generally relates to a 5 position encoder and, in particular,
encoder for use in a switched reluctance drive. In general, a reluctance
machi ne can be operated as an electric notor in which torque is produced by

the tendency of its novable part to nove gnto a position 7.
reluctance of a magnetic circuit is mnimzed, i.e, the ind E\mmam\“mmm
exciting winding is maximzed. In one type of reluctance nachine

energi sati on of the phase w ndings occurs at a controlled frequency These

eforred Lo as synchi onous r FHEFARED RAPSFESR KREoRd nd Type of

rel uctance nmachine) circuitry is provided for detecting the angul ar
position of the rotgQr and_ener ian

h f
the rotor's position: ©ThPERERENnat ﬁﬁpb?g gaggé\nﬁgfgngs 2 ?é\gn?rélyogl go be
a notor Sor a gmm:iaion aaemcodeth mchi néa apargboelar) y toown posikiebhed
rel uct ance nac EﬁﬁerT? rPhLES e +r§%¥%éﬁ£ﬁ|f§fﬁﬁggﬁﬂé Ya AR i cable to

tc

swi t ched rel uctance machines, 1 ncluding sw uct ance nmachi nes
" operating as mtorslnrggEﬁeahtoasrebB:@W anachimgsam dep opgapsgd as

components of &, SWhlehed d GhddANER WHiEh St‘léi-&ﬁ'& 19gf (ﬁrdau%@d dthe
rel uct ance nmachi ne oper at | ng as a not or. he |nput DC power &{}11 can

be either a baterdoney fctits cHoyAlle; IHaé‘rtedt%C‘“HHPnslntﬁeaDBQ? 28e

provi degh by th%@@éﬁthéorémaetanéé d>§ évmagrmowlmﬂmaaoa\asﬁnww ngs of
the notor 12 b power (gnverter e contr of, the el ectr.onic

control unit 1 @%vﬂ-’? SFFéE%W A3t %rﬁazgﬁxtlgutzﬁg angl e
of rotation of the I[nt ehefl Qyper @;ferreammtatncm meichiine dhevenkigisationh, a

.17 OCT 2003 2f the phase windings occurs at a controlled frequency.

;e3en fp6T; 17 OCT 2003 | MPROVED PCSI TI ON ENCODER The pr esent '”Vg'?lgfg)@?tgﬂga

These machines may be operated as a motor or a generator.
15 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 second type of
20 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.
25 ’ 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 voltage provided by the power
30 supply 11 is switched across the phase windings of the
motor 12 by a power converter 13 under the control 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 10. As such, a
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rotor position detector 15 is typically enployed to supply si gnalli., CT
corresponding to the angul ar position of the rotor. The output of thg o?@)q3

position detector 15 may al so be used to generate a speed feedback signal.
5 The rotor position detector 15 may take many fornms. In sone systens, the
rotor position detector 15 can conprise & rotor position transducer that
provi des output signals that change state each tine the rotor rotates to a
position where a different switching arrangenent of the 10 devices in the
power convert &fotlsy | ositibht et dbt¥1CA55Y $E EBypidiEl 19! @pRegell 0o
detector 15 can conprise a relative position encoder that provides a_clock
pul se (or si mYURPLY gitgnals IPxreRPANENG it the RRgular RRFLEIOR 3| ect ed

angle. 15 In %lﬁé%@t?ﬁ.?quw%]}ltghﬁroﬂoﬁhéi potdet pebotidh aetestéLsig rotor
pOSItIOI’l transducer |1 ure . the rotor pOSItIO transgucer c I‘CUItI‘y to
D et 1y, br vy e e isted to, GeRELaena SBogH EREdbAGH S10B8LH (1 on of
the rot@ can seri orhe yroteg pdsitienpaetecedic@somayi Bake indfyWeoshscase,
render the m)t]g% ingperable. In Egm& circunstances, a,controll

e

14
attenpting to ¢OnfrO SR e 588ed UrP¥ aBPEF A rdﬁ%???’énq{sr afi®Bucer
out puts coul d gompnisald yofarepesbvidn theanmshiver that prevides adepubf t he

trol ci . . ¢ , |
bosi {1 on det ect Lnats S, GG BEELE A0 LIS EhE02pEok BOthPEs G "
Fi gures 2 and @ pogiitiion wherewat@hf frrent swidialvinm eenangementopér theng as

a 1ot ory.g Fi gUrgevi S686{R!t1e ZJBMS: .%OF\%%eEogg. 4@ i‘@ﬁﬂ%ﬁi.ngIﬁoofi‘hé}:at or
pol e 21 according to arrow 2Z. As illustrated in Fi e 2, a portion of a
conpl et e phascSY# Mg bhej xohetnpogibinl deEestororl Hofan 2qompEige s@ussed

above, when theeDOELvEpaHitith BhasdeW FRAEprevBdes M Elctkopul@lee (8% i S
energised, a force wll  be erte n the 1 7 0CT ZOO%Sr tor tending to
oul | “rotor pol B1BbLAR: BiGRRLhrERCR Wt M (ther TREPE ZPEakSH, ePal Ty

shows the sw tpresmglectediangle.n power converter 13 that controls the

ener gi ion of the [ e S i ndi .aro r pol e
21. V\hzlflé power sw tf: i %?sgg\%?cce{zsh% ‘a?\' gS?%@s%gfgﬁéghq%&piéépwlﬁdi ng
23 is coupl ed comphisesuncaatiorDPypitckomntirangdphare Waidivng i ef ekbegi sed.

I'n general, thpeophaSEo¥s PRt tonSMEESY: SEPrER: €Hf CEb ﬂ:@on%l&O_Pﬁbeanf ‘the
rotor as follows: At"a,first angular position of"the rqotor (Called the
turn- ON angl e) JUEPRt c81gnals Fepresand@tdye ok the Aqaigrapesisiog RLoN
both swi t chi ngtheVvireesr3tatn@eidoudlign delagradied tthe Nge fifyrtgticdloapdin2 are
ON t he %pase i ndi g'g i?: cousol ed to thet DC 15tgus wWhi ch uses an isncreeasi ng
magnet i‘t” | ux © p&OEEFa 5 ?hecfemﬁiﬁnne %t'g?. Ft FORS gnetlc Pax

pul i ng on t hecintemspahesst hat cpnbratiert 14 raltttamptuingieto Asonhrolmgnet i ¢
flux in the i i . ry r ply

br ovi ded by { neS0URe BUa o CENTEY FOLGH BaR e ioR MR CeY oerater, Y
phase wi ndi ng ¢8uldn Bekenebmtlp| (damageyhath thaibsmachinen@ndyedhgnd t he

magni t ude of themAPAGErCHEMENé dSntaBl IAilt&ALi iy choppi ng the current by
sw FChi ng one or bo'tl‘neOfJ'.mS\claM.r:E:grqi:ggoge\gc%%sra:?e asnni.j /r(ljails3 2fggmatqge0f1.jot%5r
rapi dl y P g
position detector 15 may be explained by reference to
Figures 2 and 3. Figures 2 and 3 explain the switching
of a reluctance 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 portion of the phase winding 23 around stator

pole 21 is energised, a force will be exerted on the



In many systens, the phase w nding remains connected to the DC b“F?'OG‘PSQ[]M
(or connected with chopping if chopping is enployed) until the rotor
rotates such that it reaches what is referred to as the rotor "freewheeling
30 angle.” Wien the rotor reaches an angul ar position corresponding to the
freewheel ing angle (position 24 in Figure32) one of the swtches, for
exanple 31, is turned OFF. Consequently, the current flow ng through the
phase winding will continue to flow, but will now flow t hrough 17 OCT

2003 4 only onggpbrt Ee_namhﬁclﬁas pulll Waitorepylel @3IntyGliynmeal @ikn one
of the return diodes (in this exanple 34). During the freewheeling period

there is littl EtﬁﬁPFagelﬁi RLerential across the phase winding, and the fl ux
S remains substanti gligireossganbrallly sR6WE ENE LS N civediltry in

freewheeling condition untjil the rotor rotates t.o an angul ar, positi on known
as the "tur n- CPPWeXnGPBVEFERFedant BACFOBBELPLE oo e RerHHBAR A PE (il t he
r ozj or hr egches pbet&uﬁncmzlimwleasé)owmdmg chafs la%ébuadd s8atere pblet uzr.\nedaOFF
and the currenf,in ase w ndi 23 [ r i an

34. The di odeshg naﬁa’w?f FH’&%CS'%&% #h%g(%% ég'l taéléﬁgﬁoa(r}n}%qhmevg%%%?us%ﬁ'n t he
opposi t e sensephageswhydihg RAghet¢aoupled farkhe Bouzter oft PE Rowae agdk r ent )
in the nmachi ne {a gﬁgggaaggdlﬁﬁfhlg gﬂg&giﬁghi on of the phase windings in a

r d )

swi tched rel uctance noto ege S heavily on accurately detecti ngﬁ t he
angul ar position of Inhgenexral, theiphasetwinding disopngrgisedrte Ahfecdnd the

contr ol h§r CONihBUEACRPiBACHE! e ASONARE MIUAS, AHAROEI U6 |dndu 1l
currents could build 20 up rn the notor, potentially damagi ng_the tor and
the control | er PoRBtdeneof whbe Fogery elagikady the| SurprONy angledy ssary

to test variougomeiioldlerand pRbovidesBRICRhInyOsigAdlsheof e dNe/wumt s.
It woul d be benef,icial tq have ag indidcgéor at Eﬁecificallgl%/ 2 i.ndei cates
that the fail uP¥i&F JFeRas L AR, 82l ¢ WBPR T PB BYLEORIRY S HSHt or
failure so thaBlummelessane (G tihy phabacbindimg is coipkdd dipttdee DGhi | e

some cogpl i cat gd o Ogﬂﬁcﬂosééﬁg d%ﬁcﬁﬂrggegé‘iﬁﬂs%@gﬁ & iMdhlatbNghe
circuitS; such encoders are relatively expensi ve  and require additional
hardware for pessabldshest i bn. theowmobesi t i oft dddodehis ddagsetpfoiiX a | ow
cost, conpact iRNANMRPSbhi OMhéehtdyF LbaksP’ eNAEeprRsaUdeE CRheOMdt the
rotor position detector has 1Ial Iaed: t'“caé’f’ﬁ}c'ﬁ? tt:gep‘%glg frrlrg %é:peadgetsec“ ng
sensor 1 7 OEPray®s As the magnetl - '
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.
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
Figure 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



