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i nvention relates to the control of swtched reluctance nmachines,
particularly those machi nes which are operated without a sensor to neasure
5 rotor position. In general, a reluctance¢ nmachine is an electrical machine
in which torque is produced by the tendency of its novable part to nove
into a position where, the netic circuit is mnimsed,
i.e. where the ind NI RO Nl b dLk AU I NGE A GEINES | n one
type of reluctance nmachine, the energisation of the phase w ndings occurs
at a controlled frequency. This type is generally referred to as a
synchronous rel Mo [ b operated, ag a nmotor or a
generator. In ;qﬁ:tée ongnt{r@ggh%ﬁl F% u%ttélﬁgg%ﬂﬁ%ﬂli B ,S‘Vﬁﬁli‘erdcmsl?q'[?/nqesmﬁﬂ@iwﬁed

for detecting taeiargtly ahogomiathiabs &hitthard Ahefar@n ity a8l dksi N9 Lhes
phase wi ndings as a function of the rotor position. l#hluggs%g%%d{bgfnfﬁgurgf

rel uct ance mac iPE posttpener al |y known as a switched reluctance machine and
it may al so be operated as a notor or a generator. The characteristics of
such swi tched reluctance nachines are well known and are described in. for
exanpl e. "The ¢hagRelAl hSteliisa | nd_ appl i .cation of 20 switched

rel uct ance not orgéand drives” ngg%@étmg{s%%ﬁésjgﬁ egéndéﬁ%la%gghlﬁb‘m@?ﬁ IREAR S g,
21-24 June 199produnedripothattestioney ef its tyovadlepan eLmoTh dtoRAP&S ijgs in
sonme detail the features of the swtched reeﬁltbjct ance macﬁi ne \}\%?rgﬁ,ﬁg{eolggt her

produce the ch&fIHEIABCE Sfjacmagrsticceirquit isaminingsedn decwheaeethefindieants asfethe
‘Wi ndi ngs.;25 Fi th ri.ncj pal ,conponents_of a typical swtched
rel uct anclé)2 dri g%&{t@é@ﬁ}&@hlé. ll%ﬁ’glmlsﬁ: povBr Oty pyiey of relugince, anaghingerthe
battery or a reftidis®fbnadfthe phase windings occurs at a controlled frequency. This type

is generally referred to as a synchronous reluctance machine, and it may be
operated as a motor or a generator.  In a second type of reluctance machine,
circuitry is provided for detecting the angular position of the rotor and
15 energising the phase windings as a function of the rotor position. Th-is_ sécond
type of reluctance machine is generally known as a switched reluctance
machine and it mav also be operated as a motor or a generator.  The
'characteristics of such switched reluctance machines are well known and are
described in. for example, *The characteristics. design and application of
20 switched reluctance motors and drives” by Stephenson and Blake, PCIM*93,
Niirnberg, 21-24 June 1993, incorporated herein by reference.  That paper
describes in some detail the features of the switched reluctance machine which

together produce the characteristic cyclically varving inductance of the phase
windings.
25

Figure 1 shows the principal components of a typical switched reluctance drive

system. The input DC power supply 11 can be either a battery or a rectified and



23 Septenber 2003 2 filtered AC supply and can be fiXxed3z@epicninerbgzin
magni tude. I n some known drives, the power supply 11 includes a resonant
circuit which produces a DC voltage which rapidly varies between zero and
a predeterm ned value to allow zero voI&age switching of the power

swi tches. The DC vol tage provided by the™S power supply 11 is sw tched
across the phase windings 16 of the notor 12 by a power converter 13 under

the control offitthredeh€ctupplyi andcomt beoofixetdt vddabld emagmittdd)i N8 seRRtkRvn
correctly synchroni sgd to the ﬁngl e of rotation of the rotor for proper
operation of tHaVeh ithe POXEF sHBRLY psinclusiss aaicsenasi cirsuit svhighipraduaes @Rl oyed
to supply sig ndpcatd he.. r position of . the.rotor. The 10

out put of thenf%l?ﬁe”%lg@ﬁa@ﬁﬂ%g?g%{%ﬂ‘%gn ey’ %ﬂdg%pﬁ%d ng V@%ﬁé%&lé"‘a
speed feedbackersivgake swhehing@to?thdpSiér Wrtdies ety DES, J1R E%ﬁ thPT B,
for exanple it may take the ?prmo?%\ardware, as shown s ﬁ mat fl(é:r(gpiy)slflél)n
Fig. |. I otheeweysipphy 11 ihewitehqdosiessdhe ghasecviadirgar Gbef thesndtonap ey a

al gorithmwhich cal cul ates .qr estipates the. position from other nonitored.
paraneters of 1?‘?1‘33[6??’%6@51&% efﬁggéo%%t%ﬁw@e “j?‘ét“?ﬂ“? &ankal peig Msenkls | ess

posi tion det eciwiciing i be %bﬂ'ﬁ@t}%%hﬁ%é@ﬁgo ‘Sl(?)egz?rfgl% ﬁ?%iét‘f&% g{' f}ﬁ[‘rﬁ%‘fﬁﬁ{m -

associated with the rotor which res t
Proa
I

the art, nany.piopteragrtatappobabheliveave Aepnopgopitiod ddeétde 120 isqlﬂ%ﬁﬁal
reliable sensorl eg;y system Sone of these approaches are di scusse bel ow.
The ener gi sat | ¥RPEYeAHE yRRYesIRN#aiindjsating Resamigulasaepsitisinuef thecemtomc HTie

d d d ' I | td f th . Thi be, 25
el ai nedlby. rarBPEREds ks FIRMOR BRI alsq el ke senratCaiope ng

of a rel uct anfeedBackhéipgaloperating as a notor. Figure 2 generally shows a
rotor 24 with a rotor pole 20 approaching a stator pole 21 of a stator 25
according to

The rotor position detector 15 may take many forms, for example it may take
the form of hardware, as shown schematically in Fig.l. In other systems, the
15 position detector can be a software algorithm which calculates or estimates the
position from other monitored parameters of the drive system.  These systems
are often called “sensorless poéition detector systems” since they do not use a
physical transducer associated with the rotor which measures the position.  As
is well known in the art, many different approaches have been adopted in the

20 quest for a reliable sensorless system. Some of these approaches are discussed

below.

