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FREQUENCY CLOCK The present invention generally relates to a
control 5 systemand, in particular, to a control systemfor use in,
a switched reluctance drive. I'n_general, a reluctance machi ne
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of its novabl e part to nove |nto a p05|t|on where the reluctance 10
of a magnetic CIrCUIt i'-_L

p-1y TR INL L),

exciting windin
machi ne the ene
controlled freq
generator. 15
not or s. I n
i's providegd for
energi zing the
This second typ

10

15

20

25

30

gmrﬂmzxnc A HIGH(ﬁREQ@@@EﬂQS&éMﬂhdIngs occurs at a

uency. These machi nes may be operated as a notor or a

They are generally referred to as synchronous rel uctance
a sedlhedprbﬁp@t dhvenslignt aenerakixrekates to a gongdodry

R Ii?x gagﬂhéﬁm%' £EL0R control HydtEn fYPusd)dn .
phase mAn I'ng . function of the rotor's position.
@ @witched reluctance drive.

In general, a reluctance machine can be an electric
motor in which torque is produced by the tendency of its
movable part to move into a position where the reluctance
of a magnétic circuit is minimized, i.e. the inductance
of the exciting winding is maximized. '

In one type of reluctance machine the energisation.
of the phase windings occurs at -a controlled frequency.
These machines may be operated as a motor or a generator.
They are generally referred to as synchronous reluctance
motors. In a second type of reluctance machine,
circuitry is provided for detecting the angular position
of the rotor and energizing the phase windings as a
function of the rotor’s position. This-seco¢§ type of

_ _ ’
reluctance machine may also be a motor or a generator and

such machines are generally known as switched reluctance
machines. The present invention is generally applicable
to switched reluctance machines, including switched
reluctance machines operating as motors or generators.
Figure 1 shows the principal components of a
switched reluctance drive system 10 for a switched
reluctance machine operating as a motor. The input DC
power supply 11 can be either a battery or rectified and
filtered AC mains. The DC veltage provided by the power
supply 11 is switched across the phase windings of the
motor 12 by a power converter 13 under the cohtrol of the
electronic control unit 14. The switching must be
correctly synchronized to the angle of rotation of the
rotor for proper operation of the drive_lo. As such, a
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20 Jeluctance machine nay al so be a notor or a generator and
suchszmachi nes are generally known as sw tched rel uctance machi nes.
The. present invention is generally applicable: ~ to switched rel uctance
machi nes, including swtched reluctance machi nes operating as notors
or generators. 25 Figure 1 shows the principal conponents of
a . switched reluctance drive system 10 for a switched

rel uctance machi e S hejgn S
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proper opérati on of the cotwe p6s1ssoaudbteator 15 may take many forms..
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supply signal s correspondi'ng to ‘t hé "ang u ar I on. of
comprise a rotor p051t10n transducer that provides output

" signals that change state each tlme the rotor rotates to

a position where a different sWitching arrangement of the

10 = devices in the power converter 13 is required. In other

systems, the rotor position detector 15 can comprise a

relative position encoder that prov1des a .clock pulse (or.

similar signal) each time the rotor rotates through a
preselected angle. '

15 In systems where the rotor position detector 15
coOmprises a rotor pesition transducer, failure of the
rétor position transducer circuitry to properly provide

output signals representative of the angular position of
" the rotor can seriously degrade the performance or, in
20 the worst case, render the motor inoperable. In some
circumstances,'a controller 14 attempting to control a
machine based on faulty rotor'pdsition transducer outputs
could potentially damage both - the machine and the
remainder of the control circuitry.

25 o The importance of accurate signals from the rotor
' position detector 15 may be explained by reference to
Figures 2 and 3. Figures 2 and 3 explain the switching

of a reluctence machine operating as a motor.
- Figure 2 generally shows a rotor pole 20 approaching

30 a stator pole 21 according to arrow 22. As illustrated
in Figure 2, a portion of a complete phase winding 23 is
wound around the stator pole 21. As discussed above,
when the porﬁion of the phase winding 23 around stator
pole 21 is energised, a force will be exerted on the



the rotor. The output of the rotor position detector 15 may al so be

used:t®d generate a speed feedback signal. 5 _ The rotor position
detector 15 may take many forns. In some systens, the rotor
posi'tion detector 15 can conprise a,rotor position transducer that
provi-des out put signal s that change3state each time the rotor
rotates to a p05|t|on where a different swi tching arrangenent of the
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expl ain rel uctance nmachi ne operating_as a notor.

Fi gure 2 gener P%§it of theorrekre 10adppfoddi rgiy-ON apgdeds othsol e
21 accordi ng t Qu@ht LM Plr 145pldvidds Wik ching signals to turn ON both

switching devices 31 and 32. When the switching devices

31 and 32 are ON the phase winding is coupled to the DC

15 bus which causes an increasing  magnetic flux to be
_es;tablished in the motor. It is this magnetic flux
pulling on the rotor poles that produces the motor
torque. As the magnetic flux in the machine increases,
electric current flows from the DC supply provided by the

_20 DC bus through the switches 31 and 32 and through the
phase'winding 23. In some controllers, current feedback

is employed and the magnitude of the phase current is
controlled by chopping the current by switching one or

both of switching devices 31 and/or 32 on and off

25 rapidly. B '
In many systems, the phase winding remains connected

to the DC bus lines (or connected with chopping if

. chopping is employed) until the rotor rotates such that

it reaches what is referred to as the rotor "freewheeling

30 angle." When the" rotor reaches an angular position
corresponding to the freewheeling angle (position 24 in
-F_igure 2) one of the switches, for example 31, is turned

OFF. Consequently, the current flowing through the phase
‘winding will continue to flow, but will now flow through



in Figure 2, a portion of a conplete phase winding 23 is “wound

aroupd the stator pole 21. As discussed above, when the portion of
t he phase wi ndi ng 23 around st at or pole 21 is energised, a force

wi Il be exerted on the : rotor tendi ng to pull rotor pole
20 ito alignment with stat or pol e 24. . Figure 3
generally shows the sw tchi ng circuitry in power converter 13 that

controls the ener satlon the § rtion, of the phase w nding 23
around stat or pd?"gi&f?ne © thﬁhéf‘\”ﬁ&%@? gN‘tE }ﬁgemlgeeézgla&%%%o%
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in this freewheeling condition until the rotor rotates to

an angular position known as the "turn-OFF" angle
(represented by position 25 in Figure 2). When the rotor
reaches the turn-OFF angle, both switches 31 and 32 are
10 turned-OFF and the current in phase winding 23 begins to
flow through diodes 33 and 34. The diodes 33 and 34 then
apply the DC voltage from the DC bus in the opposite
- sense, causing the magnetic flux in the machihe {and
therefore the phase curreht) to decrease. _ |
15 The energisation of the phase windings in a switched
reluctance motor depends heavily on accurately detecting
the angular position of the rotor.
Known encoder systems for switched reluctance drlves
are often limited because of the costly electronlcs
20 required to rapldly process digital signals prov1ded by
an incremental position encoder such that the phase
~ energisation occurs at the appropriate times. For
example, in known systems, an incremental position
encoder may be used that provides a relatively large
25 number of digital clock pulses each. complete revolution
of the rotor. In systems that do not use costly
electronic circuits or high speed microprocessors, it is
often difficult and expensive to process the large number
'of-digital pulses provided by the incremental encoder to
300  properly éynchronize the energisation of the phase
.windings with the angular position of the rotor.
The present invention is defined in the accompanying
independent ciaims. Preferred features of the invention

are recited in the claims respectively dependent thereon.



31 and 32 are ON the phase winding is coupled to the DC 15 bus whi ch
causgs an increasing magnetic flux to be established in the notor.
It is this nmagnetic flux pulling on the rotor poles that produces

t he not or torque. As the magnetic flux in the machine increases,
elecfric current flows fromthe DC supply. pPovided by the 20 DC bus

t hrough the switches 31 and 32 and t hrough the phase wi nding 23. In
some controllers, curtent feedback . ..I.s enployed and the ni tude of
the phase current is 10¢ PIEESHY o f¥E Y %ho g&ﬁ@éfhe%gurFen}ggg gﬁ%@dhing
one or  betfifisfienti t clontgodesiystem3fornal/swit3hesh redsolancgs drive
rapidly. TR ' Wl L 0 ited
to the DC bus HH%&? or cpﬁﬁiﬁfgﬁgﬁﬁﬁﬁﬂﬁﬁgﬁﬁ$ﬁb IFQE&QnE%E?F%%g%ﬂSQ?&B
enpl oyed) unti| finem rotpesibion eenceder t hab method of, randhedrahat ifor,
referred £o as LhaAPlalis [EGRASP! bP8tdh to géekace a HigR kBsongkdon.
reaches an angul ar position ... corresponding_to the fr&ewheeling angle
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W nding w co ilsrxlclﬁ.eosteod. %\ﬁl’is gctant\l.mro srlgg\{:emoa\,iltougso%%@ cost-effective

control of a switched reluctance drive without the

10 necessity of a fast microprocessor.