5 errors, known encoder systens for switched reluctance nachi nes grg 0Tt €603
limted because of the costly electronics required to rapidly process
digital signals provided by an increnental position encoder such that the 5
phase energi sation occurs at the appropriate tinmes. For exanple, in known
systens, an increnental position encoder 4my be used that provides a
relatively large nunber of digital clock pulses each conplete revol ution of
the rotor. In systens that do not use costly 10 electronic circuits or high
speed mi cropr cwdgsome, oft the ewitchdsf {inuthismmkanglensi2)eand phoewgh t he

| ar ge nunber } Okhal I L ded e jer t e 0
properly syncﬁ%gﬁfzgh?héﬂgngggigg%%%%§09g¥ﬁégphg§g &?Egiﬁggﬁﬂfgﬂ ?%L'
angul ar positiyrigld the freewheeling periedoijhane okst hitpleswaltageention
to overcome the HSAUNYPIGT e NEUE RitRidd ORiHBLGE! OF snd@NdHe BLAX de a

rel atively inexpensive rotor position detector that provides an indication
when a flult Heemains suketantHiakly songtants orThe MALOT SYsEefersmaans

addi tional 20 3 tHiid Ereclenigly cbh@ibiBacHAt i DVERE I1¥LdY P6tdeesathot Of
position encoder incluyding an jncrenmental and an_absol ute encoder agg a

net hod for ef fa%i ARFYF&0ONtRAFIEIRP p n&Syi &8 on TP QEE "t n8PHSE of a
reﬁgati nﬁ i ncrm‘ep&@éemﬁédh tbprr?ﬁ:gﬁai' n QBE;%nCEﬂ?ﬁféez) di WHeal thel ves025 of a
nunber that is_qgreater, g t he t [ ck te,t occur
in the abSM|ﬂ5§%§h: eﬁh?o uEEEﬂﬁge%%?ggroﬁ?tghgwgggﬂgs ?Eiéa egga??%g

si gnal 0 om t henrmed-«ORMtand crhe daurentovin fphagehaviowtisyg 28t beglos &ol ow
cost, effici e”@l Ly ' s B'aezar.eswﬁ ALYE8S 19D dry A9 ikhed 1N

t he i ndependent™cl ains. Preterred features of e rnvention are recited in
the clains resapRly vehg dpeviadhagehdrenn thEheDEr busntin nkhat oPROSItends to
a | ow cost, Efééﬁéé,”tca\.%.rﬁé Q!hélﬁ\%b?{é}tti%aklhﬂcwﬂéstﬁékéf%@% hiagl 17

OCT 2003 6 position detector that includes one set of sensors using one
resol uti on ancCYrERRBhdRcEhermachine st iefreA%®cond resol ution. In
accordamge with onergelsshregiéation f phesphhsenwendings imea fawitichest is
used to confirmb correct operation of .the cond set . h . sors
in the presentr?ﬁ‘el%%??%% May°to %?%?g%fh%ah‘éﬁer or%raecéuerr?s%(;ae?ls}’. ,tﬁeg.%&gl dance
wi th one enbodihermngilanegsision ofhhet robora sEfisthe frpion pagdita@mor is

provi ded that gl Le€st ER115" AR chie! Yonttb19bxP WiiAied® 1P chediAtid | ON
signal s which change state at a hgg resolution and, froma second ser of
posi ti on sensokhe ¢ wimdingmd Sangeueueiynhiol GuEreRts ¢kt build

resol utp@n. Thgp deheehbOmot S Uidot@tiady dat@dihgf @hel idtAsidnd s gnal s
at the 15 high resolfilon bet ween t he iﬁates of, theép Slthpﬂ signal s at the
| over resol uti SPPERAL Letpar MOTER¥eLoueRi £h X iYE F4E A3 10 3 W ch

represents an egpent emecesaar{ortbhetessi tvaricugnatentatol heard gmotor
resol ution bet t\.‘\@!ﬁﬂoﬁgﬁtét "i‘:toesffltxdt l&?xel %14&%&%&8&?09 ftl. Oflould be
beneficial to have an indicator that specifically
25 indicates that the failure of the motor was the result of
a rotor position detector failure so that unnecessary
testing and debugging is not attempted. While some
complicated rotor position detectors have some fault
indicating circuits, such encoders are relatively
30 expensive and require additional hardware for proper
operation. Known position decoders do not provide a low
cost, compact rotor position detector that provides an
indication when the rotor position detector has failed.
In addition to problems with detecting sensor



20 signals. Any significant difference between the sensed count ahd O6& 2003
suggested count indicates an error in one of the sensors. In'this manner, a
sensor failure detection circuit in accordance with the present invention
can detect a sensor failure for a position 25 encoder of a swtched
reluctance machi ne. Ot her aspects and adwantages of the present invention

w || becone. apparent upon reading the follow ng detail ed description of
exenpl ary enbodi nents and upon reference to the drawings in which: 30

Figure 1 showedhsrd) i RebRal ciBdecéystins S6it ehdd cheldicieDect ahide e
system Figure

2 shows a rotor_pole roachi.ng a statog | e and the
commut ati on pMARRIRRF (e pPEFSH offrﬁ)’trrf'egp ‘Wendi?é g@%%ci%?% Xy t h
the st ?t or polea;ectrdﬂimré’@ﬂ&erfl:imrmﬁ.@nﬂqsmdges;mﬂm itak signabs ng
circuitry in a_powe nverter that controls ihe rai_sat.i.on t
portion of th@’%ﬁv %e‘sxn%ﬁjiaﬁ‘glggﬁwﬁﬁﬁ ng]tat%eg&g&d%rr %o g’BBLEi %S?e 2, 5
Fi g;Jr eI is il uspha&leesemrgiqﬁmmd aoonivsolats pheeappndppbatei bhmeacodeer f or
controlling thg tion, o it rel ugtan Lye:  §i =5
illustrate iJ%%éﬁﬁ%?’de aHk iﬁto s?&ﬂﬁ?io%hofEﬁﬁgégﬁggagrgg§§€$g§?ec4;
10 Figures 6a-edicqdeni geyexzmphesdofthats cprevidasas melaldvelay large
|l ement. the {ipouency SULLERL 8lo0k Buibes dacki siSTere padoltrgsnerally
illustrate an exanple of the circuitry that nay be_used to |npleneni t he
angl e 15 cont ref | dthef mote¥-e 4 Had avetesisgnkhatt (Ao sAak edseo sAatLY

gener atigd by tdiEeSPBbRiE 0L FOLLE o i sheAOWS ceBpesasBEeref, ©Beis

enmbodi nent of the sepsor. fajlure detection circuitr t he presen

Chvention: 20 HFEER HSPEHGILE Hrck EXPRRELYS: FTRPIASa L A8rOEBURBRE or

failure detectopndigital tpalsés gprevideddsy theg iperemennadi gnabdefr b t he

position enCOdp%oBérﬂﬂ“éfﬁc%@é&ize‘ the energisation of the phase '
windings with the angular position of. the rotor.

15 It is an object of the presént invention to overcome
the disadvantages of known position detectors and to
provide a relatively inexpensive rotor position detector
that provides an indication when a fault has occurred
without the need for complex or expensive additional

20 circuitry. Moreover, the present invention provides a
rotor position encoder including an incremental and an
absolute encoder and a method for efficiently controlling
phase energisation through the use of a repeating
incremental position signal that comprises digital pulses

25 of a number that is greater than the total number of
changes of state that occur in the absolute encoder for
each revolution. The use of this repeating signal from
the incremental encoder allows for the construction of a
low cost, efficient motor controller.

30 The present invention is defined in the independent
claims. Preferred features of the invention are recited
in the claims respectively dependent thereon.