The energisation of the phase windings in a switched reluctance machine
depends on detection of the angular position of the rotor. This may be
25 explained by reference to Figufes 2 and 3, which illustrate the switching of a
reluctance machine operating as a motot. Figure 2 generally shows a rotor

24 with a rotor pole 20 approaching a stator pole 21 of a stator 25 according to



23 Septenber 2003 3 arrow 22. As illustrated in Fi guregg,%e?fg},b%rzgo@ortlon
23 of a conplete phase wnding 16 is wound around the sta pole 21. Wen
the portion 23 of the phase winding 16 around stator pole 21 is energised,
a force will be exerted on the rotor, tgndi ng to pull rotor pole 20 into

alignment with stator pole 21. 5 Figure 3 generally shows typical sw tching
circuitry in the power converter 13 that controls the energisation of the

phase wi ndi ng ai®w 28cAudiingrathé 11p)<anUre$1 23nd &, aungtish a8 Ut ep@érﬁpl%ie
swi tches 31 and a irné cl osed t he glease wi ndi ng is coupled to thg source
t

of DC power arf§rfd %gWé’é‘H %‘Wﬂ rﬁé@tOI’@@lﬁfﬁguréVhUnﬁleopoﬂlam%amﬁ tr
geonetry, wn | Q circui are k in the art:
some of thesecyerllrgge %ﬁ@@h Bgn %tpgg%gié%ﬁn%glsgéa%@rﬁ%ﬁ’é 8|‘?‘§5°‘él§’§ve
When the phasehairpe n@erﬁlﬁ t6 WilE hedr rglid! rgLges; rn

t he manner dESCI’Ier,‘é ab ovrclagj1 t\rllpe rragngtpl%lc gpgng& gﬁﬁﬁhp%{hsﬁﬁﬂﬁ 861% %Ithe
magnet i ¢ Xi rcﬁlgurglﬁggneralé:e shows h}qncalrmm‘l‘emgntruatryflﬁrtﬁfepowht Ebnvers 13
descri bed, act tgwglz@ he rot.or, pol into line with the stator poles. 15

I'n general, tHgat FnsEsipatian, PSF@GSQ yigdingdf, inphiding thei potion 28he

t f ol 1,0 h |l ed.t he
“turn-on angl &roog ﬁ%‘tﬁp%%oﬁ??éﬂ RhitR' 31 B 2 atcioded e PHERe mifding
turn on both swddublddgt(deheCMrcéBbfaDd: Pdweatd ish%né‘ﬁisreﬁh' ng l\@ﬁ'}? B3

S

and 32 are on, the phase winding is 20 coupled to the DC bus, i ng an
i ncreasi ng rra@ﬁ@ﬁgléfaﬂ'lloﬂ& o5 lﬁgllé%t!(ablge;f)mﬂﬂry, nWlmdmg rrw@hlcrgg ailideswughmtgl c

flux pr ces L el d he air..gap whic t.s on the rotor
pol es tgfbjproduéﬁ'ecgﬁ%g 1) (§)r§‘|'nnlgn Eh raﬁté‘omigh Fldéscf‘?ﬁ? ip the Riephamsomi &e i s
supported by Higképapat SisPhbyee. | Whg (tfeml Sy 20 ?&% b rrent
flowing fromthe %%gguppl y through the s t%hesﬁgjiﬁgz g 3§2%an d %(Iaucg@%%hase

wi ndi ng 23. Cumgchine fseendgickd i thiyemenadd geseriptdyeshearitt fagnethgitlduste u

en p

by the flux in the magnetic circuit gives rise to the circumferential forces which,

as described, act to pull the rotor poles into line with the stator poles.

15
In general, the phase winding is energised to effect the rotation of the rotor as
follows. At a first angular positibn of the rotor (called the “turn-on angie™, Boy).
the controller 14 provides switching signals to turn on both switching devices
31 and 32. When the switching devices 31 and 32 are on, the phase winding is
20 coupled to the DC bus, causing an increasing magnetic flux to be established in

the machine. The magnetic flux produces a magnetic field in the air gap which
acts on the rotor poles to produce the motofing torque. The magnetic flux in the
machine is supported by the magneto-motive force (mmf) which is provided by
a current flowing from the DC supply through the switches 31 and 32 and the
25 phase winding 23.  Current feedback is geﬂerally employed and the magnitude
of the phase current is controlled by chopping the current by rapidly switching

one or both of switching devices 31 and/or 32 on and off. Figure 4(a) shows a



of the phase current is controlled by chopping the curegSepleynbeapoos y
swtching one or both of switching devices 31 and/or 32 on and off. Figure
4(a) shows a 23 Septenber 2003 4 typical current waveformin the chopping
node of operation, where the current is4chopped bet ween two fixed | evels.
In notoring operation, the turn-on angle®™ 90N is often chosen to be the
rotor position where the centre-line of an inter- polar space on the rotor

is aligned witdypidaécueertveaviefdren bf the cHopbiig ROUE of RIpkrARY, ‘gﬁelt%ethé %E%&ther
angle. In many systens, the phase wi nding remai ns connected to the us

(or connect edSiGHOBP? pateRen jwo flixeAdpyalng Insmetopingyetyationt, ke tue-onatnle
rotates such hat i rgl_zlaches what is referred to as the "freewheeling

angl e", 9FW Sh 1% Rer BRQSER 3p beetheHatorappsifio Miere dhe eandre-bes pEepadntiitng t o
the f wheel i . i1 h i.n Fj 2 f th
S tchee. for ASlaRiRce of Sdrotpr ARSI Rk of £ afer ot R ra ng

through tHie phsssont otiengnglé.! | continue to flow, but will now flow through
only one of the switches (i1n this exanple 32) and through only one of the
di odes 33/34 (in this exanple 34). 15 During the freewheeling period, the

vol tage drop ross_the, phase wi,nding i.s snmall, and the flux remains
subst anti al | yalgloﬁéaflgnfxsw%fe%ﬁ? Pbare Windie, EEmaing irosnested darike) PRgbuwiert i on

until the rot Oéorﬁﬁf:l%ﬁ\%ﬁ]tehﬁitﬁeﬂt@q@‘éﬁl@b]l)ﬁlﬁ%ziisgé%rﬂ oég(r?)\é\?nt?isthetrja?ornrto tfrzls_g %‘fé‘g}"

angle", 0 OFF. (e.g. en the Centre- or poleis

with that of tthet itratches pdle)s reRhesl fohes thet'GreetvBasings aidle", o, N- ofvheangd €.
both 20 switches 31 and 32 are turned off and the current in phase w nding

