupling assists the transfer of current between
the two sections. 15 In keeping with the typical prior art switching
cifcuits, there are two active switches in thls ‘enbodi‘nent for each phase
wi nding. After energy has been injected/4nto one of the wi nding pairs, say
50/ 52, as described above it is then possible t‘. hansfer efnei\ﬂy bet ween
the rotor and 20 the winding in a freéewheel Dng’ ing off one
of the associated sw tches w thoyt passjngjcurrent to, or takl ng current
from the load 62 and to turn offf the secqpd switch after a delay anmounting
to a fra hase i nductfance p r| Thi s, actuation of switches 25
in the beLm&h ter egergy idj ?’has Blut before.the return of
energy to the | oad, pr OVI deswant
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extr'a degree of freedomfor the control of SR generators, particularly at

| ow speed. 30 For the sake of clarity Figure 10 shows a sw tched

rel uctance generator systemin which the invention is usable. The system
consists of a prime nmover 90 (for exanple an internal conbustion engi ne)
which is operably connected with the shaft of a rotor 92 which is part of
15 the switched reluctance machi ne 94. 2y@ this enbodlnent a three phase

machine is illustrated. Thiswissecontrolled by a s circuit 96 which
controls the energy in the three phase jw ndi ngs though cqnnections- 98
T

under the 5 control qf a controllerf 100. e energy |supply and return
controlled by the switchilng circuit is ¢162uujfr 8 ' 20

—

/ JN
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.a comon battery unit 102 acting as the | oad. At |ow speed the energy
“injection can be perfornmed using 10 ~the circuit of Figure 9 as
descri bed above. The energy returned to the load (i.e. generated) can
involve alternate periods of freewheeling and energy returfsa-a-phase- -
i nductance cycle. During the freewheeling period the mnndﬁﬂg curfﬁﬂ¢SHEt:=
i ncreases. drawing energy fromthe 15 s/ rotor. Durlng]energy
energy, with the additional contributiomfromthe rotor} Lo, tHe
| oad. The use of the alternate peri ods of “freewheeling éﬁa:eﬂergy réF“
may be referred to as 'chopping' . At | ow speeds the chopping nod ﬁr@qggg
~used to increase the 20 duratlon in which current can gr ™ ==
from the generating system thus enabling the extended duratio T%' r‘ﬁASBEi
greater fraction of the phase inductance cycle. In general the cont P HR-ACED

i ncreases the proportion of a 25 phase inductance period avallable for—
generating and _ .

26 26
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:reduces the proportion in which notoring takes place. Thus, while the
I nvention has been described in connection with the illustrative
enbodi nents di scussed above, those skilled in the art wl |je=e '
- many 30 - variations may be made w thout departing from
. invention. Accordingly, the above description of several ¢
- made by way of exanple and not for purpgges of I|n1tat|oanw;",""
present . invention is intended to be. n1ted only by the“S{FrF 8
of 16 the foll ow ng clains.
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CLAIMVS, 1. A swi tched reluctance generator systemconprising a rotor; a
stator havi ng at | east one phase wi nding, swtch 5 %\ ns for
suppl ying energy to the phase w nding according to actuatifo he switch
means, neans for rotating the rotor relative to the stator* and control
means operable to control the swtch ans, the control_ neans being
arranged to actuate the sw t.ch neans %r 10 suppl yll qcB Vs a_Lg;

vol tage across at |east part of the phase winding to c E £& Pﬁjg ge&% ;%
first rate during a first part of a phase inductance c on

arranged to actuate the switch means to switch a second valtage
phase wi nding to cause flux 15 decay at a second rat e‘j 1\4\4}
rate of decay is slower than the first rate of flux growj
rotor causing energy to be supplied at the second voltage
wi ndi ng during the second part of

mr—r
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the}ﬁhase I nduct ance cycle. 20 2. A systemas claimed in claim1 in which

the first voltage is |arger than the second voltage. 3. A system as
claimed in claim1l or 2, including 25 vol tage boosti ng-neans arraﬁgeﬁ“‘
to receive the energy generated at the second voltage an fo " boogst « |¥ ﬁﬁ% }
anot her vol tage. 4. A systemas clainmed in claim3 in iLch th @)ﬁa
30 boosting neans are arranged toZﬂSost the energy g n@?éted at- the -------
second voltage to the first voltage. 5. A system as cl ai med_i o
‘whi ch the phase winding is tapped such that the first voltage“;ﬁ“@ngEbHA‘* -