The present invention extends to a low cost,
efficient, control system that includes an improved rotor



Figure 10 general |y shows another embodi ment of a 25 sensor failurg 0CT 2003
detection circuit in accordance with the present invention; and Figure 11
shows a general f |ow chart diagranm ng the operation of the sensor failure
detection circuit of Figure 10. 30 Simlar reference characters indicate
simlar parts throughout the several views of the drawings. Illustrative
enbodi nents of the invention are de scribed bel ow as they m ght be

i mpl emented using the sensor failure detection circuitry to effectively

det ect 1 7 Bds20O3n8détectat | thiat dincl wds @nedfser pdsisensdrenusiing of a

swi tched reluctance drjve. syste In the intergst of clari.t not al

feat ures of arcBtitRFOIHEH N AR SHCRPE BBECPF RSPToFa M2 PPPBati on. 5
I n general, theepokatiotninvent i accordgmeescwith omer cemsbdimentol o§ythem and
position encod [.C |J.ing t oper.at.J on_pof swi.tgh rel ce
machi ne as il Iﬁ%?%%?'éd%gr}}gneg}%qlg [ Eﬁ%i %’?ﬂ. sﬁgf ei(r%ri #Sggoetg? g%?ieiggl?ﬂt he
syst em conpri sesrrecbnopetaion®of Ithe becoadesets sEagialsetcofr eepsadeng to
the angular pogh iy OprbBEnE OliGlvet IR Ghaly RATLLERN SACRAE’ &2 mble
response to the signal rom encoder ) controller 40 generates

swi tching sign8éBsQ¥B-firing signals) that determne the switching state of

the power sw tchingrgeydRidanele hWwith | 9ak" dnPoditehtIB® ¢het p2bseapt rol
energi sation of the phase wi ndings. |In_the enbodi nent, of Fi t he

! pre 4
signal s provi dbRVBYtéRRod& 2ENRQY  FR1LBKEr dStectay dohpPFe 1‘59\5 5Bat. 4
fi rsE1 Zsm 42af ﬁéd?iv5690ﬁﬁ01iﬁe&_ f2bst Tder of oS tilat smxswmbr blﬁeitlienf! rst
set a are of _a first resolution that corresponds to {he absalut gsition
of the rotor iﬁlgﬂﬁﬁ'st Y{élgk’g‘ﬂ%ﬁ‘%g? |‘93:rﬁtseef"t42aﬁ?'r§6 5%5%%‘53}019% d %ggfnhe
actual rotor passécondwsehi of apysisphon cdertddrs quigiitcan ddgneds. whiieh
signals that c |se ecgqnd_sejf’ 5 se r | wti,an t hat
corresponds togggéblancé‘g%%%t %%npg‘si {'?‘ggnpi %retear?gtfuttqﬁ%'_si gﬁ% t‘%}%cgghgri se
set 42b provi deinauikt mgnitonandeeownt pfox cthe @ogidinnigismald @t theicate

the relpgive nRYgAENLeR51GPEoh OlEEWHEN JitHR NathBdbCcaston e igosidhsal ute
position. In the enbodi nent 30 of Figure_ 4, the rgsol ution of 'the first set

is |ess than tAa9Padd &b dheorlewRr sEe8Atutien oARd: FEMBATEE: L8Ry S0 r om
encoder 42 thawiehnpr ipiedetermihed aaduseediidhs ateprédent sCc@aprexpecteseri es
of digital p“'égﬁnt for the position signals at the high resolution
between the states of the lower resolution position
20 signals. Any significant difference between the sensed
count and the suggested count indicates an error in one
of the sensors. In this manner, a sensor failure
detection circuit in accordance with the present
invention can detect a sensor failure for a position
25 encoder of a switched reluctance machine.

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:

30 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;



,1 2 0 CT 2003 9 Figures 5a-5c illustrate in greater detail the 7 OCT 2
construction of encoder 42. In the enbodi nent of Fi gures 5a-5c, e enco

42 conprises a cup-vane 50 and sensors 5la, 51b and 51c 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 &gnd show the positioning of
sensors 5la-c and 52a-b in accordance with the present invention. Referring
to Figure 5b, cup-vane 50 conprises a dual resolution cup-vane that
incLudes two sets 0F1%&Eéh35§eﬁeﬁaﬁﬁ¥ Stewsd | tlsd gw%rdﬁiﬁgaaﬂrda&tchﬁudes
ei ght projecting teeth 53a a i_ne, ei ght Q regi ons
correspondi ng ?op?gSFhcgggeﬁtffe%gPﬁegopﬁr gFelh a?nﬁﬁﬁﬁfa£F§&i8%s%%§nd

ei ght |ight trposhnenloé thei phasgiwinding assedihteds withathe msegitors). In
t he enbodi nent g% b?u th teeth 53a-h are all of the sane width and
are sized such h ngulaf extent of the mark regions is substantially
equal todthe angul aFlguren'& Dllﬂﬂérapaeeamegnmrmed:ltgmtas:alStsyat@nB(and
illustrate ho bhSte h u t ital
encoder of a #Bgﬁtggéo u @%htaf?qirgéﬁ ggyé?ﬁ aﬁgﬂ? ngp gﬁofam?hgl

absol ute p05|tFUhtGhe@héelB€§an¢€Iérive-to the stator. Referrlng to Figure
ob, three sensors Spagaieadrsalbed IMANANE! ion Yrblche fipaangRd to

provide the first set of digital signals. In the e I ment of Figures
5a-5c, the thrE@n§5ﬁ§6Fé°BlafSEEecSHﬁ?@%E Qf oFigureptical sensors that are

_;I)_gsi ti omdI subst ant F&bh!‘gi%deeli%?ﬁmﬂﬂﬁ te:ﬁgngol?sgblfuaifaﬁeﬂry rttFatguraéq 5c. ]
e optical sepnsors c a furt one suc
that they rece Ve UEh [ﬁ'@é‘leﬂ%%&en erguc%’é:ryat“? g&ﬁpé’% tEl

sensors 5la-514; prOV|des a digital signal of a first Ioglc | evel (e g.,

l ogic "1") when one e SQCI t {y t hat
sensor and " 17 Cﬁ?‘t‘?&gg ig éﬁ%\%(ﬁd&&%’% gﬁlﬁe‘t)_traﬁé %ﬁ é&&%’l\% ogi C

l evel (e. g., tbg| cimvitaerthate vapt bessmsdit ed wrnphetnhat: thes andle
enpty. fgcordi eghlfroQieE:thtﬁf%hréa@ dhd U §iBR%Y o BEaABNSOESd TS atke, the

outputs fromthe sensors to rovide_an~indication of the absol ute
posi tion of th@ePSFBFEdREVe PFnQnﬂéEchBtFP§&FE i5b, it may be noted that
the cup-vane 50 al sgigngkudeshdwireindaiplef dfeadde Hnbddindit epatiarent

of Figures Sa- ehs%@e %%1qw%éyﬂdé%ectlon circuitry of the present
invention;
20 Figure 9 shows an exemplary timing diagram for the

sensor failure detection circuit of Figure 5 receiving
position signals from the position encoder of Figures 5a-
5¢;
Figure 10 generally shows another embodiment of a
25 sensor failure detection circuit in accordance with the
present invention; and
Figure 11 shows a general flow chart diagramming the
operation of the sensor failure detection circuit of
Figure 10.
30 Similar reference characters indicate similar parts
throughout thé several views of the drawings.
Illustrative embodiments of the invention are de-
scribed below as they might be implemented using the
sensor failure detection circuitry to éffectively detect



10 teeth 56 conprises one-hundred and twenty teeth of equal wdth tZa‘? ﬁﬁ”
S|zed to provide one-hundred and twenty light blocking regions (re % 8
as "mark" regions") and one-hundred twenty |ight transm ssive regions
(referred to as "space" regions). 15 Figures 5b and 5c illustrate how t he
second set of teeth 56 nmay be used to progide a digital encoder of a second
resolution that provides signals indicatiVe of the increnmental position of
the rotor. Referring to Figure 5b, two sensors 52a and 52b are used in

i onal's, in t G npadiiER o W oareeSsh . &7 mefnHnéafsiel, d i
conpri se sl ot taym.tmhed:alreiunsanset ldextl vaer esystsantd ondd didest mmtexdsty Q£ 75
degrees apart @fasﬁ-[* ra%f‘%ea@u‘f-'eg%? §ﬁ Q.Hg(i%'m[ WeEl%%fxe fﬁ‘52b

25 are further posi o 1 ecei Ve the one-h nty t hat
conprise the sigsgigiked Jaﬂl this rﬂwlﬁi@m-ors 52a and 52b operate in a

manner sgmlar to that néﬁ!.sor%h@lap§éﬁeﬂ€3qﬁwp§rﬁ:ﬂpv%on§§‘1%@ tahi ng

the outputs of sensors 52a and_52b in the nanner 30 describ below it is
possi bl e to geliRER¥eqd drgntaPlpusystesch andre RPORiGAND, epeedexs t APBugh a

0.75 hi gh resaidéfit AH111%G eNERé UpdrdtdPN.of NQ disggitaheRul $83utbahcar e
provided fromthis, nonitor,i of se Sors 523 and 52pb constitute an,exanpl e

of a second sdtaching Ag d1justrate neggily1in EIQUrRl 4esBeiersang) ¢
shoul d be notactlathﬁﬁ\altéﬁ4palﬁﬂe€tdﬁt@ﬂc&dﬁprfb?es Iéuebﬁaf@mebf Foguhas 5a-5¢c
| S exe ar on an that t esent | a | ca .0 ot

L pes TR o Fadeives i tian TS S Bhon R tonfine SRR A RIS 18ARES T on
encoders. For trampteor tfromudisr postiécdion paroder €2ul drbeespongedtoas
coul d the nunbgie aé‘i’gﬁ&’fétfP&m%%&@efe&‘for@éNéJMolci%Qa%' anTeE-QElaEhe

scope of the present’i nventi on i s not essentia
cup-vane be us®itehingtsigealantoxcfining gianalsgctihay setermgne the

transm ssive psgit&hsngOdt@itd Yoes @ﬁeV%&&ﬁanieaﬁQﬁé C&&Uﬂ:é& L(ﬁ@d For

exanpl e, _the coul d he, const ructed net ion
P hoht o SphruSPERf e Hhe GntBat PoNEHoL ARATEIsAEaah o BBE 15

devi ces. Sim |plidyetwendingscoul d corrprl se teeth of ferromagnetl c mat eri al

and the sensors cou{[lq @ﬁ‘%a?%oguf@%%nc?% ﬂlf.oéﬁylcé aqncq: nalg E&B s of

deriving the digital 'si'g S TNC of "‘cap aC| ce 0 ance
that vary and bysencader 4@nsor the d:@t!@@pltlne‘ 20 @humgese AwgoseL:Stha

reflectance vapightogael N9P%he al §40RAR Yer/afati NG FhENbiLHANSMERSLYI LY

could be used. It will be appreciate t he spaci ng e sensors in

Figure 3 is s%‘ﬁp{-‘hﬁ? 'Elh%l 1R (At é?@qa@ PSWO%Uanparretqctlmtdf%éaaénce as

the mark and spegfespEha@8StHasie a&dm‘uﬁ&@ro@utaohnaafEh@lﬁsﬁoﬁgaf:ehaftor
th sensors in a,limt tent w |

le, t 11 b d
bo appar ent. ¢ nERS ALIRELA TP d Jovalrel HEpfots bk e Aoty "bu
posi ti oned rel avtor posieighbeiching sgnespan of Bﬁatelecmsmaﬂf Idegmeect by a
3o ceparat e ikl S@IGRa1 AUt i | BnBPPLODERR! BebbRR I 1478 Saf@nsk e e
on

that the mark regi ave a Iramet er posi tion of
one send®r on aecmcg@asﬁummdtb@tomr@ﬁsmnésmw acéfkﬂwa\hthout

changing the tjyghgish tie Waisf OLRR P5PgHAES Bhdthecomprise 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

30 of Figure 4, the resolution of the first set is less than

the resolution of the second set and the output signals

from encoder 42 that comprise the first and second sets

42a-b comprise a series of digital pulses.