23 begi nk0t o  HofeRFeRFeS dgRngNI8E poSiBRN Netresponding tal thudfree\@ilecting adgld (eog,
cooly the, 0° ali QS AT ek b1 SR S iomin ST
decrease. |t igfFknowCohstquBiRIAr thet Surrttie ABWASE AMWLANIHIILANG! GRndilS Qlifer
current control regines.
continue to flow, but will now flow through only one of the switches (in this
example 32) and through only one of the diodes 33/34 (in this example 34).
15 During the freewheeling period, the voltage drop across the phase winding is
small, and the flux remains substantially constant. The circuit remains in this
freewheeling condition until the rotor rotates to an angular position known as
the "turn-off angle", Bqfr. (e.g. when_ the centre-line of the rotor pole is aligned
with that of the stator pole). When the rotor reaches the turn-off angle, both
20 switches 31 and 32 are 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
machine (and therefore the phase current) to decrease. It is known in the art to
use other switching angles and other current control regimes.
25

As the speed of the machine rises, there is less time for the current to rise to the

chopping level, and the drive is normally run in a “single-pulse” mode of



25 As the speed of the machine rises, there is less tipgshkpfenitieo6tsrent to
rise to the chopping level, and the drive is normally runin a

"singl e-pul se" node of 23 Septenber 2003 5 operation. In this node, the
turn-on, freewheel and turn-off angles are chosen as a function of, for
exanpl e, speed and load torque. Figure 4fb) shows a typical such

si ngl e-pul se current waveform where the freewheel angle is zero. S

It
well known th val : rha . rne.-off angles can
be 5 predet er%bﬁgc}ﬁ)ghd gf%rlée)%mi % t&ﬁﬁ%i@?@%ﬁ%%%u%-g&?r&lﬁ aersglnow t he
control  systemaduneiui bédforosxangple bsperdl id &Rt RqueetuaRE 4() sBRYs ti Me.

Many sensorl ess position detection systens are reviewed and categorised in
"Sensor | ess nméYPsaksydy sipglearusenturtent veavieboror whesd thieofreetvhedli angleed zero.

reluctance 10 tors ay..et. at, . Progc. EPE93 .Conference, Brighton. UK,
13-16 Sept 93,1{7%0‘8‘3&%‘?0‘5% that thé yalues 8F minoe, Srequbesh 4K BRSNS R b o
sui tabl e § or opedAtirRiRed Andtd6req NARBIIs PSR Srn ' ; de.
Most of the ngt hods whi c_hn are suitabl eSfor og(gerr%dtﬂi%E%Flﬁie?ﬁieﬁ%ﬁ%‘lb%?%%&mde
use di agnosti sypetsasregfiiredms cas bretcalonlatdd ar deducp@ i el iinieo an i dl e phase

wi nding. By nonitoring the result 15 of these pul ses, the control systemis
able to estimate the rotor position and hence determ ne- when the nmain

cxct Lt on <haldy e bRl St Br Lt BAENEd AT RS Mgl e

wel | - known i npl ntation I's approa S |

sensor | ess posBehsurieietneahods foprdeBRmiiing @RS rétor Wosifioh ¢t sdhichsl RtuRRR
Conf, TEE Pub’'n No 324, London. 17-19 July 1990, pp 249 - 252. This uses a
region K théetervs Ray«r ¢lvitien BPFO G artsrenss| Brightver WIS el Hd6iSepeo3,Piblses

the paper  sugdolPd & 1rr GG AR esaiag mhth G RRcRire Seiebie e swtion m
sw tches Dbei ngha!8RebpifBnfode or in the single-pulse mode.  Most of the methods which
are suitable for operation in the chopping mode use diagnostic pulses of some
sort which are injected into an idle phase winding. By muonitoring the result
15 of these pulses', the control system is able to estimate the rotor position and
hence determine when the main excitation should be applied to and removed

from the phase windings.

One well-known implementation of this approach is described in “A new
20 sensorless position detector for SR drives” by Mvungi er al. Proc PEVD Conf,
IEE Pub'n No 324, London. 17-19 July 1990, pp 249 — 252. This uses a region
of the rotor cycle when the phase would otherwise be idle. Pulses are injected
at a frequency which is high compared to the rotor speed — the paper suggests a )
frequency of 3.3kHz is possible for the power switches being used. This
25 appears to be a trade-off between loss in the switches and the desire to obtain as
much position information as is possible during the window of opportunity

when the phase is not required to contribute to torque production.



25 appears to be a trade-off between loss in the swi tch8Septaniheodgsire to
obtain as nuch position information as i s possible during the w ndow of
opportunity when the phase is not required to contribute to torque
production. 23 Septenber 2003 6 However jt has been found with such systens
that the injection of the pulses into the machine causes acoustic noise at
t he frequencyﬁ_g0 i nj e,cthl on due to the distortion of the stator in the
presence of tREPWOYEE has @8@%@01!3'@ wifa Wh%Stemethaf tl@qim_ﬂ}&mioelsof dgupulees ar e
the 5 man ear is

typically i . kHz
ey 358 8B ST BGEREE 10 e UL e o
there may be aistauibnbbfthbuzzorin R BIENRE o'f@h@%rl:@sncrfeﬁt%?lﬁ%p M%Ch may be

found objectionable. It is an object of this Invention

sensor| ess po§tetqi1©nclc|@tr@unrednarelt®prcatljaad therraags M-t dkBg, ﬁelleugpd@aqlgréjmeve
whi ch has5 reduced noi se em s %rz}g The present invention is generally
appl i cabl“e toillé%‘ ée%@ﬁﬁ nedhe g5k reguitnig that irosueets semsorless