Other aspects and advantages of the present
invention will become apparent upon reading the following
detailed description of exemplary embodiments and upon
reference to the drawings in which:

15 Figure 1 shows the principal components of a
switched reluctance drive system;

Figure 2 shows a rotor pole approaching a stator
pole and the commutation points for the portion of the
phase winding associated with the stator pole;h

20 Figure 3 generally shows the switching Cirhuitry in
a power converter that controls the energisation of the
portion of the phase winding associated with the stator
pole of Figure 2;

Figure 4 illustrates an improved control system and

25 position encoder for controlling the operation of a
switched reluctance drive;

_ Figures Sa-5¢ illustrate in greater detail the
construction of the encoder of Figure 4;

Figures 6a-6b provide examples of circuitry that may

30 be uéed'to implement the frequency multiplier of Figure
4; and

Figures 7a and 7b genérally illustrate an example of
the circuitry that may be used to implement the angle
controller of Figure 4 and the signals transmitted to and



4 only one of the switches (in this exanple 32) and through
only:soné of the return diodes (in this exanple 34). During the
freewheeling period there is little voltage + differential across the
phase wi nding, and the flux 5 remai ns substantially constant. The

not o system remai ns, in this freewhéeling condition until the rotor
rotates to an angul ar position known as the "turn-COFF" angle
(represented by position 25 in Figure 2). Wen the rotor reaches

t he turn- OFF angdenepated shy t ehe sanglereemrakkeno t ur ned- OFF and t he

current in phase W ndg{\@i 3r begkdSed&e charactd: W iy Ruate dQtiesa 33 ands 34
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appl !
the opposite throughout thesfectdk VRNRi¢E $1e %3RS nachi ne (and
~therefore the phase cullestyativéeenbodemenbs of the Theefbesfi aalel ae of

t he phase i ndi ngs_i,n 1 t ched . .relugctance.not or depends heavily on
accur at el Y’ det ec ?ﬂbbeg‘ggio?hﬁsaﬁBEYawlgsgiﬁFoﬁmB#eWﬁgtht%ﬁ codkrol.g'
Known encoder syswitbehédrrsimttimderadtircéancEndtheedinterest arfe adfdwity,

limted because t co ci.Lonj.cs J i o rapidly 5._
process digital rg(if’%_nragl(is} pf%%/%%f‘g%;b%% o aggﬁallnc%mg’%rﬁeggtéptols({r?i égeen%eoder
such that the pheseibed in wnis gipecibicatbborurs at the appropriate

e e be use (TS COH8 SHRER, Py SRE SO SbmpESb4 O
: 10 improved control system and position encoder for
controlling the operation of a switched reluctance
machine as illustrated generally in Figure 4. Referring.
to Figure 4, the system comprises a controller 40 that
receives signals corresponding to the angular position of
15 the rotor from rotor position encoder 42. 1In response to
the signals from encoder 42, the controller 40 generates
switching signals (or firing signals) that determine the
switching state of the power switching devices (not
illustrated in Figure 4) that control energisaﬁion of the
20 phase windings. ;
In the embodiment of Figure 4, the signals provided
by encoder 42 to the controller 40 comprise two sets: a
first set 42a and a second set 42b. The signals that
comprise the first set 42a are of a first resolution that
25 corresponds to the absolute position of the rotor in that
the signals from set 42a may be used to define the actual
rotor position within any span of 360 electrical degrees.
The signals that comprise the second set 42b are of a
second resolution that corresponds to the incremental
30 position in that the signals that comprise set 42b
provide an integral number of pulses per revolution which
indicate the relative movement of the rotor but give no
indication of its absolute position. In the embodiment
of Figure 4, the resolution 6f.the first set is less than



25 nunber of digital clock pul ses each conplete revol ution of
the srotor. In systens that do not wuse costly el ectronic
circuits or high speed microprocessors, it is often difficult and
expensive to process the | arge nunber of digital pulses provided by
the #ncrenental encoder to 30 properly 7 synchronize the energisation
of the phase w ndings with the angular position of the rotor.

The present invention is defined in the acconpanyin i ndependent
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clai'ms respecti ey @eredeanted tHaddrcomprise the first and second sets
present  i_nvention

5 he ext.ends, to, a_ low cost,
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control the firSag5c, the engader 42rcempwiseshad cup-yenenb® andyeensoxpso

5la, S51b and 5l1c and 52a and 52b. Figure 5a provides a
perspective view of a cup-vane 50. Figures 5b and 5c
illustrate cup-vane 50 in greater detail and show the
10 positioning of sensors Sla-c and 52a-b in accordance with
the present invention. |
Referring to Figure 5b, cup-vane 50 is a dual
resolution cup-vane that includes two sets of teeth 53
and 56. ~ The first set of teeth 53 includes eight
15 projecting teeth 53a-h that define eight light blocking
regions correspénding to teeth 53a-h (referred to herein
as "mark" regions) and eight light transmissive regions
54a-h (referred to as ‘"space" regions). In the
embodiment of Figure 5, the teeth 53a-h are a}l of the
20 same width and are sized such that the angularfextent of
. the mark regions is substantially equal to the angular
extent of the space regions.
Figures Sb and S5c illustrate how the first set of
teeth 53 may be used to provide a digital encoder of a
25 first resolution that provides signals indicative of the
absolute position of the rotor relative to the: stator.
Referring to Figure 5b, three sensors 5la-51c are used in
conjunction with the cup-vane 50 to provide the first set
of digital signals. In the embodiment of Figures 5a-5c,
30 the three sensors 5la-51c comprisé slotted optical
sensors that are positioned substantially 15° degrees-
apart as is illustrated in Figure 5c. The 6ptica1
sensors 5la-5l1c are further positioned such that they
receive the eight teeﬁh 53a-h. In operation, each of the



di scl osed. This control system all ows for cost-effective control of

a swktched reluctance drive without the 10 . necessity of a fast

i croprocessor. - Q her aspects and advantages of the present
invention will become apparent upon reading the follow ng detail ed
description of exenplary embodi nents and updn reference to the

drawi ngs in which: 15 Figure 1 shows the principal conponents
of a swi tched rel uct ance dr i

e syste . s Fi.qure 2 shows a
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converter that céo”?/ﬂ abl 5 & e I%?gl g‘gtloné%cf d’é/d Wieh th t &X\? the ghase
wi ndi ng associ atparbwidds taheliggidtadr signal qfolaeS@bondgapelE 1evel (e.g.,
Figure 4 idlust r]tac?iisopera 19&‘?%&8“&1% §¥§68{'%@é’é wPth thReSkkhaBrengoder

for controlllng I on of rel uctance drive;
Fi gures 5a-5c i lempty at eA¢ﬂ°§<im1aY: de®athet heeth 53a-horetrhetr Pastofthene

encoder of Figurgubors sia-5ic, Ehﬁub@&p@%ﬁtfﬁnpwtlﬁ’@ Qéﬁﬁﬁkgsta'bether
circuitry that may 30 e used t0|£% ”ﬁ i)? frequen rrultl r of
Fi gure 4-PEmgide an indicagiom Qf 7bhg,gbselutg. BQS %)/-'}ﬁrf ug
exanpl e of _roﬁd;y_e circuitry that may be used to inplenent the angl e
controll ?Lro of Figure 4 Re enxc'irJI.rPge gagﬂaks 1%'111.%@ tstbed él?e a&gp -vane 50 also
includes a second set of teeth 56. In the embodiment of
Figures 5a-5c, the second set of teeth 56 comprises one-
hundred and twenty teeth of equal width that are sized to
provide one-hundred and twenty light blocking regions
15 (referred to as "mark" regions") and one-hundred twenty
light transmissive regions (referred to as "space"
regions) .
Figures 5b and S5c illustrate how the second set of
teeth 56 may be used to provide a digital e_n¢pder of a
20 second resolution that provides signals iridicat_ive of the
incremental position of the rotor. Referring to Figure
5b, two sensors 52a and 52b are used in conjunction with
the cup-vane 50 to provide the second set of digital
" signals. In the embodiment of Figures Sa-5c, the two
25 sensors 52a-52b comprise slotted optical sensors that are
positioned substantially 0.75° degrees apart as is
illustrated in Figure 5c. The optical sensors 52a-52b
are further positioned to receive the one-hundred and'
twenty teeth that comprise the second set of teeth 56.
30 The sensors 52a and 52b operate in a manner similar to
that of sensor's 51a-51c described above. By monitoring
the outputs of sensors 52a and 52b in the manner
described below it is possible to generate a digital
pulse each time the rotor rotates through a 0.75° high



6 generated by the angle controller. Simlar reference

characters indicate simlar parts -t hroughout the several views of

t he draw ngs. Illustrative enbodi ments of the invention are de-
5 scri bed bel ow as they m ght be inplenmented to control a

switched reluctance drive. In the interest9of clarity, not al
features of an actual inplenentation are de- scribed in this

speci fication. ) [n general, the present invention, conprises an
10 inproveer§ﬂﬁq§ﬂ°ns&EFgﬁFeﬁﬁd°ﬁuﬁ9??EﬁPnencdﬂﬁ? digital pulses

control ling the thpear alveoprovidedEirohethi gl HehBO6Ling of s SRE and
conpri ses & sontrdl ISPk e it eximbid BF 8 spgRanCeehr PEcpuRarlg &6 t ne

angul ar positiom efeckind resgdimtrisiror fromrotor position encoder 42. In
PO 5 anars (o SHRIBLE BEOR ot NoaFoRLarktcend ot o

state of the podddustinatigdhdinidigueesg npa-5¢c is exemplary only and that

the present invention is applicable to other types and

configurations of vanes, sensors and to other forms of

position encoders. For example, the number of teeth per

10 set could be changed, as could the number and location of

the sensors without departing from the scope of the

present invention. It will be appreciated that the

spacing of the sensors in Figure 5c¢ is such that their

output signals follow a pafticular sequence as the mark

15 and space regions pass. If there is insufficient space,

for example, to array all or both sensors in a limited

angular extent, it will be apparent that each sensor may

be located in its respective position but positioned

relative to neighbouring sensors so that it is influenced

20 by a separate mark/space, but at the appropri%te time.