17 OCT 2003 12 sensors. Accordingly, the present invention is not17igtqgﬂm
to the specific encoder illustrated in Figures 5a-5c but can apply to ot eP
encoders that produce a first set of signals of a first resolution and a
second 5 set of signals of a second resolution. Referring to Figure 4, the
controller 40 of the present invention receives the two sets of output
signals fromencoder 42 and utilizes those signals to control the sw tching
of power devices to control the.energisation of 10 the phase w ndings of a
swi tched reluctance nmachine. It may beonoted that the second set of digital
out put signals 42b fromencoder 42 is provided to a frequency multiplier

44. Frequency nultiplier 44 receives the second set of signals of the

second re%qlgtatﬂe%n 400 13 18n¢edee 42 3ndagerenaigs1athbgRohsEAHEREYn Cl OCk
signal (HF clock) that is used by angl’e controller 46 to control

ener gi sat iadh ehceder pHdse wWnndihrysepbodhwenticifiheFighrepuda-Seet the
il lTustrated jn Fi gur di S VL SI;0 r reguen
nultipIiefg%%Q¥%%g#@g§ﬁ?ﬁgggg F?@F ggbgosaskgﬁagggF§gﬁ1g%%bdg¥§4gxgnd
gener at es Fle dfd chDckadd ob2lb heFigusé Set pobviidgnab speFsgecesvédavbbwpr ovi de

exanples of_circuitry th be usgd to ipplegent the frequenc _
Pl T erPhd of RTINS - LB Bt | Fudt PRt SLLOFFEURE  §UR RN amObe 25
used when ey seaeid &alaiQf sHdoHow fuhemmwscedenidd bs peAvbdedsie-c
frequency nultiplier 44. Fiqure 6b illustrates circuitry that may be used
when the fandstdZee ¢n §F§ﬁ£8§n22aw%F%n?%ﬁmﬂﬁﬁﬁeﬂﬁzHﬂ¥eﬁ¢69pded to frequency
multiplier 44. 30 Referring to Figure 6a, the second set of digital signals

42b is applied to an increnent detector 60 that nonitors the signals from
sensors 52a ankeG2irrdmd prodbitesre SbhgnaiuptNanechéngrompstises wheduehe rot or

has rotated a .pr.edetermn hi eso i i.ncr t_of 7 03 13
rotation. ﬁdens%lﬁletlé) ocdllprré'—%‘[qleof |eg’guirsneélg'{daegsniﬂndc}3r esri%ﬁ %f'ge)t%%?%r} ggr%%r%pri ses
an excl uside. ORheXAR)rggat get The owetit BRomMnalcrdmsendiglet eptroje60ing a

series of clogk PSS HEle SRSl O Y 591501 eER2RES 50 2eb48Ns
corresponding to teeth 53a-h (referred to herein as “mark”
regions) and eight 1light transmissive regions 54a-h
(referred to as “space” fegions). In the embodiment of
Figure 5, the teeth 53a-h are all of the same width and are
sized such that the angular extent of the mark regions 1is
substantially equal to the angular extent of the space

regions.

Figures 5b and 5c illustrate how the first set of
teeth 53 may be used to provide a digital encoder of a
first resolution that provides signals indicative of the
absolute position of the rotor relative to the stator.
Referring to Figure 5b, three sensors 5la-51lc are used in
conjunction with the cup-vane 50 to provide the first set
of digital signals. In the embodiment of Figures 5a-5c, the
three sensors 5la-5lc comprise slotted optical sensors that
are positioned substantially 15° degrees apart as is

illustrated in Figure 5c. The optical sensors 5la-5lc are



5 resolution increnent of rotation of the rotor. The series of cI?quBqI?mﬁ
fromincrenent detector 60 is applied to the Reset input of an ei'ght Dit
up-counter 61. Accordingly) up-counter 61 receives the series of digital

pul ses derived from sensors 52a and 52b that consists of 10 a predeterm ned
nunber of pul ses for each conplete rotation of the rotor. The cl ock input
of eight bit upcounter 61 is coupled to the systemclock through a - N

di vider 63, where Nis an integer, having the value 4 in this exanple. The
system cl ock’ nmay have a frequency th&a 15 is very high with respect to the
frequency of the digital pulses that conprise the second set of digital
signal s provided by encoder 42. In operation, the up-counter 61 is reset
each tinmerarthskngoenthahking Régecraft arpey Sec06CHE Sthe lhghseaqndset of
digital signals provided by 20 encoder 42. The up-counter 61 will then
count up ﬁgarbspoﬁée RS e ofl vi el sydt el ddik % pRBIPHR 2@ 0tlced
output th sppn : he 4 I speegh t t or(exanple, if
t he rotorﬁ%ggggégt?ﬁggggiga%i%é?ﬂggeggf(g.qgf%ﬁﬁ Pﬁ?%?iggriEslgﬁﬁgpeed) t he
counter 6logitl ‘25 bewhesetonel afi vidtg iteetbqueiadhy &ad ithushehes kagxi num
count of cqunter W e relativel igh. If the angul ar speed of the
rotor inc?égggéaggéawégéog%ﬁg6331fnié%ﬁ¥er 61 will be reset on a nore
frequent basis and thus the nmaxi num out put of counter 61 will relatively 30
|l ow. In general, the output of counter 61 will be an eight bit maxi mum
count value that corresponds inversely to the speed of the notor. The
maxi mum out put of the counter 61 nay be provided to the programabl e
divider 62 in response to a pulse in the second set of digital 11 CCT
2003 14 signals provided by encoder 42. The eight-bit digital output from
up-counter 61 is applied to the Control input of a programmable divider 62.
Progranmabl e divider 62 receives as its Cock input 5 the systemcl ock. As
those skilled in the art will recognize, programuable divider 62 is of
standard construction and provi des an output clock signal that has a
frequency that is a fraction of the frequency of the signal applied at its
Cl ock. In the enbodi nent of |0 Figures 6a-6b, the programmable divider is
of the type where the output clock frequency is equal to the input clock
frequency divided by the nunber represented by the eight-bit digital word
received at the Control input. Accordingly, the programmabl e divider 62
provides a high 15 frequency digital clock signal (HF clock) that has a
frequency that varies proportionally with the frequency of the digital

pul ses that conprise the second set of signals fromencoder 42. Since the
frequency of the digital pulses that conprise the second set of signals 20
fromencoder 42 varies proportionally with the speed of the notor, the HF
cl ock signal has a frequency that varies proportionally with the speed of
the notor. Although not shown in Figures 6a-6b, in enbodi nents where the
frequency of the divided systemclock is such 25 that 'up-counter 61 would
| i kely overfl ow between successive cl ock pul ses fromencoder 42, the nunber
of bits of the up-counter 61 may be increased accordingly. Figure 6b
illustrates circuitry for inplenenting



frequency nultiplier 44 when the first set of signals 42a 30 frchy<hChbd803

42 is provided to the frequency nultiplier 44. The circuitry of Figure 6b

operates in a manner simlar to that described above with respect to Figure
6a with the exception that the counter 61 is reset each tine the rotor
rotates through an increnent of rotation ag , 17 OCT 2003 15 reflected by

signals 42a. Logic circuitry 64 nonitors the signals 42a and provides a

cl ock pul se each tine the signals conprising set 42a change state. \Wen the

]9i rcui trydof Zipﬂ_w\eicfés i cﬁgmafx Zsi@nfallhbfhhgbebe)&al mbi_:;g‘aa ma{réie ueasgn 42b
rom encoder i s, un essar or unctionjn n_suc

enbodi nents a @ '%% ‘8?%’3/7 He gsiat yaﬂﬁ%cb%'?%go‘f’r% néhﬁf)u?ﬁnﬁ%r usRd.