enerators. i S ovi.ded a_swi
?el uct ance drlgé)[%ﬁl)!S Ehe?@ nﬁ%}?é}%?ﬁ?ﬂqug ggggt}f’?a@ﬁﬁémﬁ‘étwfh&e&u?’%ﬁv Which
stator and at nh®aisd fcmmd qﬂ}aﬁﬁumbl@dl ng, a controller for controlling the

out put of the machine and neans for injecting diagnostic pulses into at
| east one of the phase wi ndings for rotor position detection, the

control |l er bei e det ern.ne t he ition of the rotor relative
to the stator |I'{'thscc?')l&)ldl ?\]lggcﬁ 8thtH f”fv?gbo%ftot H@pb‘s%ﬁnm?’ﬂesﬁupgﬁgoﬁn@t@@%
act uat e tthe np@iBod @r 4 @\h&@ﬁéd%hﬁﬁ&ﬁ%%é?&v\gﬂlcﬁ h‘é@ré(ﬂ}?:leg In01s a?urﬁlgc [educe

the perceived noise emtted fromt he 1 nvention a I’lth %uzz

associ at ed wi presehe idvagivasis gepedatigsapilidable conseiadied yélh&tapcOthfthiguent s
associated with the switching of the reluctance 25 machi ne. The energy

actual |y assoBPﬁ‘faé‘&g\Bist‘WtPF?eorpﬁﬂ“@%Ofﬁay not be reduced,

According to the invention there is provided a switched reluctance drive
15 comprising a reluctance machine having a rotor, a stator and at least one phase
winding, a controller for controlling the output of the machine and means for
injecting diagnostic pulses into at least one of the phase windings for rotor
p_osition detection, the controller being operable to determine the position of the
rotor relative to the stator according to an effect of the diagnostic pulses and to
20 actuate the means for injecting according to a variable frequency to reduce the

perceived noise emitted from the drive.

The invention allows the buzz associated with the diagnostic pulses to be
concealed within other events associated with the switching of the reluctance
25 machine. The energy actually associated with the pulses may not be reduced,
but the perception is that they have been removed. Thus, the operation of the

machine becomes less objectionable to the human ear.



but the perception is that they have been renpoved. Thug3 Sepenirel8d3 on of
the nmachine becones | ess objectionable to the human ear. 23 Septenber 2003
7 The invention nay be arranged to vary the frequency in relation to rotor
speed or it may be randomy variabl e. Pseudo-random frequency hoppi ng
could be wused. The pulses are preferably injected in an idle period of the
or each phase. The pulses are also preferably voltage pulses. 5 To take
account of theTheawentonpenabe atthegathwhvarg the flequemyeiadslatian t0W6tor lsheed i S
preferably placed on the rotor speed at_which the pul se frequency is nade
variable in ac¥old4Rt evﬁaf“%’rflbf yriapee d sewiarrarnsiony frepuenicy huppinglesuldald e to

i t i-abi | It f. .t he pul frequency with
obor speod. ool TEERASE A8 HORAA i Bireh W R il R dhe OF PSS and
frequency varighe gulset 4 alf prefsRBIRd JMAYe BRIsBRde gradual to avoid any

abrupt change between the two. The invention also extends to a nethod of
reduci ng Phe noise enmtted froma 15 switched reluctance nmachine

conprising: contrglling th ut put of the chi ne by the energisation of

t he phase wi né‘?ﬂé@‘ea%cég%‘i %gt?‘?&efe%éo FBERtS BR %Chﬂrff?eg/"-rIBYVosrPee‘ilseladi)Wﬁéllﬂétt he
stator; injectj ! i I I ' i,ndi ngs:
determning t hiesq?-gfé é?lgggé(ﬁaoﬁhlft?é(;%ﬂtoﬁtesﬁgﬁ %ﬂcﬁﬂg(?] %&@%eagﬁgg?n:@g ! plﬂgiees;
and varying t hearfatde ireacyrdeince hettprotsiespetd. Sailaty,lihi aey ERirded t8enp8se 20

emtted fromthe machine, The invention can be put into practice in a
number of ways2? $8Re" tweshrld puihe (varigbilith of des shish deequpnesay it rosomsysied,

with ref ?0enc%ﬁﬂhé%r?,gﬁggﬁggﬁio%gbergggw cnl%i%i‘tt %@éﬁ?}éf{%%{rghg%{cg \:/Larlsarl])?e\:Ns

the principal conponen conventirona
with rotor speed may be made gradual to avoid any abrupt change between the

two.

The invention also extends to a method of reducing the noise emitted from a
15 switched reluctance machine comprising: controlling the output of the machine
by the energisation of the phase windings according to the pésition of the rotor
relative to the stator; injecting diagnostic pulses into at least one of the
windings; determining the rotor position from the effect of the diagnostic

pulses; and varying the frequency of the pulses to reduce the perceived noise

20 emitted from the machine.

The invention can be put into practice in a number of ways, some of which will

now be described by way of example, with reference to the accompanying

drawings in which:

2
W

Figure 1 shows the principal components of a conventional switched reluctance

drive system;

Figure 2 shows a schematic diagram of a rotor pole approaching a stator pole;



drive system Figure 2 shows a schematic di agram of a E8tSeptepdiee 2003
approaching a stator pole; 23 Septenber 2003 8 Figure 3 shows typical
switching circuitry in a power converter that controls the energisation of
t he phase w ndi ngs of the nachine of Fi ggre L, Figures 4(a) and 4(b)
illustrate typical current waveforns of swi tched reluctance drive
operating in chopping and singl e-pul se nodes respectively; 5 Figure 5 shows

e 1 deal | sed rigHct aRses BRRL LeRRE BRSSPI B SPcbNREL baRcofiedl oo o

a machi ne operated according to the invention; Figures Show
possi bl e rel atinengibatps dighepbase Wandikgomo titd maghihs of Figueguency and the

rotor speed :‘Ng:r a co Erollﬁ%yé}sgem operated according. to the invention; 10.
Figure 7 sho lgHreépg Bx R4 (Eh HYstrae Poieal | ensant pwaveforng wefe a6 swibled can