— l »-"“”“~f—#”
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to a:‘f,i rst part of the phase w nding and the second voltage is applied
across the first and second parts of the phase winding. 5 6. A system
~as claimed in claim5 in which the first and second vol t ages -

substantially the same. 7. A system as clainmed in Fraliii o Qf=:6r gn%i h .
the first and second parts of the phaé wi ndi ng are @r¥ rLg'é"d'"ILrOnAgR e
closely magnetically coupled. 8. A ;étem as clai mgd_i n_clgi m6o.o L./ AN
which the first and second parts of the phase windin 18 “rinHacted— .
series. 15 9. A systemas claimed inclaim7 or 8 in ich the

. = ri\:
second parts of the phase wi nding are bifilar wound. 20 _ = ,Tﬁgsﬁgf‘gms\i
as claimed in any of clains 1 to 9 in which the neans f‘-‘(?l’;@g&};fﬁr] ng ‘enecgy

conprise an electrical F"G 5 _ . \\//::_;,,;_;......-
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storége'device. 11. A systemas clained in claim1l0 in which the 25
el ectrical storage device is also arranged to absorb the energy generated

~at the second voltage. 12. A nmethod of operating a switched relu
generator conprising a rotor and a stator having at [. aneeStiat or
the rotor: %\Aatmmﬁfﬁaia gpwggﬁ

w ndi ng, the nmethod conprising: rotat mg
vol tage across at | east part of the B ase mﬁnding duri ng 0

of a phase inductance cycle to cause flux gromh at a fieast-
the first part of the phase inductance cycle; swtching a'second.

across the phase wi nding during a second part of the ph;
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cause flux decay at a.second rate, which second rate of 5 decay is
slower than the first rate of flux growth, during the second part of the

phase inductance.cycle. 13. A nethod as clained in claim 12 —
first voltage is larger than the second voltage. 10 14. A n+tﬁEELAGEMEMTBH&ET
in claim13, including boosting t he secon oltage to the filjrst v B]ggg
15. A method as clained in claim112, incl ng applying 15 I Gmeh ..............
voltage to one of two parts of the phase wi ndi ng during the-$¢¥§%=fﬁﬁf—{ﬁ—-——~
t he phase i nductance cycle and applying the second voltage t©¢ DQIQUQ* —
the phase winding during the second part of the phase |nductanéé CMQ -
16. A nethod as claimed in claim 15 in which the first and second Vol1 ]

are substantially the sanme~
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o F7. A swi tched rel uctance generator conprising: 25 a rotor; a

= stator having at |east one phase wi nding, the rotor fern totatable
rel ative to a stator; switch means; and control neanh RfperabieEd sﬁgﬁér
the switch nmeans, the control means being arranged tp actuat vt JANs q
means to swtch a first voltage across at |east 30 Daigyp¢--of -t e~ phas
w nding to cause flux growth-at a firﬁsrate during afTirst part of a phase
i nduct ance cycle of the rotor, and beifig arranged to actuate the switch
means to switch a second voltage across the phase winding to cause fl ux
decay at a second rate, which second rate of = 20 decay is slower than the
first rate of flux growmh, rotation of the rotor causing energy to be
generated at

may
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‘t‘he.second voltage fromthe phase w nding during the second par:t
. phase i nductance cycle. 5 18. A generator as claimed i Nfﬁﬁ‘éﬁdl
vol t age boosting neans arranged to receive energy genekanée- PAYENTER, ggdli
vol tage and to boost it to another voltage. 10 19. A ggnerat orﬂﬁs \rﬁﬁeﬁmed
in claim1l7 in which the phase winding is arranged int Erstoar
parts such that the first voltage is applicable to the *++st’"part of the
phase wi nding and the second voltage IS 15 applicabl e across the first
and second parts of the phase winding. 20. A generator as clainmed in claim
19 in which the first and second parts of the phase w nding are arranged 20

in a closely magnetically coygled relationship
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.21 A generator as clainmed in claim19 or 20 in which the flrst and second
- parts are connected in series. 25 22. A generator as_clat

20 or 21 in which the first and second parts are blfllar'MQp@ch E'Bswgﬁg “

~generator as clainmed in any of clainms 19 to 22 in which tjhe fir

second vol tages are substantially 30 equal . 24. A genepgieal....as. Glatwedim
in any of clainms 17 to 23 in which thBLSmAtch means conpr )
switch and a diode, the active switch being arranged to permt fl ux 21
growt h when conducting, the di ode being arranged such that generated energy
is constrained to flow therethrough when the active switch is
non- conducti ng.
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