Re}‘ er r: ng back émptﬁ'v?urmcdordtneglﬁ chockhsi gmthfsmmﬂOrbhatérpqunthe
multiplier 44 is i e o.an apgle control |rc i\t 46 _an Q

cont 1o o roui 150 s i “Ple” HERUER, ARG s cOrFoaEs FAIBRAER: ng

control & rcui tpravidspand inglidas ildh mﬁ)ckhandbsoluhe giggridlionf rafin theoder

42 to provide sy (E][:n ng signals for 15 the power devices. The chopping

controller 47 may be used at relatively | ow angul ar speeds when choppi ng

met hods are eff ecti Refexrringtbacki hg thutarﬁgntHﬁ1m&xe?ma3@t©@n§ Afs,

and angl e contrpohd ceydbvaly b6 &TBLOYAE1WAES ANsephElsel bRCLEBLR' 562

relatively high and hop |ng control Is 1neffective. In general the
angl e control | efnathgn& @t FLgnees 45arBeei Fhedigpgond regtor of

posi t : OrnfoSI QH?L&Mlyd@dcirgﬁﬁ@ﬁ@Qﬁ% lrlnﬂ'ﬁiz%w aemrmgreﬁtyh(te@%oaé@equgnon
signals fromthe, enco gr Wi t S|c€ S _correspon m\g%é %urn

t ur n- OFF angl es¥ E‘g&? oFPehe 3gEsiF &S B‘@aﬁ’f‘ﬁb" SnoRE T BIRC ndy, gwenty
appropri ate conitight ebloekingi regidhat (r&fernédr tosaat "mhekposegions")
correspondi ng t he r gl t S er r the
appropriate pomgr&deehgeﬂygggggrg%z%eq’f%m 5 %%rlgggﬁg gégggmgnd?htﬁgqo&ﬁen 30
t he rotor p05|tKDﬁergﬁ@I%Od@!F|V%EB¢¢'brﬂrMEﬂ9r 42 indicate that the rotor

i's at thgsposition C?ié@f@é’ngbnQnEOSEthﬁ.HEE‘rQ.;E 85¢@! het Becaaar Bk ke
controller generates a_swtch |ngs'(seldg% to turn off the fpg | at e

swi t chi ng devi ckeghll §6- Bayr die PIPFiAg A pRigita ’209§ 26

wi nding. |f Choaetastﬂéudmhti@ntaﬂt prbviaest 5 05h&l s 4indiyatgereiodt €he
choppi ng si gnal s_het we

angl es to cont rdP€ f11'8e3€#e3? i lgﬁedghgged b EFRS h?ﬁ&§g}|f’§2%ﬁ’lt #&@é‘gre

wel | -known to Sb, two sensors 52a and 52b are used in conjunction with

20 the cup-vane 50 to provide the second set of digital
signals. In the embodiment of Figures 5a-5c¢, the two
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

25 are further positioned to receive the one-hundred and
twenty teeth that comprise the second set of teeth 56.
The sensors 52a and 52b operate in a manner similar to
that of sensors 5la-51c described above. By monitoring
the outputs of sensors 52a and 52b in the manner

30 described below it is possible to generate a digital
pulse each time the rotor rotates through a 0.75° high
resolution increment of rotation. The digital pulses
that are provided from this monitoring of sensors 52a and
52b constitute an example of a second set of signals of



5 those skilled in the technol ogy of switched reluctance drives. 1if 00Ff 2003
enbodi nent of Figure 4, the turn-ON and turnOFF information is provided by
a control law table 48 that includes as its inputs signals representing the
10 torque-dermand and the actual speed of the notor. In the enbodi nent of
Figure 4, the control |law table 48 may conpjise a | ook up table that

I ncl udes a pre-interpolated matrix in' an EPROM contai ni ng appropriate
turn-ON and turn-OFF data for several speed/torque-demand 15 conbi nati ons.
This turn-ON and seebn@Fegatlativy.be enpirically derived or cal cul at ed.

Al t ernat e enbodi rren:T; arsix gﬁ\g }i’oned;f\sa‘uerei n tﬁe control _law table 48 -
. conprises a sparse nutrS0° GriRQEHA oLRRC oF B PREEECHLAK s gBCOFeX 4RI at e
t he aplplrop_r: iat eilldustEitedad ihulrmig{fﬂfEsﬁlS@I-& ig dRemPahrii ﬂihg.yFlaﬂ!dd ehét
generally illustrates an_ex e .of the circuyjtry. that e used to
i npl ement t he aRn' Ieep&?rﬁeln& ?ﬁv%fbt’tﬂn A uPRP ’.‘ciél?”:%sgﬁé?ﬁdtweﬁi ik 7a,
angl e conbrol | ecoafigayatdiopsi f ararssghtsdndonsp amlinter olhe¥0 folvals of
receives as its [N HF c ' I ' ) ve jin
connection wt hpgsgﬁkaghG.gH OEF%Si'ca?J@g,g}‘%*e‘gI{l—I%’ iﬁtg%inq%%eﬁrgloaégoﬁperqhs Tt
series of cl ocksgll seusldhbe changedu as fcovddetby number samd dperati immloft o
the angul ar spegfe0f gdfior! Gfithbie %;ﬁs;fﬁn%na%moftw@- erof0 titd

coupled to the pulse train 5la. Referri Figure 7a, the eight-bit
counter 70 is r P¥EBERECRNVERELIQN -edYereerers ith iharqiuleasential hat i@ t he

embodi nenp of Fichp-@ane. Hehdgddt SRt (hd Sanel AePThe?A8Fnk! BI18ir
each rising edge, daI t,hgugh I n other, enbodi nents the counter 70 nmay be Teset

on a falling ed@® FHIMBUARIVE PRFGiOnSsetOBRey BYPARE O V@d8fhdi ng

to an absol ute pad gensoe Toulidbepalsed.el For exampleSt e varoluland
because the cou%ter 70 irs (EI ﬁCkﬁd with an HF clock, signal.that varies in
proportion to thé SRk 8F F. eOF oP3PReLHG 'F%ﬁlﬁiﬁegglo?ﬁ%tﬂndofn%'-“@(ﬁﬂﬁ 70
will be a digitaparer deghansi andeah_es_seneorslmld\/rumlpﬁkae \Hel 1le- efff etate
chotal yard cousgiRaads ! 81Eapap i phed "ol Udlprill Schiny of
Referring to Fi der&omganegdcomaterial and the osenaergoceuldeppebedecd by

the Angle ContrebritaE rAudtaice Fenised.CaldtherdimednROidE detilvitRy the
counter 70 wll J15.receive a risin dge of si.gnal 5a. This rising gﬂge
will reset counfefi¥glcafdiongls s lg\fﬁb‘%ﬁ t& 8t o Ofer FAPRSITANG S s

above, the occurindoactaanicet hatr varpgandge suitable sdigdr aad defedoltthdas

reached absol Siti elat j,ye tator pal.e. .After, counter 70 is
20 reset ?Bi ts o&ﬁ%&gg\%i'l I Aﬁn%cgr'eglg'éhﬁp rﬁegs%oc%s?g‘ct o‘% tI!II9n€I 01&8%|§Lﬂd§e°f7unti I
t he next occurr@sgdont ®f | varyingigbighontpanseissivityigouid: bee Uped.

Because the HF qlogk)pubscapSreéfatéd & HaAl Qﬂ&agahinﬁref%ﬁé%@ﬂséps tifie
speed of the rOthrghr%hesgug.glJtsu%ch tteagogpnteigr 7outV}:':lll.llt: signals follow a
particular sequence as the mark and space regions pass.

25 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 by a

30 separate mark/space, but at the appropriate 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/space pitches without

changing the timing of the waveforms produced by the



25 correspond to the position of the rotor. Referring back to Fi duf00R,2003
the digital output fromcounter 70) which corresponds to rotor position,
may be used to generate switching signals, or firing signals, to control

t he power devices to energize or de-energize the 30 phase w ndi ngs of
interest. In particular, in Figure 7a, an gght-bit conparator 72 is used
to sense when the rotor has reached the turn-ON angle such that the
appropriate switching device can be turned on. As illustrated in Figure 7a,
conparator 72 reessoes.at RAceordingDE] 20RE ﬁ%mpuinaeneight -id t notr d

f trol t

Compar ator 72 roRBEDRE B (R BN renrbaT gt bhEpERtER R aaeEes 0.

I n the enbodi mefa-50f bEitguran 7apptynar abbhet @acpdevsdashat | pgodubegh
LUt eheneyereliar akEPUE B1GREIS DS Britan! redbigtdbA0lha LB of
conmparator 72 w ealo f never t correspondi ng
to the deSired sgtnOf)\BaggabBeaﬁe@dse@Q@drnﬁmthMput of counter 70 and

logic |ow ("0") at 1RepdlrPh§eled | FEGurdhias %wahoherbmxs&t% b¥faR he
inverter 73 to provide a digital signal that is logic high whenever the

runni ng out put BFeEBRRt BAVERE IR KRAS YRS theyfHP FERF R MURIY HEaNALE. ON

angle. In a singtah @ﬁ@@&ér%@m&ﬁ‘he@e%ﬁbﬁéssﬂénaw to ldont sl the
digital word from coptr ol awtablq%,48 corres ondlﬂ t he desired turn-OFF
t

angl e and at it8WBEFRPHE PhPRMIIRY SRSHEC 6 nEBB the Anexgiga &fat or
72, conpagator {hepphdseewindingspof algﬁﬂtchémuemdmde meghi(el" ) It

wh th dat_ its A ds th d at t.

Accordingly) colBk br pehed PEhaf odite” seaPaf: #<€! gral abbBesrs TR | ow
(0) whenever t hsiguapst 4Riofinowurererodex ek2ekdsprhvidegnsb @orﬁwmm!:yng to
the turn-OFF ang{lgt%ﬁg?znv‘gted (?}%néyromﬁgﬁgﬂg;:or 72r%8g1{,

out put from conpar at are bot led to gate ccor?ig Iy AND
gate 75 will pr8erdaeds eplyi off si f £he| gpceond gkesalytinen faam :

runni ng eyt put ghesygeeuntierand géndFfLéSr at haght foeS.{h&ﬂ%h{ YRS edltgrd t he
urn- O anale andTege \Dop ne Shanel Ceresdn g 30y L0e b ol
ener gi sati on of enarappaeponat efphelse \pheberg winddngsui b€y the imdelsinet ed
0 Fae T RS cRRIGH P PP Lo Ao T, [F Mt A e ¢
envisioned where  frequency multiplier 44 receives the

20 first set of signals from encoder 42 and generates the HF.
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

25 used when the second set of signals from encoder 42 is
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.