b il i A , v Fi 8 | hemat j.c bl ock

i agram of o FERRHERedyR dBeh R RESFRhE Fudtdle Falt sofsdeqRM iy ©°

schemati & bl odkgdieagrshomef the idedord iaabodhe®ptoMts bthe JosMBR! 'ﬂge ,irﬁéctﬁﬁl
e |

descri bed above, when a switched rel uctance nmachine is opera

choppi ng node ggiopefyr ¢ svecbipeapsrated a¢eardimgtiothemventigrener ati ng) t he
excitation is t.ypically. a l.ed- to eagh phase winding in tyrn for half the
period of thePt %@Eﬁsiaééayaﬁ“ﬁgt}%?tsglwep%ﬁﬁsf&aﬁ@w%ﬁ%%e%@%#ﬁ@%ﬁw Bulse,
Figure 5 for 29dRheyind BRSLA) d e gfjﬁ@r i IL.pg:excl ted in
order to pr oducee tofque in ther eaui re% ireoﬂé' %ﬁm ??é}lgtts?dib%cl S égé téla?ﬁ | ed
"idl e" node andvemtiors possible to use this period of tine to interrogate

t he phase by injectin di agnosti.c pul ses and neasuri ng sone par aneter of
t he Pesp’c% s'g. ﬁjgpree;éﬁﬁv@ ,angapproxima ion to the relationships in%igure 6 Evhich can be

easily generated in a microprocessor;
Figure 8 is a schematic block diagram of a first embodiment of the invention:

and

Figure 9 is a schematic block diagram of a second embodiment of the invention.
15
As described above, when a switched reluctance machine is operated in
chopping mode at very low speeds (either motoring or generating) the
eXcitation is typically applied to each phase winding in turn for haif the period
of the cyclical inductance variation, as shown schematically in Figure 5 for
20 motoring operation. When the phase is not being excited in order to produce
torque in the required direction, it is in its so-called “idle” mode and it is
possible to use this period of time to interrogate the phase by injecting
diagnostic pulses and measuring some parameter of the response. For example,
by using the power switching available for controlling the machine to apply
25 voltage pulses to each idle phase, the winding current can be monitored. The
current is a function of the position of the rotor poles relative to the stator poles

and, from this, the rotor angle can be derived from a look-up table. The pulses



by using the power swi tching available for controlling23 Beptep®el 2803 0 apply
25 voltage pul ses to each idle phase, the wi nding current can be nonitored.
The current is a function of the position of the rotor poles relative to
the stator poles and, fromthis, the rotpor angle can be derived froma

| ook-up table. The pul ses 23 Septenber 2003 9 are typically injected by
briefly closing the main switches for that phase, eg 31 and 32 in Figure
3. One enbodi msrttypicatipénjiectedrityi lonefiyc blosimgsheltictii sWitoRés B hattPHAsdRLg0T | by

5 selecting the uenc f the diagnostic pulses to be a nultiple of the
rotor speed. A?‘Efef’fgé lﬁ’J¥$gi ses 40-injected at a particular frequency for a

given rotor speed is illustrated in Figure 5 for the idle node of phase A
This is illustrative only. Each phase will preferably include a nunber of

di agnostic pul®as émbediatent icll hempfienfiof RhiRES GTPIER by
assessnment of rotor position to be 10 nade. The q?\ﬂunber gjfgaggltggg{%%{]u?}r ed

for stabl® nacilefdingoter Gequencyiafcihs shiagnostic pwiseSitedrd y rhileipke af ehd katbi S t O
t he range of dj osiic .pulse freguency. . If the rotor speed tended towards
zero and the ggﬁ%gg' r‘é‘tsérl\gﬁf)gpblusgi)%ﬁwﬁﬁs‘? ET?PW@H[?E&FHU?W fositaegiwen rotor

i nfornation eddad Afuskand hFizafeos SYPii; ul d..be

| ost. At the\,\?tﬁher end Sof thle rlgnge,ﬁ%}ﬁhgﬁg&pﬁdggfg&gg%Amf%l?%wghﬁnm gh.

the switching omye Eaduphasd widlrprefeeatiylisdsden ghinbbeoOdinsheiictifsesGaRagi | ity
of the switches,or the, processing ?peed of the processor, or ‘the
associ ated sw !:ehftl‘ﬂjiel & MOghoRPids @ad segar assesssnenh of abtor gsitionetoabd e to

or edet er 1§ ned T Sacoit Suaet R M rehBund Fof dgk ARG SBukel s dinssed

predeterm ned speed range.

di agnosti ¢ pulletoR0 (leatjudney avalibfs 0ah¥eMbeCHOSEPndERI i
bounds, and is directly proportional to rﬁggr speg?j V\k té;q'lgé tﬁl%gtsl%p%bﬂgqs.
Fi gure 6(b) sHbRsrofor apseds ieaded dawatdstaers antiethe piiler mté svarespropohionately

transition of }egﬁc&?&fltﬁg rfa ¢ 8¢ Shfofmation would also tend to zero and control of the
system would be lost. At the other end of the range, if the rotor speed were

15 very high. the switching rate required for the pulses might be outside the
capability of the switches or the processing speed of the processor, or the
associated switching loss mighfbe excessive. It is therefore preferable to lock

the diagnostic pulse frequency to the rotor speed only over a predetermined

speed range. This is shown in Figure 6(a). where the diagnostic pulse

20 frequency varies between chosen minimum and maximum bounds, and is
directly proportional to rotor speed within these bounds. Figure 6(b) shows a
modification of this where there is a smooth transition of the pulse frequency

from a fixed frequency to one changing with rotor speed at the upper and lower
frequency bounds to avoid abrupt changes in frequency as the rotor passes

25 through the beginning and the end of the range in which pulse frequency

changes with rotor speed. This modification may be beneficial in some drives.