If it is considered that the mark regions have a pitch

circle diameter (PCD) the position of one sensor on a PCD

can be varied by one or more mark/spaée pitches without

changing the timing of the waveforms produced by the

25 sensors. Moreover, it is not essential that a cup-vane

be used or that the vane define light blocking and light

transmissive portions. Other types of vanes and sensors

could be used. For example, the vane could be

constructed of magnetic mark regions and non-magnetic

30 space regions and the sensors could comprise Hall-effect

devices. Similarly the vane could comprise teeth of

ferromagnetic material and the sensors could each be a

form of reluctance sensor. Other means of deriving the

digital signals include regions of capacitance of



illustrated in Figure 4) that control -energisation of the 20 phase

w ndings. In the enbodi nent. of Figure 4, the signals provided
by encoder 42 to the controller 40 conprise two sets: a first set

"~ 42a and a second set 42b. The signals that conprise the first set
42a dre of a first resolution that 25 : -&eresponds to the absol ute
position of the rotor in that the signals fromset 42a may be used
to define the actu to 05|t on W, an_of 0
el ectrical degrd¥ “ﬁmtance t‘h"fg: e‘dlgfal""é1 ﬁ‘a?u&%ﬁ%ﬂl \éf‘ﬁg s&f?oﬂ&g?&t ¥ are
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position in that. I _ i . r n
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novenent of the Aasiardinglyyi wdien@resent 1m@m@atomnsonortt é‘,laubsekiutt@ the

position. gl n t heMedide8hcoder 11§BSEEQHEQ‘ﬁntﬁfgﬁféglﬁgJy&CEuﬁhEQHrSt

set is less than
resol ution of t PRIt oRe Sbheshdenredstepdihay grrpduce a flrSt set °f

signals of a first resolution. It is also applicable to
encoders that additionally produce a second set of
signals of a second resolution.

10 Referring to Figure 4, the controller 40 of the
present invention receives the two sets of output signals
from encoder 42 and utilizes those signals to control the
switching of power devices to control the energisation of
the phase windings of a switched reluctance machine. It

15 may be noted that the second set of digital output
signals 42b from encoder 42 is provided to a frequency
multipiier' 44. Frequency multiplier 44 receives the
second set of signals of the second resolution from
encoder 42 and generates a high frequency clock signal

20 (HF clock) that is used by angle controller 46 éo control
energisation of the phase windings < of the machine.
Although not illustrated in Figure 4, embodiments are
envisioned where frequency multiplier 44 receives the
first set of signals from encoder 42 and generates the HF

25 clock from the first set of signals. -

| ' Figures 6a-6b provide examples of circuitry that may
be used to implement the frequency multiplier 44 of
Figure 4. Figure 6a illustrates circuitry that may be
used when the second set of signals from encoder 42 is

30 provided to frequency multiplier 44. Figure 6b
illustrates circuitry that may be used when the first set
of signals 42a from encoder 42 is provided to frequency
multiplier 44.

Referring to Figure 6a, the second set of digital



fromencoder 42 that conprise the first and second sets 42a-b

conpki sé a series of digital pulses. : Figures 5a-5c illustrate in
greater detail the 5 construction of encoder 42. In the enbodi nent of
Fi gur es - ba-5c, the encoder 42 conprises a cup-vane 50 and sensors
51a, “51b and 51c and 52a and 52b. Figure 5d&3rovi des a perspective
view of a cup-vane 50. Figures 5b and 5c illustrate cup-vane 50 in
greater detail and show the 10 €05|t|on|ng of' sensors 5la-c and 52a-b in
accordance with Signals;dgbpissapplifdefiPi 8n. increment degersox i tthat

Figure 5b, cup-wiehetopd tikea gi¥plals from' €88hH6FEN HR- VARG S and
i ncl udes two sets 0 e first set of teeth 53

teeth 53
i ncl udes ei ght 1B* é“ﬁ?%j@c??ﬂﬁa%eEPﬁt5§§aﬂgFﬁaFtﬁEP| wBeg; fhe mojr has
bl ocki nE - regaved @OL peegandingnéqd (eigfih Eaeomu(:lieherm@hcémeﬁer &M
as "mark" gyegio I ght rans SS|ve egi ons
(referredg o E()’tglg'b%'ieg ielg gﬁs Sibd ‘ﬂ nt igure .Gy, A% Mﬁre&entr
Fi gure 5, the1xﬂ£¢363arh6areoaprlsésthn 2xclusiven®Rv (KORhNdatee siThed
such that the angigie ¥6A" sfbrenens dblSoTBLK U ONS barsdbobR I

equal to the an e space re
Figures 5b and Fulsesgswhere heaphhecltqqkstpgbseofcorresmmtsat Bo53a miigle

used o provide fegb Dt fbn eAGRIRCR 2025 rotatlith®lof !l KBRNAl The

provi des signals |nd|cat|ve absol ute position of the rotor
relative b t he 82%+9%. of dOc’RePB@FPﬁg fixonri jneEement ¢ detectasofd is

5la-51c are useolapgsuled to tHReel QRpHLt BEL AR Lithty Ak Up-lddbuttas &a .t he

first set allo iRy, & ”c%'u%tér“ ci"geSaRodL BNl QL fIOUPERAT
pulses derived from sensors 52a and 52b that consists of

a predetermined number of pulsee for each complete
15 rotation of the rotor. The clock input of eight bit up-
counter 61 is coupled to the system clock through a + N
divider 63, where N is an integer, having the value 4 in

this example. The'system clock may have a ffequency that .
is very high with respect to the frequency of the dlgltal

20 pulses that comprise the second set of dlgltal signals
provided by encoder 42. In operation, the up-counter 61

is reset'each time a rising or falling edge of a pulse

occurs in the second set of digital signals provided by

encoder 42. The up-counter 61 will then count up in |

25 response to the divided system clock to provide a clocked
output that correspohds to the angular speed of the
rotor. For example, if the rotor is rotating at a first
speed (e.g., a relatively slow speed) the counter 61 will

be reset relatively infrequently and thus the maximum

30 count of counter 61 will be relatively high. If the
' angular speed of the rotor increases to a second speed,
counter 61 will be reset on a more frequent basis and

thus the maximum output of counter 61 will be relatively

Jow. 1In general, the output of counter 61 will be an



30 the three sensors 5la-51c conprise slotted optical

sensors'that are positioned substantially 15[ err] degrees apart as
is illustrated in Figure 5c. The opti cal sensors 5la-51c are
further positioned such that they receive the eight teeth 53a-h. In
operdation, each of the 12 8

t hree sensors 51a 51b provides a dlgital signal of a first Iogic

| evel (e.g., "1" , when one of t

associ at ed mnth Jraxifgpm coun ﬁaﬁﬁe§h§td 8FF§§F§P§ﬁaPn8Fr§e§€bond

| ogic | evel (e. xo Bhe speedi ©of (Xhe whetot he Thet wessiowinat@etput hofhahe

sensor c r{ﬁr}é/er '%C.LC ?r{a(yf r?% nﬁgﬁéidéﬁeté 919%@ mﬁﬂn@kﬁt@ dl%s.’l.tdgtxh%Z

sensors Sla 51c, e outputs e Sensors
i ndi cati on of tnmabseponeepdmtaorptdfset hén the second =@t of digital

Ref erringgback tg Bl &8 Y erQ 2l so i ncl udes a secand
set of teeth 56. scEI{{JQJ'FU]ge l:lrsr(g'da W% Fi gures 5a-5c, the second set
of teeth 56 conprisesThmeeight- b1t digital output from up-counter 61 1is

applied to the control input C of a programmable divider

62. Programmable divider 62 receives as its Clock input

the system clock. As those skilled in the art will

10 recognize, programmable divider 62 is of standard
construction and provides an output clock signal that has

a frequency that is a fraction of the frequency of the

signal applied at its Clock. In the embodiment of
Figures 6a-6b, the programmable divider is of the type

15 where the output clock frequency is equal. to the input
clock frequency divided by the number represented by the
eight-bit digital word received at the Control input.

Accordingly, the programmable divider 62 provides a high
frequency digital clock signal (HF clock) that has a

20 frequency that varies proportlonally with the frequency
‘of the digital pulses that comprise the second set of
signals from encoder 42. Since the frequency of the
digital pulses that comprise the second set of signals

from encoder 42 varies proportionally with the speed of

25 the motor, the HF clock signal has a frequency that

varies proportionally with the speed of the motor. '
Although not shown in Figures 6a-6b, in embodiments

‘where the frequency of the divided system clock is such

that wup-counter 61 would likely overflow between

30 successive clock pulses from encoder 42, the number of
bits of the up-counter 61 may be increased accordingly.

Figure 6b illustrates circuitry for implementing

frequency multiplier 44 when the first set of signals 42a

from encoder 42 is provided to the frequency multiplier



e .

hundred and twenty teeth of equal wdth that are sized to provi de
one-hundred and twenty |ight blocking regions 15 (referred to as "mark"
regions") and one-hundred twenty |l i ght transm ssive regions
(referred to as "space" - regions). Fi gures 5b and 5c

il lustrate how the second set of . teeitdh 56 may be used to provide a
digital encoder of a 20 second resolution that provides signals

i ndicative of the incremental position of the rotor. Referring to
Fi gure _ 5b44two BeeiscizciisryndoBigure usbd dpexaligaunini én NAnRner

the cup-vane 50 %9m919¥'98 Eﬁﬁtsﬁg€¥¥&ﬁgﬁ Mol #itdl respect ébgﬁﬁéére ¢

t he enbodi nent of Figures 5 sensors 52a-52b conprj se
slotted optical WehBokBeiesgeption that ﬁhﬁmqquﬁﬁéﬁ §&b§?aﬁ??%¥l?a@h7%ﬁ@ﬁr]

degrees apart asthé rotor rotasds at Rdoligh Flagilr th&fementh eo@ plriotalt iBeNs&s S
52a-52b are iurth ositio ed 0 receive the one-hundred and

tienty teeth thafet ﬁﬁFF byh81gRALHJ4¢8t of teeth 56. 30 The sehsor's
52a and 52b operate lmhaeaamﬁpﬁtseﬂblaélbe gate 64t haicedfvezertdny ssEdmabd C

the manner - 124500 pRPRIe rp by Bl wAEERChaseRl e 11
pul se each tine eachrbime anyaone ofir thghsigna¥s 42ahchange state. When
the circuitry of Figure 6b is wutilized, the high
10 resolution pulse train 42b from encoder 42 is unnecessary
for a functioning drive. In such embodiments a simple

RPT, providing only one pulse train, could be used.