30 - Referring to Figure 6a, the second set of digital
signals 42b is applied to an increment detector 60 that
monitors the signals from sensors 52a and 52b and
produces a signal that changes state when the rotor has
rotated a predetermined high resolution increment of



output from AND Gate 75 represents a series of pulses that can bel #s@QTt2003
control energisation of the machine. As those skilled in the art wll
appreciate, the exenplary control systemof Figure 7a is basic, and does 5
not include circuitry for inplenenting nore conplicated control functions,
such as freewheeling. Such additional funa@i ons may be easily added to the
circuit of Figure 7a (e. g. by addi ng anot her conparator) w thout departing
fromthe spirit and scope of the present invention. 10 Modreover, Figure 7a
illustrates contotatiomcuit n fuire cbodimentglef phbgere Theani dogremgnti | |

Cnot 111 ustr at CHYCRETrE oERCFERPR 1RRS, Bh i UBI0E T06 PRORY gade TR (1Y

resets the angleutputr fromaripcrementsdebesgores6t ish a ﬂesiﬁg efigelogkbei ng
reset on a fall ggndien Ehgnpdrdy r t eogepehakhng.
For exanpl e, %ﬂglggu?vtry of E?gurde gﬁ%gbgﬂarxgg% Wi tﬁ up- COEInt er
70 being 5eset fespluhionulincngment f@ﬁmr&ttaﬁé-lonseﬂ ortl'@lbr@FDSlc The

Techni ques and ghfgdit IE TO1oéR PHOBRE r&énhelﬁef‘éﬁéh{:erdéﬁedﬂcﬁ:ur@o 73gt 0
mul ti-phase notors_w || be apparént to those of ord ga,r%/ skill in the art

havi ng t he beneFPPledt‘Fﬁ’stléﬁ sPcEfElﬁrurlé‘P“FuPFh%‘i‘ eight MR- QWtRGt ©

EI gurg f7a generggbaraihgiwaﬁ Scaun e lea eeaéligﬁbetheTﬁ@r‘w@tcrﬁﬁldlgrltmu| d
e nodified to i ncl yde, a ing circu i onpar.es the actu
current in the BRAEES.HRGLREANE FAM oSertad e S aa, A b4, T e el 03
bet ween ite tura- PredetérminéfiF mumbexs, oﬁndpnhses tf\erprm@h c mompriete

whenever the ac%gg%ﬂﬁﬁr ttﬁgeigt(g% exfl-?eedcs.l.c;chf ‘{ E{l'ﬁﬂtbd-t?’% The
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as represented b¥‘ Figure 4 provides a | ow_cos 2003 20 efficient
control system thiBaf¥RTPE -t oTlRe cMIheTy CLREK: BRY h¥e\a frequengy thak
cost, Cloi.l!-;f ol IhelisofreE guigrgélwlmétéaﬁémef théef:péq\sfeﬁt:yl of ettie ?ngmal in f
partlcu ar, the use o n encoder that provi il S t .of .Si o)
a first resol ut PUrrS&Rd ti'astec%wgﬁ "'fq'l i TR o ?gcéf‘@ﬁ%gg‘olstﬁqrg@
-allows for the pxeviided bgvehcsdaro&ﬁal Imr@ejleatenmortm rqpes counteietédct
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sensor failure | on Cli rcw sent ‘1 nvention rece| ve £OSI tion
signals at a fi pgcu;r@smmttitm Ererqmda Hejty §tf shgigralasiignmks @ropisia

sensor apg Posi LinRaehdNAd S atrie SEEUBLRSO! 41 | @R1Ar ARk Sesane @t @f at
| east one position 15 sensor'. The, detection circuit nonitors the]cf?ﬁqierﬁstel on

signal s from t h&egpoasestP bhegfiyided syategusier t?eﬁEBYlgﬁdaf‘f
second set of abu!tmt thet pavirepondas oto antedeangutas mEpEdd onfsarisor
failure by anal %S| th% relegtta ihl beefl&e@&%{J Q@é{é@gﬁlg@% Sfﬂ;sé he

20 first resolu and “The posgﬂl én~si gnal's esol ut'1on.
: speed (e.g., a relatlvely slow speed) the counter 61 will

25 be reset relatively infrequently and thus the maximum
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 relatively

30 low. In general, the output of counter 61 will be an
eight bit maximum count value that corresponds inversely
to the speed of 'the motor. The maximum output of the
counter 61 may be provided to the programmable divider 62
in response to a pulse in the second set of digital



Figure 8 shows an exanpl e of one enbodi ment of the sensor failurd A&Eti2083
circuitry of the present invention for one direction of rotation. As

di scussed 25 above) the 'sensor failure detection circuit receives as its
inputs the first set of outputs 42a from sensors 5lac of encoder 42 and the
second set of outputs 42b from sensors 52 b of encoder 42. The sensor
failure detection circuitry receives the 30 second set of outputs from
sensors 52a-b of encoder 42 as two inputs to an increnent detector 80,

whi ch det er m ned gniadisheroiviidedobyr ehasdept ated a predet erm ned high

ot ector 80 i nol udedTn SERGREE @BHAL, SUtRYt, Tl Appoliaitut ds o
pul se that champedisdat cdoh Comerdheinpopudf fr gnoeEreswreb 2 adividel cat e
that the rotor S u edst ] | gh, |

ner ement | The %At pEECorgitERRt Sodi YERBECRE BEORI SR MO EE LIS Uiyt
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52a-b of encod&ongrractigmsandnprevides an qut@nt cdogk: sdgpalibhal)hamhi ch

dgaterm: nes the adifﬁéiidéﬂb}ﬁ)ftﬁﬁ atd of f?éctb@nretoﬁzheafﬁédlférw# e et he
direction detector 84 is r,ogl ded to the up/down_inpyt of@}?hg.ﬁlgown
& exRogdiment) %

counter 83, an®i@RRY oPBPLAEAGid%eciF8n SFOCbunti FY. R
detecti Qo cir clilgu¥edigaHéb 8 e detegramesbldecdbeidéhelis iof aHaitype in
any of the sensqrs 5l1a-c or, 52a-b. b nitoring the_n er, of _;hig
resolution i ncrwg}?errﬁ ia'f%a?u%%‘hrg]o%%{)ﬁggﬁeg‘éﬁﬂc héﬁggq%%iisttﬁ & o% 1% ow
resol ution sensdraels frequehnyoddiviided, byntheenembedi nrepresénteduby ghe _
decoder 85 is plQw,ded. 20. e L QALr p | ¢y I g ul se
havi ng a dur at {H(’)l%tﬂg%tl sgﬁgfgﬁgdaggés%éggé\?:.c a{r-iﬁés m%%'t ei% tt-' e
out puts of sendeterBlingly, THdeoprpgrammallgcddvifegsspsppevifigadaRigh

input tge buf fere Ry chigeEAECEIobRe Sidmut fpMmdieideceHat Hastaits Q
out put 25 and provides the conpl enent of the, outpﬁ; of decodeg 85 at its Q
output. The Q CRKSHENNYY Hihdtervalsiess RERRIEAMAT G Rt Ehe phFeFRERDY down
counter 83 and ¢ theddigitadetpullBescahitercamplide nehe aewoyel iset hef st at e

From decodbr SE LRI GLRPE: SMCPREFnAt coutis (e aEnepuaidvyidh %Eneyi e’
a runni ng out puligimkspulsey that acoupuiseetheumesond getyhof egdgnalen
incremenys of oGl ed@lr 142 ¢ Us SPIPHAIMNAE/ WHth S8nE CEHLYE of
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
25 that 'up—cdunter 61 would 1likely overflow between
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
30 from encoder 42 is provided to the frequency multiplier
44, The circuitry of Figure 6b operates in a manner
similar to that described above with respect to Figure 6a
with the exception that the counter 61 is reset each time
the rotor rotates through an increment of rotation as



17 OCT 2003 22 the running count fromcounter 83 and conpare it to 7 0CT 2003
predeterm ned val ues representing a range of high resolution increnents of
rotation for the rotor that are expected between successive changes in the
out puts of 5, sensors 5la-c when all sensors are operating properly. In the
enbodi nent of Figure 8, these values are 45and 6. These val ues are sel ected
because each high increnment of resolution, when sensors 52a and 52b are
operating properly, causes increnent detector 80 to generate a 10 rising
edge signal . Bensfilsecttdde lydgaiagfals |4@a.r esol ution pulse is not necessarily

aligned wth an edog of; @ BLORLIRRYUSL mBHL PSS! Rrdf AG1 56614 N 23 LNt
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whi ch i s34 at chegh@npewele detidhas. 88Tnedcaapbﬁangr @azﬁeoalsargrw thagl betl ng

that th f t h
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- 50. Signal 52a epreésents |on Si romposftion s
of encoder 42, when. dihmalbpsed r@i)réé@ntmothe Adsi reéﬁtsvghul KiBm p8di ti on
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enbodi ment descibbeg alboyﬂ;mhe sigmgls ideativednsfrom52encode’s 21 haaada

hi gher resol utiagn than 3 Sen en
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I put from.deco

change w cause the out fromlogic |low,to | ogl c
hi gh and, as il PRRFPREAALPN COMfiFCd 1gT \ﬂqqermmes ‘that the rotor is at

the position corresponding to the turn-ON angle, a
switching signal is generated for the appropriate power
device to energize the appropriate phase winding. When
30 the rotor position signals derived from encoder 42
indicate that the rotor is at the position corresponding
to the turn-OFF angle, the appropriate controller
generates a switching signal to turn off the appropriate
switching device and de-energize the appropriate phase



25 correspondi ngly cause the Q output of buffer 86 to go froml ogﬂc? 061 2803
| ogic high. This wll reset the counter 83 as shown by the Counter Qutput
listing in Figure 9. At this tine, because the output of the counter 83 is

| eas than the | ower val ue expected, the 30 output of the Conparator 87 will
be logic high. After the reset signal resats the counter 83 at point Po,
the counter is clocked by the output of XOR gate 82, thereby counting the
nunber of high resolution increnents of rotation fromthe reset. At the

poi nt where lwinmdd3g 200Bf Zzhdppei g wdndrd3 isausedsethedcbobrodlerk 47
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circuitry of Figpreiffeamakaonsed tProeided By sansontiall Ulew tabﬂ.he48

Ut put 15 al wayERat] AgITTINE AP (1 pbPAR Ba SREE At ERRge OF (e
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83 will have reéérvegg?ess dakd f oforcl ocReYeFaks. i AeRAn D ¢

counter 83 W | cBRbliaatibhan thwheypwx@dohovmd va{mﬁ erH tdwxd ogay Begh
out put fromco arator
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C|rCUItry .
calculate the appropriate turn-ON and turn-OFF angles in

20 real time.