froma fixed frequency to one changing w th rotor speedsaeptdnthdiZpes and

| ower frequency bounds to avoid abrupt changes in frequency as the rotor
passes 25 through the beginning and the end of the range in which pul se
frequency changes with rotor speed. Thig, nodification may be beneficial in
sonme drives. 23 Septenber 2003 10 It has been found that the | ower bound is
the nore inportant in practice, since the top speed at which the machi ne

i's run in chopipihag ticen demerthkt sherfodes boudd iprhef moreeidnsorainem baictiee 3sipbase
machi ne uses a_ mni rrumfrgygtéency of 600Hz, blending into a frequency which

is 2.5 times rOEIPP SPERAALINYGR the mRFER I i chapping \gentrallyimoddse pdrti on
of the graph i I i li.near non- zero rate of W th
r ot or sgeeg a rfgérgeaf&%%ﬁnggoé?éaegqeatﬁgﬁcgfneuﬁﬁs DfPGHER ées%‘@%@’ ﬁggﬁﬁﬁge 2.5
for a 3-phase Wieabingeintiay ifirrguéndyoialchisths 8irR& RRoREtea ab%%@taotﬁr&#hbm 38

poles. 10_An alternative relati o.nshgsfp bet ween pul se frequency and rotor
speed i s Showt¢threvingyr én the roition; of hergraph of Hig.6(a)tdrgbexyittes dinear nBul se

rate = 10/(1500(%_. E%S%\(/i)h ﬁl% l.ti,\%here c& i s Ihg rotor speed in rev/imn. The
constants used™ iR T8GuatBREY PRI spgad jafepicpbpulse dreapencyheasdinit qerater
stator pol e/ ei gredrQbsll 12028 foplUTLARGE |84 el it recigted by
the skilled person that the congta ts cgluggﬁllbaeménté %’5@%‘% W/Qt?iggg&fegrangt er
machi ne arr angeatnivath Thpolgeneral i sed fornmula from the above expression

is: 20 Pulse rate = AI(B-C(..) i The expression can be readily eval uated
by, for exanple, a mcroprocessor in the control system of the machi ne and

the resubp fedaf @y ihe ?elgﬁ&%’hﬂg i)gt@veen pulse frequency and rotor speed is shown in

Figure 7.  This is generated from the expression:

Pulse rate = 107/(15000 — 7.156w) (1)

{5 where @ is the rotor speed in rev/min. The constants used in equation (1) were
derived for a three phase, twelve stator pole/eight rotor pole reluctance
machine. It will be appreciated by the skilled person that the constants could be

- suitably varied for other machine arrangements. The generalised formula from

the above expression is:

20
Pulse rate = A/(B-Ce
The expression can be readily evaluated by, for example, a microprocessor in
the control system of the machine and the result fed to a pulse generation
25 circuit.



25 circuit. 23 Septenber 2003 Il An exanple of a swi tcﬂﬁ&ep@lﬁmaome drive
in which any of these enbodinents of the invention can be inplenented is
illustrated in Figure 8. Those conponents having like parts as the

conventional drive in Figure | are given |ike reference nunerals. They
wi Il not be described further here. Sincklthe 5 drive uses sensorless rotor
position detection, it will be noted that the rotor position transducer 15

of Figure 1 ha - t  transducer 18 provide r eadi ng

of the current P eamE Ry S ROf BRI HRT arhl of oy S@adinign

transducers arsfangedinventiéh atdnOtbet @mpgnent& At NaNLSHYfed! e Fi%ﬁr‘r? PheRss

woul d be provided on an actual machine. As part of the control regine,

whi | e the machéaieperentuiRaYing liksepartinay thlel @mveotiond! | driveoimpBigara | vak yevdror

the rotor speegd, conventional | m rot?r g siéi on, information. \Wen the
die gjﬁo

fr )
next phase (say<pRESEIAS rl"r’i’?%g]\ﬁhi bext Wl $seabad furiherelergy Sipee phe
injected ks dedgyariRed sé@oPesd Fotbf $obi iont BEWER e Rhle8r R0 mcARRLI €S
the current rotor supeeé vgl uSe gboblgﬁgﬁﬂ[s)g @%glgghtg@“g@rrlggr gbégrﬁ tggt § fi xgcﬁor
responds with pogitibs aahsdugee it yf Fagure! has bédhatenspedd according to Figure
6(a), (b) or Figure 7. The pul se frequency generator may take any one of a
nunber of fornms, but in this enbodinent is a |ook-up table in which pul se

frequency 20 v S] rotor ,spee s the ordinate

Anot her form |§hg|§®(§%@§§€aﬁg@%§ggﬁr é}»}}"?g‘?%@ reafling 8€it . SUTIRRE i g ¢% Sfuency
val ue is used ®ihdihfe16eHtar nkRlleS80t Bigoaf hﬁH&ﬁJcEf},earPéﬁgBHtin%laﬁonlﬁ)% e
generator according to the pulse frequency. The output “of the pulse
gener at od0det epthiersedf thh ghipe phasds vheddbe prpudeksn andetual mabigngoi nts in tine -
so determ ned, the controller actuates 25 the switches appropriate to phase
A to inject diagnostic pulses into the phase A w ndings. The resultant

current is senagdhdof iR Gt Nbaii @ WHIHCBle H8cRAY ik rP&nning the controller 50

will compute a value for the rotor speed conventionally from rotor position
information. When the next phase (say phase A) into which the diagnostic
15 pulses are to be injected is determined to be in its idle modf;, the controller 50
applies the current rotor speed value to a pulse frequency generator 52 which
responds with a pulse frequency value for that speed according to Figure 6(a),
{b) or Figure 7. The pulse frequency generator may take any one of a number
of forms, but in this embodiment is a look-up table in which pulse frequency
20 values are addressed using rotor speed as the ordinate. Another form is
processor-based real-time calculation. The pulse frequency value is. used by
the controller 50 to configure the output of a pulse generator according to the
pul.se frequency. The output of the pulse generator determines the period
between pulses and, at the points in time so determined, the controller actuates
25 the switches appropriate to phase A to inject diagnostic pulses into the phase A
windings. The resultant current is sensed by the current transducer 18 and the