Referring back to Figure 4, the HF clock signal from
- 15 the frequency multiplier 44 is applied to an angle
control circuit 46 and a chopping control circuit 47. 1In
general, the angle control circuit 46 and chopping
control circuit 47 respond to the HF clock and to the
signals from encoder 42 to provide switching 81gnals for
20 the power devices. The chopping controller 47 may be
| used at relatively 1low ‘angular speeds when chopplng'
methods are effective for controlling the current in the
phase windings, and angle controller 46 may be employed
when the speed of the machine is relatively high and
25 chopping control is ineffective. - In general, the angle
controller 46 and chopping controller 47 receive digital
rotor position signals derived from encoder 42 and
compare the rotor position sighals from the encoder 42
with signals corresponding to turn-ON and turn-OFF angles
30 for the desired operating conditions. When the
approprlate controller determines that the rotor is at
the p031t10n correspondlng to the turn-ON angle, a
sw1tch1ng signal is generated for the appropriate power

device to energize the appropriate phase winding. When



9 o resolution increnment of rotation. The digital pul ses

t hat.-are provided fromthis nonitoring of sensors 52a and 52b
constitute an exanple of a second set of signals of a second
resolution. 5 It should be noted_that the particul ar encoder 42
illustrated in Figures 5a-5c is exenplary Bﬁly and t hat t he present
I nvention gs appILcabLe to other types and : configurations of vanes,
sensors and to other forms of ., . posi ti on egncodeys.._Faor examnle, e
nunber of teeth®P&r ¥BTOT RFILIM( %@'ﬁ%gé&r%’?%o&lrﬁ’mt hgnﬁgﬁﬁ’ér %%d

| ocati on of indithetesthabr thei rbbor - dspatttheg positite scvpespénding

present inventign. Lt i | p I at ed.y.hat : S ' t he
sensors in Fi gu?’g Sé:hles \gggjﬁ t aF?ﬁ{gclre% Cid oﬁﬁpg}%%%ﬂ S@?ﬁ??g&/?gr
particul ar sequgerberatesha sWikching sigpalspackuregPbfisthasaPPreprifkee is

insufficignt spageching ddvlceXaMP! Be-bRepisd¥ &hle UPHUPYHANSOpRaks A
limted angul ar. eéxtent, 1t wll be apparent that "'each sensor mna
be located in iW@nﬁé§ﬁECtﬁ#ecb9§PﬁP6nCBBFrBESFFiBﬁée' the C°FEF8££9E %%

ESLE?gg;g;ngbﬁfﬁggr§ﬁ§@ghﬁ?tc??gb%n??%ﬁgﬁaigdbaﬁr?en bleapeepedadefined
the mark région?yhﬁbs 5u§$f§ﬁ an turé?h%ﬁe?ﬂﬂ%ﬁﬁﬂ? L%Fb%f§ﬁgﬁég3%§?f%gﬁtof
one sensor on aifCRhe phasecaringingy i ethdge dreclmiques ape kfapateapi tehes
wi t hout 10 those skilled in the art of éwitched reluctance drives.
In the embodiment of Figure 4, the turn-ON and turn-
OFF information is provided by a control law table 48
that includes as its input signals representing the
torque-demand and the actual speed of the machine. 1In
15 the embodiment of Figure 4, the control law table 48 may
comprise a look up table that includes a pre-interpolated

matrix in an EPROM containing appropriate turn-ON and

turn-OFF data for several speed/torque-demand
combinations. This turn-ON and turn-OFF data may be

‘s ; N 1 .
20 empirically derived or calculated. Alternative

embodiments are possible in which the control law table
48 comprises a sparse matrix and a microprocessor or ASIC
is used to calculate the appropriate turn-ON and turn-OFF
angles in real time.

25 Figure 7a generally illustrates an example of the
circuitry that may be wused to implement the angle.
controller 46 of Figure 4. As illustrated in Figure 7a,
angle controller 46 may comprise an eight-bit up counter
70 that receivés as its Clock input the HF clock signals

30 discussed above in connection with Figure 6. As
indicated, the HF clock signal comprises a series of
clock pulses that occur at a frequency that is
proportional to the angular speed of the rotor. The
Reset input of up-counter 70 is coupled to receive at
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changing the timng of the waveforns produced by the 25 sensors.

Moreever, it is not essential that a cup-vane be used or that the
vane define |ight blocking and Iight transm ssive portions. O her
types of vanes and sensors could be wused. For exanple, the
vane~ could be constructed of magnébi ¢ mark regi ons and

non- magnetic 30 space regions and the sensors .could conprise

Hal | - ef f ect devices. Simlarly the vane could conprise teeth qf

ferromagnetic ndieastalong®ignals £xesy $heofigstasptpefasignals whigne 1n
rel uctance sens@he Ctaﬁﬁbdméﬁﬁ £ dFiQﬁfég ddheis the gulkkaltdignalfsom

I ncl ude regi ons of capacitance of
10 indtﬁﬁ"%ﬁﬂ,‘g 4%t “vary and a suitable sensor to detect the

changes. . AthO | i ght Reffdweirigv & ov Fiiaivieor?s, i nhecedght -bit countegro® dis
Avent Ton s nor Sadh ceathotifiE o8 SaokBeryre 1o SRE MY of (st
Fi gures 5a-5c butraian 5ia.  Epplthet cenbddimentc odr Fidure pf/eduche uprst
set of counter 70 is reset on each rising edge, although
embodiments are envisioned where counter 70 is reset on
a falling edge. Because the counter 70 is reset at a
10 point corresponding to an absolute position of a rotor
polé relative to a stator pole, and because the counter
70 is clocked with an HF clock signal that varies in
proportion to the speed of the rotor, the running output
of up-counter 70 will be a digital word that increases
15 over time, where the +value of the digital word
corresponds to the position of the rotor. This is
illustrated generally by the Angle Control Ramp signal of
Figure 7b. |
Referring to Figure 7b, the output of the gp-counter
20 70 is represented by the Angle Control Ramp. fAs Figure
7b indicates, at a point in time T,, counter 70 will
receive a rising edge of signal 5la. This rising edge
will reset counter 70 causing its output to drop to zero.
As discussed above, the occurrence of this rising -edge
25 indicates that a rotor pole has reached an absolute
position relative to a stator pole. After counter 70 is
reset, its output will increase in response to each HF'
clock pulse until the next occurrence of a'rising edge
from pulse train 5la at time T,. Because the HF clock
30 - pulse occurs at a rate that is proportional to the speed
of thé rotor, the output of the counter 70 will
correspond to the position of the rotor. |
_ Referring back to Figure 7a, the digital output from
counter 70, which corresponds to rotor position, may be



signals of* a first resolution. It is also applicable to encoders
that additionally produce a second set of signals of a second

resol ution. 10 Referring to Figure 4, the controller 40 of the
present invention receives the two sets of output signals . from
encoder 42 and utilizes those signals to contfol the swi tching of
power devices to control the energisation of - the phase wi ndings of a

swi t ched rel uctance gachi ne. It 15 y be noted that the second set of
digital output  usSed Epjgenerabe sy gdgnad s, s og; Sirdeg gigmals, to

frequency gohtirplli ehedpowerFaeqieasytoubhephise 94 decahdrsgiidehe
second set of si gnﬁlgs of .the_secopd, resol r 42 and

ti on from , epcode
generates a hi gh PPBEGcHEPOLPEERCS YRFres;- In PRTLAGUERT, hiR FLIIWERd Dy
angl e controller 48 teiglonibit comparatoer gizsals onsefl tie pénase whedi nglse of
t he machi ne t hgugh [ Lhku t N~ g : dipents are,
envi si oned Wher e Pg’é‘iﬁengggw ?i;%*%aér%r S:gléjinvg?-t %é%li SHBgi rgﬁaéeté&?
signal s from encodPPrePraagegenettehinghadawicts can checicurned t ba.fir shs
set of signals. jllustratell QW 8 R8P Qunfarety! s lcgcicéiﬂ\féé“ét;:)/iégat

may be used_to, i npl enent the frequency nultiplier 44 ¢ I gure
4. Figure 6a ill udt Rt carc BBt thiE weydnefrom  copkxglunka t fabldec ol

set of signals fresreaspdndiaAg td the dad¥iPedIern-ON fPSIHENTYCOMmBAEa b €
44. I Iust{:gt es Gircui té%%t hat may be used when

i gure__6b . .
the first %Et 72 xgeivRRl %423 8 dtn RPGer T3 degtpyt trom
. frequency golhtplri §0.44.In the embodintesfterof Bidurd i TR ecdifpatditor