Figure 7a generally illustrates an example of the
circuitry that may be used to implement the angle
controller 46 of Figure 4. As illustrated in Figure 7a,
angle controller 46 may comprise an eight-bit up counter

- 25 70 that receives as its Clock input the HF clock signals
discussed above in connection with Figure 6. As
indicated, the HF clock signal co_mprises a series of
clock pulses that occur at a frequency that is

proportional to the angular speed of the rotor. The
30 Reset input of up-counter 70 is coupled to the pulse
train Sla.

Referring to Figure 7a, the eight-bit counter 70 is
reset each time an edge occurs in the pulse train 5la.
In the embodiment of Figure 7a, the up-counter 70 is



25 can stop operation of the drive, switch to an auxiliary positi o11i7ngCT 2003
schene or performsone type of fault detection feature. . Although the
exanpl e above addresses a failure in 5 sensor 52b, it nay be noted from an
analysis of the circuit of Figure 8 that a failure in any of the other
sensors 5la-c and 52a will also produce aiffault signal indicating that a
sensor failure has occurred. Further, although the enbodi nent of Figure 8

10 illustrates the sensor failure detection circuit as conprising discrete
and separat e CaeteRins eatbadisivirt 2dges althsughednwbehert sebodinentsy

utilizes the s circuitry,dsed in o par t Cj it.

exanple, it i s%g%sscioﬁ‘}rg:etro %%n%%ﬁeb? h{éggéo%t?%l %efg%iiﬁ% é‘lﬁ%%r e ﬁg(\?mg‘tlﬁet he
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alternate enbodinments of" the present inventidn are envisioned In WAl ch a
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illustrate one su odinent. Figure 10 generally shows anot her
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occurrence of Si td ensp ilare. The sensor failure detection
circuit 126 nasjqorﬁ-ﬁ(ﬁidgy% A%Jpé?gcgt(%%npe ue‘?!;(.;el f7|%c' Integrated Gircuit (ASICO
whi ch det er mi nes whRelerting ried &iigwreh7p, btheceutpie ghdihe vp-coynker 128
and 130 is consjstent. . | 1hOOBhEI 1 12R93026 agN§e
operation. Al th\af%]vg%{,'g?ﬁgéggnggré?%i Pﬁ?éedgtzggt?;%n cﬁ cuit 126%5%

i ncl ude a nicr ol oéBdicatesnnialy apPEPt atr sémendhe AAINLQE sTOr Wddl

requireqd or stydidigy@nd ¢QERAY RAgeh®PAidrN sigHnal @h_iéoaf&bmagsea%eS of
position sensors,_ Figure 11 shows a general flow chart di a(%r anmmi n% t he
operation of tHE-EbARFeE FIWMLHALCAUSANG LEH; PUERRE Y@ MW, CP3%58T0he

detection circuig d26cdesedmabesre)haiHeerocculernesiéf obhssgribing3@dgeom
t he second set of ,position,l n 2a-52b J ndi at _t he,r.of ha
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noved a high re’s’b‘? ncrement . poSiti on signals icate
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reverse, variable”i s reduced by one at step_138, ,and if the
rotor is novi ngceekaPuleehantdiNthe et CFUrFRIGH Rt B BYSdRE £498t ep
140. Next, at stepmlpdiséherddie@idmatci timetT]126 Betauseé nehe HFamlidok

position signal s, 28 SLAMENSe L" $Led%ndl POPIERLSEIRY o Wi opllid her
of the rotor, the output of the counter 70 will
25 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
used to generate switching signals, or firing signals, to
control the power devices to energize or de-energize the

30 phase windings of interest. 1In pafticular, in Figure 7a,
an eight-bit comparator 72 is used to sense when the
rotor has reached the turn-ON angle such that the
appropriate switching device can be turned on. As

jllustrated in Figure 7a, comparator 72 receives at its



20 change of state has occurred in the position signals 128. If ndt7 (10Te2003
detection circuit 126 returns to step 134. If so, at step 144, the
“detection circuit 126 conpares the value stored in the COUNT variable with
an expected val ue representing the nunber of increnents indicated by. 25
the position signals 130 between a changel®f state of the position signals
128. If COUNT is outside the expected range, then a position sensor failure
has occurred. But if COUNT is within the expected range, then the COUNT
vari abl e i s reskt imipust egn 148ghtrbithevaled e€rbon contoX l@wl2AGablet udBs to

step |34. Furthgf Péééééﬁﬁ%#?#gnPﬂg 851 e rEugﬂvbﬁ'gongthabo paraQr
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input the running output of counter 70. Like comparator
72, comparator 74 produces an output signal that is logic
high ("1") whenever the word at its A input exceeds the
20 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
corresponding to the turn-OFF angle.
The inverted output from comparator 72 and the
25 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
from counter 70 is greater than the signal representing
the turn-ON angle and less than the signal representing
30 the turn-OFF angle. This output signal from AND gate 75
can then be used to control the energisation of an
appropriate phase winding by circuitry not illustrated in
Figure 7a. The general operation of comparators 72 and
74 and AND gate 75 is illustrated in Figure 7b where the



CLAIMS: 1. A position encoder for a variable reluctance machi ne, t@npgT 2008
a nenber having a first set of indicia arranged to produce first output
signals at a first resolution and a second set of indicia arranged to
produce second output signals at a second resolution, first sensor neans
arranged to be influenced by relative novegent between the first sensor
means and the first set of indicia to produce the first output signals

whi ch are indicative of the novenent, second sensor neans arranged to be
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For example, the circuitry of Figure 7a could be repeated

LY

with up-counter 70 being reset from the pulse train from
either sensor 51b or S5lc. Techniques and circuitry for

20 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
control circuit of Figure 7a generally illustrates an
angle controller. The controller could be modified to

25 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
angles, and chops the phase current whenever the actual
current meets or exceeds the desired current.

30 The controller of Figure 4 allows for effective
control of a switched reluctance machine without costly
absolute position encoders or —costly processing
circuitry. Accordingly, the controller of the present
invention as represented by Figure 4 provides a low cost,
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second indicia on the nenber conprise first and second teeth, the first an
second sensor neans being responsive to the passage thereof. 9. An encoder
as clainmed in claim8 in which the sensor nmeans are optical sensors, the
first and second teeth defining |ight blogking and |ight transm ssive
regions. 10. An encoder as clainmed in any of clains 1 to 9 wherein the
first sensor neans conprise three position sensors and wherein the second
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signals from the first set of at least one position
sensor and from the second set of at least one position
sensor and detects a position sensor failure by analysing
the relationship between the position signals at the

20 first resolution and the position signals at the second
resolution. '

Figure 8 shows an example of one embodiment of the
gsengor failure detection circuitry of the present
invention for one direction of rotation. As discussed

25 above, the sensor failure detection circuit receives as
its inputs the first set of outputs 42a from sensors 5la-
¢ of encoder 42 and the second set of outputs 42b from
sensors 52a-b of encoder 42.

The sensor failure detection'circuitry receives the

30 second set of outputs from sensors 52a-b of encoder 42 as
two inputs to an increment detector 80, which determines
whether the xotor has rotated a predetermined high
resolution increment of rotation. In this embodiment,
the increment detector 80 includes an XOR gate 82 which
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rotor that have occurred since the reset of counter 83.

The second set of output signals from sensors 52a-b
of encoder 42 are also input into a direction detector

10 84, which determines the direction of rotation for the
rotor, and the output of the direction detector 84 is
provided to the up/down input of the up/down counter 83,
and controls the direction of counting.

The sensor failure detection circuit of Figure 8

15 determines whether there is a failure in any of the
sensors 5la-c or 52a-b by monitoring the number of high
resolution increments that occur between each change in
state of the low resolution sensors 5la-c. Accordingly,
in the embodiment of Figure 8 a decoder 85 is provided.

20  Decoder 85 of Figure 8 provides a digital pulse having a
duration that is defined by successive changes in state
of the outputs of sensors 5la-c. The output from
decoder 85 is provided as an input to a buffer 86 which
reflects the output from the decoder 85 at its Q output

25 and provides the complement of the output of decoder 85
at its 5 output.

The Q output of buffer 86 is applied to the Reset
input of up/down counter 83 and is used to reset the
counter each time a change in the state of the outputs of

30 sensors 51l1a-c¢ occurs that produces a logic high output
from decoder 85. The counter will then count up (or
down) and will provide a running output representing the
accumulated number of high resolution increments of
rotation for the rotor. Comparators 87 and 89 receive
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the output from detector 85 will drop to logic low and

triggers latches 88 and 90, which latch the output of the
Comparators 87 and 89 respectively. If the output of
either Comparator 87 or 89 is logic high (indicating that
30 the number of high resolution pulses is outside the
expected range than that expected, i.e., all sensors are
not operational), the logic high output from either
comparator 87 or 89 is latched into a latch 88 or 90 to
produce a fault signal. If the output of the counter 83
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d Yow signal which is latched onto the
latches 88 and 90 to provide a signal indicating that the
sensors are functioning properly.