rotor position is then computed by the controller as referred to above using the



rotor position is then conputed by the controller as rg§septthbep20t®ve
using the 23 Septenber 2003 12 | ook-up table 56 in which rotor angle val ues
are stored for co-ordinates of current and flux. The controller and
function generator are shown as discrete conponents in 5 Figure 8. It wll
be appreciated by the skilled person thd2 a convenient inplementation of
this enbodi nent would be in the formof an application specific integrated

circuit (ASIQ, l\}\grtgpﬂgrg)@rﬂqc\eﬁ%ﬂrr Yﬁ(] g{%gm\}ah{éﬁn&%ng%@ng% 6;1{9:{ Qus of fthese

functions in so e to the sane en

i nvention descuairbechrabfbve, the di agnostic pulses are still of the
magni t ude whi ch woul d have been used on a prior art system and though it
woul d be expected that the stator deformation due to these pulses would be
t he sane as bﬁ} klal’lll the timn ccurrence of the pulses to

f the
t he domi nant |scedn|tt)’t l[:ICI ue\?elﬂtlsgqngr#‘?feaﬁéﬁ%w?faérd'éﬁréﬁﬁ)lcgmrPQRFlh'@ ifhe 15

frequency of F pUg Se gt @,n’ubél ?ed?i d f h as
the effect of tgrrltstrskl ng theI noi sfl[eiJ assotgl gtﬂfeéﬁﬁm%tkﬁwttg&fél ggﬁggtaﬁésgﬁ%%@ The

net result i émpleaentatéomatkhiseembogiareaeiwedd the be tied fovint iofaat byplichtRiner .

An alternative enBodi ment of thjs i %ﬁentl on . uses a pseudo random nodul ati on
20 on the fredReHty ! tegﬁﬁtegﬁttgtltt&“pﬁ $ 6% 2 BYCIORENSEFSey vehish swilk insgrparele, say

Ao P valiBs BECRBLIRET SHRAEET HE BHlGR, Y be oyl ed so

that there is no constant frequency acousti ¢ noise presented to an
observer. This 1is a form of frequency hoppi ng across a bandw dth. The
pul se frequency may be nodul ated in a nunber of ways, but for an econom c
sol uti o0t he 2% ﬂ&@)ﬁ@@ﬂé@%ﬁs pﬁtltﬂ meantgm)dt:sarlbed abbet, ithe dingsbsid pulaesiafeast .
A particul ar ﬂb ment ets tlétﬁ |rerrents makes use of a
mat herat i cal §§ & 863/"]3 would have beeh used ot a prior art system, and
though it would be expected that the stator deformation due to these pulses
would be the same as before, linking the timing of the occurrence of the pulses
to the dominant noise-producing events in the cycle (for example making the
15 frequency of the pulses a multiple of the frequency of those events) has the
effect of masking the noise associated with the diagnostic pulses. The net

result is that the machine is perceived to be significantly quieter.

An alternative embodiment of this invention uses a pseudo random modulation
20 on the frequency of diagnostic pulses. By choosing a base frequency, say
around 2.5kHz. the period between successive pulses may be modulated so that
there is no constant frequency of acoustic noise presented to an observer. This
is a form of frequency hopping across a bandwidth. The pulse frequency may
be modulated in a number of ways, but for an economic solution the
25 computation involved should be relatively simple and fast. A particular

embodiment which meets these requirements makes use of a mathematical



13 function which gives pseudo random nunbers w thin az2g®egembera0oF (ran *
A+ B)/C (2) 5- This function is taken from page 209 of "Nunerical Recipes
in C'" by Press et al, published by Canbridge University Press, 1988. By
usi ng appropriate values for the constants (eg A = 967, B = 3041 and C =
14406) the function produces integers uﬁlforrﬂy distributed in tinme over
the range O to 14405... 10 The period between successive pulses is then
nodul at ed by ' P ; rd = D+ E (3) 15

Sui t abl e sel e??tiﬁ&g}r?lg\?h{/cgﬁ%‘ééssaé%?% E%@%E g‘é’élrbgﬁd"’gﬁ&’ al':{a\%ﬁ%r vary the period
relative to the base frequency. For exanple with a base frequency of
2.67kHz, using D = 8 and E = 2850 varies the effective frequency from 2. 15
to 3.51 kHz, whereas usiAg=Dranidami¥E = 2850 yields a hiher frequency
band of 2.67 to 3.51kHz4. Those skilled in the art will -appreciate that
the availability of the five integers A 20 to E gives a very flexible
system WSi-ch Qs Bendtionl ionekervRosh pafl 209 b “RunReichl REEIBEs BPEYI tAPIQD ¢
Figure 9 illustrates an exanple of a switched reluctance drive i'n whi cf:| t he
pseudo- r andom@). Publshed pril Sembridge diniyersityoBiaseni 38%f B eusimy eppiapriatan be

25 t int ffect. ith. Fi 1 Fi , t .
i ven 11 ke 1 oebiesrioh Tt et (68 Ao B 003 and G SRR b1 nceion

en | rete, | ept . B Bpogen
For cach phast ot e aepefseniRERR A apR, heatkll Alingh o sfOSY 7o

accesses a random nunber generator 58 which produces the values of the

peri ods %y whi_ch the di agnostic pul ses of voltage will be randonmy spaced.
' 1 The period between successive pulses is then modulated by applying the

random numbers :
Period = ran/D + E (3)

15 Suitable selection of values for the integers D and E will vary the period relative
to the base frequency. For example with a base frequency of 2.67kHz, using D
= 8 and E = 2850 varies the effective frequency from 2.15 to 3.51kHz, whereas
using D = 16 and E = 2850 yields a higher frecluency band of 2.67 to 3.51kHz).
Those skilled in the art will appreciate that the availability of the five integers A

20 to E gives a verv flexible systém which can be tailored very easily to a

particular application.

Figure 9 illustrates an example of a switched reluctance drive in which the
pseudo-randomly varying pulse frequency embodiments of the invention can be
25 put into effect. As with Figure 1 and Figure 8, like components are given like

reference numerals.