- second set of di gl75alprovideas a logic high output whenever its A input

exceeds its B input. Accordingly, the output of
comparator 72 will be a logic high ("1") whenever the
15 signal corresponding to the desired turn-ON angle exceeds

the running output of counter 70 and logic low ("0") at
all other times. This signal is inverted by an inverter
to provide a digital signal that is logic high whenever
the running output of counter 70 exceeds  the signal
20 representing the turn-ON angle. o
In a similar manner comparator 74 receives at its A
input a digital word from control law table 48
corresponding the desired turn-OFF angle and at its B
input the running output of counter 70. Like comparator
25" 72, comparator 74 produces an output signal that is logic
‘high ("1") whenever the word at its A input exceeds the
word at its B input. Accordingly, comparator 74 will
produce a digital signal that is logic low (0) whenever
the output from counter 70 -exceeds the signal
30 'correspénding to the turn-OFF angle.
' The inverted output f£from compérator 72 and the
output from comparator 74 are both applied to AND gate
75. Accordingly, AND gate 75 will provide a digital
signal that is logic high only when the running output



signals 42b is applied to an increnent detector 60 that nonitors the

- signal s*from sensors.52a and 52b and produces a signal that changes
state when the rotor has rotated a predeterm ned high resolution
increment of 5 rotation. In the enbodi nent of Figure 6 an increnent
deteCtor 60 conprises an exclusive OR (XORpL7gate. The out put from
I ncrenment detector 60 is a series of clock pul ses where each cl ock
pul se corresponds to a high resolution increment of rotation of the

rotor. The 10 from smnindemf7C|igkgyedtsas tham thereianal deepresentings
applied to the Reget-yiudn Yngit Slsilidiid éﬁhﬁoﬁﬂéeélgﬂ?l representing

Accordingly, up-counter 61 receives the series of digi pul ses
derived from sefd§r $INsOFF] anst)-e-naThdgnepEput opignal frampf‘@'BeﬂéF% hed

number of pul seganf Otheacibe Co@REet €0 1Tontrdlot aheore:férgmﬁmmr of Taf
cl ock inpyt of ei punter 61 is .cou

cl ook thrBugh aspbropTats phasg; yindFhgasy iyt Bok Ahlugbratha Fy

the value 4 in Figure 7a. The general operation of comparators 72 and
74 and-AND.gate 75 is illustrated in Figure 7b where the
"Output from AND Gate 75 represents a series of pulses

that can be used to control energisation of the machine.

10 As those sgkilled in the art will appreciate, the
exemplary control system of Figure 7a is basic, and does

not include circuitry for impiementing more complicated

- control functions, such as freewheeling. Such additional
functions may be easily added to the circuit of Figure 7a

15 (e.g. by adding another comparator) without departing
' " from the spirit and scope of the present invention.
Moreover, Figure 7a illustrates control circuitry for

only a single phase. The circuitry will generally be
repeated for each phase of the motor and addltlonal

20 circuitry (not illustrated) will generally be requlred to
change the edge which resets the angle control ramp from

being reset on a rising edge to being reset on a falling

edge when the drive moves from motoring to generating.

For example, the circuitry of Figure 7a could be repeated

25 with the up-counter 70 being reset by the pulse train
from either sensor 51b or 5lc. Techniques and circuitry

for extending the controller of Figure 7a to multi-phase

motors will be apparent to those of ordinary skill in the

art having the benefit of this disclosure. Further, the

30 control circuit of Figure 7a genérally illustrates an
| angle controller. The controller could be modified to
include a chopping circuit, which compares the actual
current in the phase winding with a desired current

during the interval between the turn-ON and turn-OFF



this exanple. The system cl ock may have a frequency that s very
high-with respect to the frequency of the digital 20 pul ses t hat
compri se the second set of digital signals provi ded by encoder 42.
In operation, the up-counter 61 is reset each tine a rising or
falling edge of a pul se - occurs in th8 second set of digital signal s
provi ded by encoder 42. The up counter 61 will then count up in 25

response to the divided sys cIo K t rovi de a:cl.qcked ut pu

that correspondé aﬁ%b §§Furrent #hﬁ?ﬁverF%Peeﬁﬁﬁﬁ?i,

t he (r]I ?to[] is I‘O@lfrlr@taﬁnlei&tbl bS't exceeds theedebérgd, cartehati vely sl ow

spee the counter W ] ati fr, e t hus

t he maxi num 30 L?r?t %?n%:a%lfef \‘}f; *S?u]gé %elgi':ly(\)/vé%] fﬁ&u QE%XFEQQE

angul ar - speed otdﬂ&;aﬂﬁnﬁ arawxnnhﬁdtnakuqnﬁnﬂﬁimqnhxne w1th0uc099891Y61
will be rgset O%P@o’ﬂt%”?BQ?FioHas'e%&F@e  ox LNisskh maykauaLaghaut

of counter be relative In general, “the output O
counter 61 mn||cggqg4try Accordlngly, the controller of the {present

invention as represented by Figure 4 provides a low cost,
efficient control system.

It should be noted that the particular encoder 42

10 illustrated in Figures 5a-5c is exemplary only and that
the present invention is -applicable to other types and
configurations of wvanes, sensors and to other.forms of
position encoders. For example, the number of teeth per
set could be changed, as could the number and location of

15 the sensors without departing from the scope of. the
present invention. ,

Further alternative: embodlments are p0331b1e in
which use two incremental encoders with different
resolutions or two absolute encoders with ' dlfferent

20 resolutlons Moreover, although the above embodlments of
the present invention include a logic circuit, an ASIC or
a microprocessor, those skilled in the art will
understand that the present invention can be performed by
a properly programmed microcontroller, a specific logic

25 circuit, or analog cifcuitry.

Although the invention has been described in terms
of rotary machines, the skilled person will be aware that
the same principles of operation can be applied to a

_ linear position encoder to equal effect. For example,
30 the skilled person will be aware that a reluctance
machine (as with other types of electric machine) can be
constructed as a linear motor. The moving member of a
linear motor is referred to in the art as a rotor. The
term "rotor" used herein is intended to embrace ‘the



ei ght bit maximum count val ue that corresponds inversely to the speed
of t:he nmotor. The maxi num out put of the counter 61 nmay be provided
to the programrabl e divider 62 in response to a pulse in the second
set of digital 5 signal s provided by encoder 42. The
eight-bit digital output from up-counter 639 s applied to the control
input C of a programmable divider 62. Progranmabl e divider 62
receives as its Clocklgﬁo . £ t&hes tem(I:,Iock Asthose skilled in
the art will 10 é'}l"[il’feo Sr B'P O%ai a’&l ‘62 is of standard
construction and pr O\Am@mgim put thEOCl@slmwlemat dfas the pxesent
frequency that isgnRddidhl! Ghith HaGel &,%gueafiéc%staaeg way of @Ral aBBel od
nh X 63 e

at its C ock. e ernb ures pr ogr ammabl e
divider is of tkexampiesignd dmﬁ@uésm@,o@ﬁrplhe GWE@I@NQ%H@}HBSV@&&QP%O

the inputg citlcRale fﬁﬁwwadafr rha.lnwe nunfqﬁfsé ef¥ EBB&d e§inby hehe
eight-bit digital vvor recelq\;ﬁ%at t he nt r.ol

'}Q ccordltg’%:ry,
the progranmabl &% Wi |¥?E%°$“I’ﬁegl"r'hat thesge ARAnEFTAPYF QENETOCcK
si gnal (HF cl oclodiffdicatd®on® 24nd chhihgesenmay t bat nwadé esopridper presahity

h the f he .di git.al h d
cet of oV o iem iy PRl ool [y ThhRS ® BRI
digital pul ses tpplicagicomsdliuestsateddand: dekcsiberdl berein anflr witbousder
42 variegqopropordy ?%%' lré]\@rlopn the %%ﬁ‘)% g fcﬁeoPgreE:Qﬁt”%%ntlbﬂe 32 eez:“k

si gnal has a frequency ronally wth t
t he notor. is set fantiough tibe: fgld\mwm ngmr@s 6a- 6b, in enbodl ment s

where the frequency of the divided systemclock is such



that up-counter 61 would likely overfl ow between 30 successi ve cl ock
pul ses from encoder 42, the nunber of bits of the up- count'er 61 may

be increased accordingly. Figure 6b illustr
I mpl’enent i ng frequency nultiplier 44 when the fi fﬂﬂmﬂ l,ﬂmg[mmm
42a - fromencoder 42 is provided to gbe frequency nultdpltier s

13 44. The circuitry of Figure 6b operates in a nmanner

simlar to that described above with respect to Figure 6a with the

- exception that tgiAIM8mter 61 is reset each ting the rotor rotates

t hrough an increnent of rotation as 5 ‘refl ected by signals 42a.
Three-input exclusive gate 64 recelves t he signal s a and provides
‘an out put si gnallwhi dh QMR systiem for a §Héﬁchﬁer§ﬁVCSﬁ€°8meﬁ 18fgnal s

42a change stat &héMiRithine compisiibguat f¥tef, R BHaLdb drl Wit [Leaet, ohke

high 10 resol tl0n ul se train 42b fr n1en oder 42 i.s.unnecessar
for a funetioni -1 Jtr?'g'sf}"e}? ?—_ rising: Y,

a rotor position encoder operable to generate output-
signals indicative of the position of the rotor relative
to the stator; |

a frequency multiplier arranged to receive first

10 “ output signals from the encoder and being operable to
derive a-clock signal having a frequency proportional to
the frequency of the first output -signals; and

angle control means responsive to the clock signals
and second output signals from the encoder to generate

15 switching signals for controlling the energisation of the
- at least one phase winding.