5 Figure 9 shows an exemplary timing diagram for the
sensor failure detection circuit of Figure 5 receiving
position signals from the position encoder of Figures 5a-
c for a 22.5° angular rotation of the rotor, and thus a
22.5° rotation of cup-vane 50. Signal 52a represents the

10 position signal from position sensor 52a of encoder 42,
and signal 52b represents the position signal from
position sensor 52b. The signal below 52a and 52b
represents the output of XOR gate 82. The outputs from
the sensors 5la, 51 and S1c are illustrated below those

15 of 52a, 52b and the output of XOR gate 82. In the

. particular embodiment described above, the signals from -
sensors 52a and 52b have a higher resolution than the

signals from sensors S5la-5lc. As can be seen from
the timing diagram of Figure 9, the first state change
20 for the outputs of sensors 5la-51c occurs at a point P,

- where the output from sensor 5la changes from a logic low
‘level to a logic high level. The state change will cause
-the output from decoder 85 to go from logic low to logic
high and, as - illustrated in Figure 9, will
25 - correspondingly cause the Q output of buffer 86 to go
from logic low to logic high. This will reset the
counter 83 as shown by the Counter Output listing in
Figure 9. At this time, because the output of the
counter 83 is less than the lower value expected, the

30 output of the Comparator 87 will be logic high.
After the reset signal resets the counter 83 at
point P,, the counter is clocked by the output of XOR gate
82, thereby counting the number of high resolution
increments of rotation from the reset. At the point where
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5 outputs of sensors 5la-c¢ when the output of sensor 51c
drops from logic high to logic low. At this point, the
Q output of buffer 86 drops to logic low and the change
in the'a output of buffer 86 latches the output of the
Comparator 87 into the Latch 88 to provide a £fault
10 signal. Since, in this example, at that time the output
of the Comparator 87 is a logic low, the latched FAULT
signal is a logic low indicating proper operation of the
sensors.
The waveforms from point P, through P, illustrate how
15 the circuitry of Figure 8 may be used to detect a -sensor
failure. In the example of Figure 9, it is assumed that
sensor 52b has failed such that its output is always a
logic low. At the point P, the next state change of the
outputs of sensors 5la-c occurs and the counter 83 is
20 reset. As before the counter is clocked with the output
of XOR gate 82. 1In this example, because the output of
sensor 52b is always logic low, the output of XOR gate 82
will track the output of sensor 52a. Accordingly, by the
time the next state change in the outputse of sensors 5la-
25 ¢ occurs at point P,, and the output of comparator 87 is
latched to the fault signal, the counter 83 will have
received less than four clock pulses. As such the output
of counter 83 will be less than the expected lower value
and the logic high output from cdmparator 87 will be
30 latched to the fault signal indicating a sensor fault.
Controller circuitry (not shown) can monitor the
output of the sensor failure detection circuitry to
determine when a sensor failure has occurred. Upon the
occurrence of a sensor failure, the controller circuitry
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can stop operation of the drive, switch to an auxiliary

positioning scheme or perform some type of fault
detection feature.

Although the example above addresses a failure in

5 sensor 52b, it may be noted from an analysis of the

circuit of Figure 8 that a failure in any of the other

sensors 5la-c and 52a will also produce a fault signal
indicating that a sensor failure has occurred.

Further, although the embodiment of Figure 8

10 illustrates the sensor failure detection circuit as

comprising discrete and separate components, embodiments

are envisioned where the circuitry utilizes the same

circuitry used in other parts of the circuit. For

example, it is possible to combine the controller of

15 Figure 4 with the sensor failure detection circuitry of

Figure 8 such that the same circuitry is used for

increment detectors 61 and 80. Still further, alternate

embodiments of the present invention are envisioned in

which a properly programmed microprocessor is used to

20 perform the general functions performed by the circuitry
of Figure 8. Figures 10 and 11 illustrate one such
embodiment.

"Figure 10 generally shows another embodiment of a

gensor failure detection circuit, in which a programmed

25 microprocessor or microcontroller 126 receives a first
set of position signals 128 of a first resolution and a

second set of  position signals 130 of a second
resolution. The circuitry 126 monitors the sets of input
signals 130 and 128 and provides a Fault signal on line

30 132 upon the occurrence of a position sensor failure.
' The sensor failure detection circuit 126 may include an
Application. Specific Integrated Circuit (ASIC) which
determines whether the relationship between the position
signals 128 and 130 is consistent with normal position
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Figure 11 shows a general flow chart diagramming the
operation of the sensor failure detection circuit 126.

At step 134, the detection circuit 126 determines whether.

the position signals 130 from the second set of position
sensors 52a-52b indicate that the rotor has wmoved a high

‘regsolution increment. When the position signals 130

15

20

indicate such movement, the detection circuit 126 next
determines whether the rotor is moving forward or reverse
at step 136. If the rotor is moving in reverse, a COUNT
variable is reduced by one at step 138, and if the rotor
is moving . forward, the COUNT variable is incremented by
one at step 140. Next, at step 142, the detection
circuit 126 determines, from the position signals 128
from the first set of position sensors S5la-c, whether a
change of state has occurred in the position signals 128.

‘If not, the detection circuit 126 returns to step 134.

- 25

30

If so, at step 144, the detection circuit 126 compares
the value stored in the COUNT variable with an expected

value representing the number of increments indicated by .

the position signals 130 between a change of state of the
position signals 128. If COUNT is outside the expected
range, then a position sensor failure has occurred. But
if COUNT is within the expeéted range, then the COUNT
variable is reset at step 148, and the detection circuit
126 returns to step 134.

Further alternative embodiments are envisioned that
use two incremental encoders with different resolutions
or two absolute encoders with different resolutions.
Moreover, although the above embodiments of the present
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that the present invention can be performed by a properly
programmed microcontroller, a specific logic circuit, or

5 analog circuitry.

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,

10 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

15 moving member of a linear motor as well.

Accordingly, the principles of the present
invention, which have been disclosed by way of the above
examples and discussion, can be implemented using various
circuit types and arrangements. Those skilled in the

20 art will readily recognize that these and various other
modifications and changes may be made to the present
invention without strictly following the exemplary
application illustrated and described herein and without
departing from the scope of the present invention, which

25 is set forth in the following claims.
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1. A position encoder for a variable reluctance machine,
comprising a member having a first set of indicia
arranged to produce first output signals at a first
resolution and a second set of indicia arranged to
produce second output signals at a second resolution,
first sensor means arranged to be influenced by
relative movement between the first sensor means and
the first set of indicia to produce'the first output
signals which are indicative of the movement, second
sensor means arranged to be influenced by relative
movement between the second sensor means and the
second set of indicia to produce the second output
signals which are indicative of the movement, and
analysing means for comparing the first and second
output signals to determine whether there is an error
in either the first or second output signals from the

sSensor means.

2. An encoder as claimed in claim 1 in which the first
and second sets of indicia are arranged to influence
the first and second sensor means to produce digital
outputs in accordance with the respective first and

second resolutions.
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3. An encoder as claimed in claim 1 or 2 in which the
analysing means includes counter means operable to
count the transitions of the second output signals in
the interval between transitions of the first output
signals and means for indicating an error condition if
the count of the said transitions of the second output

signals is outside a predetermined range.

4, An encoder as claimed in claim 3 1in which the
indicating means include threshold means responsive to
the output of the counter being above a predetermined

value.

5. An encoder as claimed in any of claims 1 to 4 in which
the first and second sensor means are arranged to be

influenced by the member as the member rotates.

6. An encoder as claimed in any of claims 1 to 5 in which
the second resolution is an integer multiple of the

first resolution.

7. An encoder as claimed in any preceding claim in which
the first and second sensor means are arranged such
that changes in the first output signals are

substantially coincident with selected ones of the
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first second output signals.

8. An encoder as claimed in any of claims 1 to 7 in which
the first and second indicia on the member comprise
first and second teeth, the first and second sensor

means being responsive to the passage thereof.

9. An encoder as claimed in claim 8 in which the sensor
means are optical sensors, the first and second teeth
defining light blocking and light transmissive

regions.

10. An encoder as claimed in any of claims 1 to 9 wherein
the first sensor means comprise three position sensors
and wherein the second sensor means comprise two

position sensors.

11. An encoder as claimed in any preceding claim including
a decoder coupled to receive the first output signals,
the decoder generating a first decoder signal that
changes state upon a changing state of the first
output signals; an increment detector coupled to
receive the second output signals, the increment
detector generating a second detector signal that

changes state upon a changing state of the second set
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of signals;

a counter coupled to receive the first and second
output signals, wherein the counter is reset in
response to a change in state of the first output
signals and wherein the output of the counter is
incrementally changed in response to a change in state

of the second output signal;

a first comparator coupled to receive the output of
the counter and a signal corresponding a lower
predetermined value, the first comparator producing an
output that has a first state when the output of the
counter is less than the lower predetermined value;

and

means for monitoring the output of the first
comparator and indicating a failure of the rotor
position encoder when the output of the first
comparator is at a first state when a change in state

of the first output signals occurs.

12. An encoder as claimed in claim 11 in which the

increment detector comprises an exclusive OR gate.

13. An encoder as claimed in claim 11, further comprising

a second comparator coupled to receive the output of
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the counter and a signal corresponding to an upper
predetermined value, the second comparator producing
an output that.has a first state when the output of
the counter is greater that the upper predetermined

value.

14. An encoder as claimed in claim 13 in which the means
for monitoring the output of the first comparator
include means for monitoring the output of the second
comparator and indicating a failure of the encoder
when the output of either the first comparator or the
second comparator is at the first state when a change

in the state of the first output signals occurs.

15. An encoder as claimed in claim 11, 12, 13 or 14 in
which the output of the counter is incremented in
response to a change in state of the second output

signals.

16. An encoder as claimed in claim 11, 12, 13, 14 or 15 in
which the means for monitoring the output of the
comparator comprises a latch that receives the output
of the comparator, wherein the latch is triggered in
response to a change in state of the first output

signals.