2. A control syetem as claimed in claim 1 in which the
frequency multiplier comprises: '

20 an increment detector arranged to receive the first
output signals, the increment detector being operable to
generate a series of clock pulses, each clock pulse being
‘defined by a change in state of the output signals of the
first output signals; a counter having a reset input

25 arranged to receive the series of clock pulses, the
counter being resettable in response to each clock pulse
generated by the increment detector, the counter having
a clock input coupled to a system clock, the counter
being operable to provide an output that varies in

30 proportion to the frequency of the series of clock pulses
from the increment detector; and

a programmable divider couﬁled to receive the output
of the counter and the system clock, the programmable
divider being operable to provide at its output the high
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RPT, providing only one pulse train, could be used.. - Referring
back*to Figure 4, the HF cl ock signal from 15 the frequency multiplier

44 is applied to an angle control circuit 46 and a choppi ng contr ol
circuit 47. In general, the angle %Pntrol circuit 46 and choppi ng
control circuit 47 respond to the HF clock 4nd to the signals from

encoder 42 to provide switching signals for 20 t he power devi ces. The
choppi ng control tpvely | d
mheﬁpchgpplng éf% #?iff%c eﬁQQ§f|S%€?o$ n#¥§?¥?ﬂ§¥1% Erfégggﬁns

t he phase hﬂmmgs frequency! thabnisohl ﬁg‘aﬂtﬁimpﬁ)eﬂm’qﬂr@m&ncy of
when the speed fhet h%y&@q 1h<§ckr el %}h'e ih Nicgld a%}% oﬁxgﬁ'i%ppbgg cqat rol

is ineffective. 1In génera contro pl ng

_control | er 47 r&&&avensyyi pf| the hlghot%l?eW‘FYoﬁlﬂcé‘naﬁégaéll Ve F—h@m

encoder 48 and frequerfaanw Ehbhsyéeéﬂrcpeéktwrb&iml%&&sém léeoal&g%e,r
42 wth sgg S correipondlng to turn-ON and turn-OFF angl es 30

for the desiré& tgﬁ% -condi ti ons. When the

appropriate controller detern1nes that the rotor is at the position

cor eepond! 19 3 e o WO Wertag 3 asnBi 5oL A0 s BE EREL S
wi ndi ng. Wien increment detector comprises an exclusive OR gate.
10
4. A control system as claimed in claim 2.or 3 in which
the frequency of the high frequency clock signal is equal
to the frequency of the system clock divided by the
output of the counter.
15
' 5. A control system as claimed in any of claims 1 to 5
in which the angle control means comprises: _

a counter having a clock input and a reset input,
the clock input being coupled to receive - the high

20 frequency clock signal, the reset input being Eoupled to
receive the first output signals, the counter being
operable to provide a c§unter output representative of
the number of pulses applied to the counter clock input
following the application of a pulse to the counter reset

25 input;

a first comparator coupled to receive the counter
output and a turn-on signal having a value corresponding
to a rotor position at which the phase winding should be
energised, the first comparator providing an output

30 signal at a first logic level when the value of the
counter output exceeds the value of the turn-on signal;

a second comparator coupled to receive the counter
output and a turn-off signal having a value corresponding
to a rotor position at which the phase windings should be

This Sheet Has Been Reilaced
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14 the rotor position signals derived from encoder

i ndi.cate that the rotor is at the position correspondin

turn-OFF angle, the appropriate controller pgenerﬁmul IMIluulﬂm“ﬁul
signal to turn off the appropriate 5 " switching device ahd 'deMenérgfze

t he -appropri ate phase wi ndi ng. |f cB8pping control is used, the
controller 47 may generate choppi ng signals between the period

defi ned y the tyrn-ON and turn-OFF angles to control the CUE

in the phase mnﬁﬁlﬁﬁerﬁﬁé§é t& mQ$99¥QMq?WE§%QFQﬁ RLPVHAing ap,QuUERY IIed
in the art of seignhed s€l act predefin¥@s.logic level wien hehenbodunear of .

Fi 4, -th

cggg;gl |am/?aL$éEE§ exceeaﬁhgpelX@}ﬁgegfatﬂfogn? §?fs§ ﬁhgélgggrggeﬁtlng
t he , t or que- de&agdcaméaﬂﬁeraspmnssmeedoothEh@ubpuﬁrmngnalm fsom
the embody ment pheFlQY(R JandNBecBAL %Aﬁégﬂé €8 Blferate a CRTRLRSS 2

| ook up table I'nc udes a pre-inte
cont ai ni ng appr epghaie ﬁquﬁnemgaﬁg the Phﬂaf—'n "GﬁdlnS{jaWHen qﬂﬁ ouSpyEr al

speed/ tor que- degRBflals fronf AHY ”é&ﬁ\ﬁﬁf’atoirg' $nl¥EAtEN iyt (the- Ebimeata
may be 20 enpirically derived or . cal cgpate Al ternative

enbodi ments ar eOBEBYEDIE igFSAteth than cbher Yplpgwatafihe turn-on signal

but less than the value of the turn-off signal.
10 |
6. A control system as claimed in claim 5 in which the
first 1o§ic level is a logic low level, the predefined
logic level is a logic low level, and in which the logic
means responsive to the output signals from the first and
15 second comparators comprise an inverter coupled to the
output of the first comparator for inverting the output
of the first comparator and an AND gate having a first
input coupled to receive the output of the inverter and
a second input coupled to receive the outpﬁp of the
20 second comparator. | ' !

7. A control system as claimed in any of the preceding
claims in which the first output signals are at a first
resolution corresponding to the absolute position of the
25. rotor, the second output signals are at a second
resolution corresponding to the incremental position of
the rotor, the second resolution being gréater than the

first resolution.

30 8. A control system as claimed in claim 7 in which the
rotor position enéoder comprises a member including a
first set of features and a second set of features, a
first set of sensors arranged to produce output signals
indicative of movement of the member past the first set
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48 conprises a sparse matrix and a m croprocessor or ASIC Is used to

cal gul ate the appropriate turn-ON and turn-OFF .
25 | Figure 7a generally illustrates an exanple Hmmmllﬂmﬂml mnre
circuitry that my be used to inplement the ang L @on®

46 of Figure 4. As illustrated in Figure 723 angle controller 46 may
conprise an eight-bit up counter 70 that receives as its O ock input

the HF clock signals 30 di scussed abpv [ connection wth F|%yre
6. As iHfdi ESPEATS ! t ANdHFAC|RRIO gﬁSF aﬁm?ragéeré SRFTRIL
clock pulses tgiducis @ittputi s:.@naflrsi‘(ilﬂﬂi@)atlhﬂwtof ithe movemepitopd tthenal

to the angul ar d of t ot Q Reset ut. of nt.er
70.is coupled t&&wgﬁ gtthe second set of ﬁ%ﬁﬁﬁr%m5ﬂ¥$ roﬁqﬁédt
first set of S|gmmgnaldnﬁrumluhe flrsttbetemﬁb@emsmmsobcﬁmguse the $ise
pul se trabn fro@uﬁ&yt §f€§gis5;ﬂd the . outputgékgéﬁ'Q%e(%é%&hﬁesge c&he

ei ght - bi t “count
_ sensors comprise the second output signals.

9. A control system as claimed in any of claims 1 to 6
in which the rotor position encoder comprises a member

10 including a set of features, a set of sensors operable to
produce the output signals indicative of the movement of
the member past the sensors, the first and second output
signals being the same signals.

15 10. A control system as claimed in claim 8 or 9 in which
the features define light blocking and light transmissive
regions and wherein the sensors that comprise the sets of
sensors are optical sensors. '

20 11. A control system as claimed in claim 10 infwhidh the
light blocking and light transmissive regions define an
angular extent and wherein the angular extent of the
light transmissive and light blocking regions defined by
the features in the first set of features are

25 sﬁbstantially equal. '

12. A method for controlling a switched reluctance
machine having a rotor, a stator, at least one phase
_ winding and a rotor position encoder that provides
30 signals corresponding to the absolute position of the
rotbr relative to the stator, the method comprising the

steps of ' '
monitoring the signals and generating a high
frequency clock signal having a frequency proportiomnal to
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7 i

5 reset each tinme an edge occurs in the output of pulse

5la..» In the enbodi nent of Figure 7a, the up- count u&u&g ““
each rising edge, although . enbodi nents are enV|S|one

70 is reset on a falling edge. Because the counter 70 IS reset at a
10 - point corresponding to an absol ute p3§|t|on of a rotor pol e
relative to a stator pole and because the counter 70 is clocked with

Fotor, “the runnith doegmetcy”ae' Bpich cnBIREP'as My EnaRoEs, halass
that increases 15 xnmﬂlatmnﬁaa cwmme ofhsheyvghangesf in hetatk gpfakheword

corresponds to r | a
generalol y by thgﬁéngl eeg‘)'l(rtyti])rc%f c&g’%k g?g ug&sa él?arﬁe 1n d adésbl;" thd

Referring to Fi §%te ol S%Qﬂ?lﬁﬁrnn of the up- counter 20 70 i s

represented by the Ang{a-ixit @'tlﬁarﬁt lﬁsf'&&léephase wa,ﬁ@lh@dwﬁéhe%heat a
point-in tinme T[err] count er receive a risjng edge of -

signal 5la. ThiCOWsinRpchifse @ first predefdaned valnesr apd causing its
output to drop to zerde-energisiffy dilseuaseleabeyone shawes wiivding ovhehi s

ri sing edge 25 i ndi gates that a rotor, pol S. reached an absol ute
posi tion rel ati V& FH FFChRH & sgomd E’J&%{eﬁ“ﬂei‘@aue' reset, its
output will increase in response to each HF clock pulse until the

next oceyprence of & 41 Helfcf%8or  cone[EPIAY % WA Eh1LkNEnce

Tlerr]. ecausé t'he cloc Feeoett s 4t S5
proportional tomaghigeebaving a afottdne. r 8t atatidm oat pleast tdne cpbaser 70

wi Il Cor LASTAMY  Anlh& PPSLLL ORoRitlild '&i@Sder that provides a
' first set of signals at a first resolution corresponding
to the absolute position of the rotor relative to the
15 stator and a second set of signals at a second resolution
corresponding to the incremental position of the rotor,
wherein the second resolution is greater than the first
resolution, the method comprising the steps of:
monitoring the second set of signals and generating
20 | a high ffequency clock signal having a Erequehcy
proportional to the frequency at which the second set of
signals changes states;
initiating a count of the changes in state of the
high frequency clock signal upon a change in state of the
25 first set of signals; '
energising the at least one phase winding when the
count reaches a first predefined value; and
de-energising the at least one phase winding when
the count reaches a second predefined value.
30
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Referring back to Figure 7a, the digital output from . ._. ..counter.
whi ¢h corresponds to rotor position, may be laced
16 used to generate'swtching signals, or firi ﬁma ﬁ?ﬁace
control the power devices to energize or de-energize the

wi ndf ngs of interest. In particular, in Flaére 7a,

conparator 72 is used to sense when the rotor has. reached the
turn-ON angle such that the &gﬁlite swi t chi ng device can be
t urned on. As illustrated in Fggﬁ conparator 72 receives at

Its A input an eight-bit word fromcontrol law table 48
corresponding t
‘at its B input »
enbodi nent of FUZLL : 3 XEQ LOCKr ovi des a | ogi ¢ hi gh out put
whenever its A input exceeds its B input. ~ Accordingly, the,

output of conparator 72 wil] be a logic high ("1") whenever the 15
si gnal correspondi ng®& ocireuifesiandd nethodn | gonfE@dysng a switched

reluctance drive having at least one phase winding and a

' BREVEES

rotor position encoder that provides a set of signals
corresponding to the absoclute position of the rotor
relative to the stator. The circuit monitors the set of
signals and generates a high frequency clock signal
having a frequency substantially proportional to the
frequency at which the set of signals changes state. The
high freqﬁency clock signal comprises a number of digital
pulses for each rotor revolution that is an integral
multiple of the number of digital pulses from the rotor
position transducer for each rotor revolution and.
corresponds to the incremental position of the rotor.
The high frequency clock signal is applied toZg counter
that is. reset upon each change in state of tﬁe set of
signals. The output of the counter is compared to
predetermined values and the at least one phase winding
is energised and de-energised in response to the results

of the comparison.



the runni ng output of counter 70 and logic low ("0") at all other

times. This signal is inverted by an inverter to provide a digital
signal that is |ogic high whenever t he runni ng out put of counter 70
exceeds the signal 20 representing the turn-ON angl e. In a
simtar manner conparator 74 receives at, }bs A input a digital
word from control law table 48 correspondi ng the desired
turn-OFF angle and at its B i nput the running output of counter 70.
Li ke conparator 25 72, conparator 74 produces an output signal that is
| ogi c . high ("1") whenever the word at its A input exceeds the

word at its B input. Accordingly, conparator 74 wll produce a
digital signal that is logic |ow (0) whenever the output from
counter 70 exceeds the signal 30 corresponding to the turn-CFF
angl e. The inverted output from conparator 72 and the-

out put from conparator 74 are both applied to AND gate 75.
Accordingly, AND gate 75 will provide a digital signal that is logic
hi gh only when the running out put o
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fromcounter 70 is greater than the signal representing the turn-ON

angle and |l ess than the signal representing the turn-OFF angle. This
out put signal from AND gate 75 can then be used to control the

energi sation of an 5 appropri ate phase mﬁnding by circuitry not
illustrated in Figure 7a. The g??q{ operation of conparators 72
and 74 and AND gate 75 is illus ed in Figure 7b where the

Qut put from AND Gate 75 represents a series of pulses that can be
used to control energisation of the nmachine. 10 As those skilled
in the art wll appreciate, the exenpl ary control system of Figure
7a is basic, and does not,incl e cir try for inplenmenting nore
conpl i cat ed cont rol functions such a reewheel i ng. Such additi onal
functions may be easily added to the @lgure 7a 15 (e.qg. by
addi ng anot her conparator) w thout departi 23t he spirit and
scope of the present invention. . : M qure 7a illustrates
control circuitry for y ircuitry wll
general ly be r epeat ed dse! {e notor>and additional 20

circuitry (not illustrated) wll
edge which resets the angle con
rising edge to being reset on a fallin
fromnotoring to generati22- r e

coul d be repeated 25 mnth e up-\count'&l

train fromeither sensdr 51b o

edge when the drive noves
e,.the circuitry of Figure 7a

ing reset by the pul se
hni ques and circuitry

FIG. 3



for extending the controller of Figure 7a to multi-phase notors will
be apparent to those of ordinary skill in the art having the benefit
of this disclosure. Further, the 30 control circuit of Figure 7a
generally illustrates an angle controller. The controller could be
modi fied to i nclude a chopping circuit, which conpares the actual
current in the phase winding with a desired current during the
interval between the turn-ON and turn- )

18 angl es, and chops the phase current whenever the actual

current neets or exceeds the desired current. = The control |l er of
Figure 4 allows for effective control of .a switched reluctance

- machine without costly 5 absolute position encoders or costly
processi ng circuitry. Accordingly, the controller of the present
invention as represented by Figure 4 provides a | ow cost, - efficient
control system It should be noted that the particul ar encoder
42
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10 illustrated in Figures 5a-5c is exenplary only and that : the
present invention is applicable to other types and configurations of
vanes, sensors and to other forns of position encoders. For exanple,
t he nunber of teeth per - set could be changed, as could the nunber
~and Focation of 15 the sensors mﬁt$9g} departing fromthe scope of the
present invention. : Further alternative enbodinents are
possible in whi ch use two increnental encoders with different

resol utions or two absolute encoders with different 20 resol utions.

Mor eover, although the above enbodi nents of t he present invention
include a logic circuit, an ASIC or a mcroprocessor, those skilled
inthe art wll understand that the present invention can be
perfornmed by a properly programed m crocontroller, a specific logic
25 circuit, or analog circuitry. Al t hough the invention has
been described in terns of rotary machines, the skilled person will
be.awar e t hat the sane principles of operation can be applied to a

| i near position encoder to equal effect. For exanple, 30 skilled
person will be aware that LN machi ne (as wigh other types
of electric machi ne) cap WV g Has a |inear tor. The
novi ng nenber of a 5 bt 0 in the art as a
rotor. The of

FIG. 5a



19 “nmoving menber of a linear notor as well. Accordingly,
the ¥ principles of the present I nvention, which have been

di scl osed by way of the above exanpl es and di scussi on, can be

i npl ement ed using various 5 circuit types and arrangenents. . Those
skilYed in the art will readily f8cognize that these and vari ous

ot her nodi fi cati ons and changes nmay be nade to the present

i nvention without strictly follow ng the exenplary application
illustrated and described herein and w thout 10 departing fromthe
scope of the present invention, which is set forth in the followng
cl ai ns. '

56
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1. A control systemfor a switched reluctance nachine, t he machi ne
conmpfising a rotor (20), a stator (21) and at 5 | east one phase

winding (23), the control system conpri si ng: a rotor

- posi tion encoder (50, 51a, 51b, 51c, 52a, 52b) operable to generate
out put “signal s indicative of th% gosition of the rotor relative to
the stator; 10 a frequency nmu {iplrer (44) conprising: an

i ncrenent detector (60:64) arranged to receive first and second

out put signals (42a: 42b) fromthe encoder, the increnent detector

bei ng operable to generate a series of clock pul ses, each clock
pul se being defined by a change in state of the first 15 out put

signals; a counter (61) having a reset input (R arranged to receive

the series of clock pul ses, the counter being resettable in response

to each clock pul se generated by the increnment detector, the counter
havi ng a clock input coupled to a systemclock, the counter 20

bei ng operable to provide an output (C) that varies. in : proportion to

the frequency of the series of clock pul ses fromthe increnent

detector; and a programmabl e divi der (62) coupled to receive the

out put of the countér and the system cl ock, the programrabl e divi der
bei ng operable to 25 provide at its output a clock signal (HFCLOCK),
havi ng a frequency proportional to the frequency of the second

out put signals and a fraction of the frequency of the
| 5 \ 1
| - / |

/J

QO
|
;
;
E
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system cl ock, wherein the relationship of the frequency of the clock

signal to the frequency of the systemclock 30 Is controlled by the
out put of the counter; and angl e cont 1 nmeans (46) responsive
to the clock S|gnal and first output signals (42a) fromthe encoder
to generate swi tching signals for controlling the ener gi sati on of
the at | east one phase w nding. 7/8 2. A control system as
claimed in claiml in which the “increment detector conprises an
exclusive OR gate (60: 64). 5 3. A control system as clai ned
~in claim1 or 2 in which t he frequency of the clock signal is equal
to the frequency of the systqu k divided by the output of
t he counter. 10 4, A controlcé%§§£n1as claimed in any of clainms 1,
2 or
- 44
e e E
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i N i
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| |
62 |
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3 in which the angle control neans conpri ses: a second counter
(70)>having a clock input and a . reset input (R, the clock input
bei ng coupled to receive t he high frequency clock signal, the reset
i npuf, being 15 coupled to receive the first output signals, the second
counter being operable to provide a second counter out put

representative of the nunber of pulseseabﬁlied to the second counter
clock input follow ng the application of a pulse to the second
counter reset input; 20 a first conmparator (72) coupled to
receive the second counter output (B) and a turn-on signal (A)

havi ng a val ue corresponding to a rotor position_aggwhich the

phase wi nding shoul d be enejgised.. the first_conparatoy _______. prayiding an
out put si gn@N-ANGEE first logic |evel -when 25 the val ue of the §econd

counter out prROMPCONEAQL he val ue -on si gnal ; i
a second CORAR TARPE 4 y4) coppled to yeciive BBIT count er

- out put and MAGNITUDEa spondi hg to a
rotor position at which the 30 phase | COMPARATOR be !
de-energised, the second! conpar Ldi ng an ofit put sggnal at

- a predefined | ogi c l'level when 4he secon@ co r out put exceeds the
val ue of the turn-off signal; and /" | ogi ¢ nMeans (’3,3%) :
responsive to the output siignal § - ! FIRING

: S1a : R Up . . | SIGNAL
i |COUNTER[ ¢ ~ j S g -
: A ' !
HF CLOCK L f !
: ’ B ,/’74 i
i 8-BIT :
oFF . s——2] masnimupe 222 5
-ANGLE ! COMPARATOR -
(FROM CONTROL ! !
LAW TABLE 48) o _ !
FIG. 7a
ANGLE CONTROL RAMP
TURN-OFFANGLE ———— -~} — — — — G Bttty ot Eb
TURN-ONANGLE — 52—~ —L L i1 _ 2 i |
ol P Mg
SIBNAL i i i i b
51a v : ' :
OUTPUT FROM | |
AND GATE 75 —_J
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fromthe first and second conparators to generate a firing ﬁ?gnal to
energi se the phase w nding when the out put signals fromthe
conparators indicate that the counter output is greater than the
~value of the turn-on 5 signal but legg than the value of the turn-off
si gnal . 5. A control systemas clainmed in claim4 in which the
first logic level is a logic |ow |level, the predefined | ogi c | evel
is alogic low |evel, and in which theapg#ractO means responsive to the
out put signals fromthe first and second conparators conprise an
inverter (73) coupled to t he output of the first conparator for
inverting the ANGLE QMOIGﬁER heFORr SA C GWETCHED SRELBOTANCEJaDRIVES)
having a first N ] j put of the 15 i nverter
and a second i t of the second

conpar at or. 6. A control systen1as clainmed in any of the

precedi ng cl &l ng; S %«{) thoat st pHBnE?gﬁghﬁgarf awitcdndasst 20

resol uti on correspondi ng to .the ute position o
reluctance drive hav1ng at least one phase winding and a

rotor position encoder that provides a set of signals
corresponding to the absolute position of the rotor
relative to the statdr. The circuit monitors the set of
signals and generates a high frequency clock signal
having a frequency substantially proportional to the
' frequency at which the set of signals changes state. The
high frequency clock signal comprises a number of digital
pulses for each rotor revolution that is an integral
multiple of the number of digital pulses from the rotor
position transducer for each rotor revolution and
corresponds to the incremental position of the rotor.
The high frequency clock signal is applied to a counter
that is reset upon each change in state of the set of
signals. The output of the counter is compared to
.- predetermined values and the at least one phase winding
is energised and de-energised in response to the results

of the comparison.
o/ Figure 7a
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- rotor, the sec s are at a second resol uti off*
correspondl ng I m posi tion of “the rotor, the second
resol ution be| firgo resolmé ?snth

control system as cI aimed in cl a| m6 in which t %P"FYSETWﬁﬂ“fA

encoder conprises a nenber (50) including a first set f features
(53) and a second QIAIMSE: features (56), a fi rllataset-ltbh &hsor s
(51a, b,c) arranged to 30 produce output signals indicative of novenent
of the menber past.the first set of sensors, and a second set of
sensors (52a,b) %r arigezbntt:col Eysher faxitypEwitihpdireluctance miickine e

of the nmoverent . of.4d %r C set n ,
wherein the out put SI gnal's romﬁ@kits{‘l%ri% QBQQr (207, & sggtéﬁe )zean%%rast
conpri se thé firstleaaputone grphasendwinding {(23)ut pohe f contapd saEysken
set of sensors congudgeidiify: second out put signals.

a rotor position encoder (50, S5ia, 51b, S5lec, S2a,
52b) operable to generate output signals indicative of

the position of the rotor relative to the stator;
10 a frequency multiplier (44) comprising: an increment detector

(60:64) arranged to receive first and second output signals:

(42a:42b) from the encoder, the increment detector being
operable to generate a series of clock pulses, each clock
pulse being defined by a change in state of the first
15 output signals; a counter (61) having a reset input (R)
arranged to receive the series of clock pulses, the
counter being resettable in response to each clock pulse
gensrated by the increment detector, the counter having
a clock input coupled to a syszem clock, the counter
22 being operable to provide an output (C) that varies in
proportion to the frequency of the series of clock pulses
from the increment detector; and a programmable divider
(62) coupled to receive the cutput of the counter and the
system clock, the programmable divider being operable to
25 provide at its output a clock signal (HFCLOCK), having a
frequency proportional to the freguency of the second
output signals and ‘a fraction of the frequency of the
system clock, wherein the relationship of the frequency
of the clock signal to the frequency of the system clock
30 is controlled by the output of the counter; and
angle cont 1 means (46) responsive to the clock
signal and first output signals (42a) from the encoder
to generate switching signals <£or controlling the
energisation ¢f the at least one ph hase winding.
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5 : A control systemas claimed in any of claims 1 to 5 : I n

whi ch the r ot or w ﬂgmmorrprl ses a nenbefhis is the YGMMMQM€et
v

. of features, a se able to 21 bproduce the output signals
i ndi cative of t he emant Yof * t he nmenber paﬁémthe 54ns‘ﬂ , the first
and second out put 10 signal s being the sane signals. 9. A
control system as x| ai (t:ddt sd1pispst & ds | ELabhed in claihhp 1AUNIER cthe
define light blocKing and light transm ssive s and vvhereln t he
sensors that conpr r&% RN o{ALARCUGE  COURFiSPS aPé‘ %ﬁ’i siyg s %, gate
10. A control systepues) clainmed in claim9 in which the Ilght
bl ocki ng and |ight—transm ssive regions define an angul ar extent and
wherein the angul ar extent of the 20 light transm ssive and |ight

bl ocki ng refi ons @efi nekl dontrol systiem afscaflaiomed iin clidm i ost2 ietwhidh
features are the S%tq%r&fc@ leeqé'ﬁ‘é clock signal is equal to the
frequency of the system clock divided by the output of
the counter.
10 A control system as claimed in any of claims 1, 2 or
in which the angle control means comprises:

a second counter (70) having a clock input and a
reset input (R), the clock input being coupled to receive
the high frequency clock signal, the reset input being

1s coupled to receive the first output signals, the seccnd
counter being cperable to provide a second counter output

4.
3

representative of the number of pulses applied to the
second counter clock input following the application of
a pulse to the second ccunter reset input;

29 a first comparator (72} coupled to receive :the
second counter cutput {B) and a turn-on signal_@ having
a value corresponding to a rotcr position at which the

,ase winding shouid be energised, the first comparator
providing an output signal at a first logic level when

25 the value of the second counter output exceeds the value

rsl

of the turn-on signal;
a second comparator (74) coupled to receive the
second counter output and a turn-off signal (A) having a
value corresponding to a rotor position at which the
30 phase windings should be de-energised, the ‘second
comparator providing an output signal at a predefined
‘logic level when the second counter output exceeds the
value of the turn-off signal; and

logic means (,.,,75) responsive to the cutput signals
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energi sing the at | east ond pfiasé wi ndi ng whent he, .- count reaches.a
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13. A net hod fog.controLIin a_swi tched rel uct ance . .machine having a
rotor, a stator,-httf%ast ph8s&nergise Ehg; Rpagry Wipdige pien | bhe
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correspon@ ng t sigeal nevenmbassl thasi thenvaluehefr aher turn-off whgneln t he
second resolution is greater than the first resol ution, the nethod
conprising the steps of: monitoring the second set of signals
and generating &  AaCOREERL sregemms clabmed ingripimpgvingwhich the
frequency £ DESPOLbGaRalldv Ll higs T4 CTeg0EY 18k UL | Nene o5 p0de BEh o]
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state of the ogic level is a logic low level, and in which the “logic
10 means responsive to the output signals from the first and

second comparators comprise an inverter (73) coupled to
the output of the first comparator for inverting the
output of the first comparator and an AND gate (75)
having a first input coupled to receive the output of the

15 inverter and a second input coupled to receive the output
of the second comparator.

6. A control system as claimed in any of the preceding

claims in which the first output signals are at a first
resolution corresponding to the absolute position of the

(9]
(@]

rotor, the second output signals are at a second
resolution corresponding to the incremental pesition of
the rotor, the second resolution being greater than the
first resoclution.

25
7. A control system as claimed in claim 6 in which the
rotor position encoder comprises a member (50) including
a first set of features (53) and a second set of features
(56), a first set of sensors (51a,b,c) arranged to
30 produce output signals indicative of movement of the

member past the first set of sensors, and a second set of
sensors (52a,b) arranged to produce dutput signals
indicative of the movement of the member past the second
set of sensors, wherein the output signals from the first
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set of sensors comprise the first output signals and the
outputs from the second set of sensors comprise the
second output signals.

5 8. A control system as claimed in any of claims 1 to S
in which the rotor position encoder comprises a member
including a set of features, a set of sensors operable to
produce the output signals indicative of the movement of
the member past the sensors, the first and second output

10 signals being the same signals.

9. A control system as claimed in ciaim 7 or 8 in which
the features define light blocking and light transmissive
regions and wherein the sensors that comprise the sets of

15 sensors are optical sensors.
B

0. A control system as cl

———

aimed in claim 9 in which the
light blocking and light transmissive regions define an
angular extent and wherein the angular extent of the
29 light transmissive and 1ight blocking regions defined by
~he features in the first set of £features are

substantially equal.