5 As before, current generated as a result of each pul 3&SepterrsR00DY t he
current transducer 18 fromwhich the controller is able to determ ne rotor
position. As with any rotating nachine, speed fluctuations are nost |ikely
at | ow speeds (since the rotor i nertl a ?ﬁts as an increasingly effective
danper as the speed 10 rises). Thus, e |l ower speeds for which this
invention is best suited, it is better to take as many readings as

possi bl e to nmibhiené@ardllee SACeItRLY cfdreidabon roTtRE ;ﬁ@§é t&\*lﬁdﬁﬂ@?‘b? ion of
techni que that is used. Therefore, it is desirable to fil he 1dl e node

as far as posdéibisavitghen foulcsels [&lﬁ&letolru§be ddichmiodeeofrode dfotheeplidses,pltase i n
turn. The rotaqr ﬁ_O@ItI on det ectd on te ue usesg can be chosen from 15 one

of the many d&SBFPHETSTRE T4t q“E':I“BE“ ?‘F%H’r ”éi%bé’ro‘@k?ﬁﬁﬁ?ﬂ‘@ ugshelu
not excl usi vekpye Eﬁ@é@bW\JchH fh\éociﬁi 68@30?}1&&%@&3 5”8 r%Hl gpﬂlcggb o

having a rect angu ar shape. ses of cu ren

used i nstiead. AsShefidrardurent Igenestmrjexsod rmex Plutad. puibd isesdx‘ab@d BotRE cairkgal | Y
rectangul ar, couI not.her shape, for exanple triangular. 20 Though
the nunber of T3GH ‘é%ertlﬁaéo dﬁ}lﬁh ﬁwtﬁ%lews@m&@ﬁbé@tmnmmor@y ppsiticnd i s
clearly tied to the speed of the rotor. it is necessary for stable control
to set a mnimumlimt on the nunber of pulses used in any one diagnostic

period. Typi ¢ Wythadyi rotatitp mathige Odpedd Alct8 ions af@ﬁwsf]?ge/lggﬁ lﬁv%pggd’ss

machi ne 25 operating at around 1400 rev/ mn. This Is ac W th
illustrative (Sﬁap*@lé e gmﬂennerb@mts 23 aBejncestbmgl R @Bctite dmappr as elss spéed

Specd i 10 b s FERBoai A o EYer Soeees gy V%ﬁs&aﬁﬁa%%é‘gf%tst Fashgb & ho
qeney v Lalion e MR SIS WEAHED Vo,
centre rotor position detection technique that is used. Therefore, it is desirable to fill
the idle mode as far as possible with pulses and to use each idle mode for each
phase in turn. The rotor position detection technique used can be chosen from
15 one of the many described in the articles referred to above. Commonly, though
not exclusively, these will invo}ve injection of a known voltage pulse having a
rectangular shape. However, pulses of current or flux could be used instead.
Similarly, the shape of the pulse. while characteristically rectangﬁlar, could be

of another shape, for example triangular.

20
Though the number of pulses that could occur in a diagnostic (idle) period is
clearly tied to the speed of the rotor, it is necessary for stable contrel to set a
minimum limit on the number of pulses used in any one diagnostic period.
Typically a minimum value of 3 pulses is required for a 3-phase machine
25 operating at around 1400 rev/min. This is achieved with the illustrative

values given above.



5 frequency of the band increasing with rotor speed. Thg Sdpteibepl0@®h of
various enbodi ments of the invention is in ternms of the nmachine while
running. Start-up is another matter. is addressed, for exanple, in the
paper by Ray and Al -Bahadly referred to F%ove In the techni que they 10
describe, initial rotor position is dete ned by exciting a pair of phases
in a polyphase nachine and deriving the appropriate phase to excite from a

correl ati on beThegrodese of dstekimind tHBulsh ALRRSIS ddeshit Maph be
realised that. while the above elgéarrpllgé havg beozn ngCI‘I ged%?ﬁg dféé at ion

to a three-pha®® rAhpRed ithéhis remebmdionnte arHdeeauplii eyt beamrvapmloy@naﬁﬁ
swi tched rel uctance nunber. of pol es agd Qperating in

either the notb11ay thgﬁhed]élﬁg?yawrﬁg%dﬂ@ bagds;wi 1p>;:acl@ RE Whnche thei wilationlisl be
applied to a tlahﬂéﬁff Eﬁ&hbﬁlﬁi WREPa V Orwl(?ﬁll bof (r8{oE%EFécF {vgtlh e@? 5%% G{a f] a?

-"rotor") travels linearly. Thus. I% erson w

vari ati onSof tfrequirsylaftbe b2l mcreaamgrvaﬂi ﬁ)t@:rspeEQSSl bl e w thout departing
fromthe invention. Accordingly, the above description of several

enbodi nment s is made by way of exarrpl e and not for the purposes of

limtation. r i en ed mted only by the
spirit and scop @(%§?I{i:éné ?6?%1“ @%Fe%g?t‘%(}% g derEisapigie 1. A
swi tched rel ucmaalmedmm/@nﬁﬁiﬂg lsselrflgp?i’s ﬁrﬁitH&t:ﬁQ&é‘r fI?&ha} dfedied] 39 e?amngl%t or,
a stator and at | east one lgmgse wi ndi ng, a controll or control the 5

out put of the imeidlei papeaky asd fAdrBahagdbc téfegediiaghosd.i ¢n phd sbinigat ahéhe at
| east Tﬁ phg‘i %dl n& for rot O%WPOS' tion detectiqgn, the controller being
operabl e'¥o dEPSHRFnIEHIGBYsPISIEM &t detpamingd iy £x1ERg Repaip of iphasssdncr
according to gﬁ&%t nﬁchlﬁ@%ﬂgl 'ﬁﬁep%{éﬁ[%@; d hgs agt uat e the nmeans

u uc

for injecting actdrding to a var e°freq Ot KEi5e MO8 Vi d
noi se emtted doroatutibme benveen the results of the diagnosis in both phases.

It will be realised that. while the above examples have been described in
relation to a three-phase machine, the invention can be applied to any polyphase
switched reluctance machine with any number of poles and operating in either
the motoring or generating mode. Similarly. the invention could be applied to a
linear machine where the moving part (often referred to as a “rotor”) travels
linearly. Thus. the skilled person will appreciate that variation of the disclosed
20 arrangements are possible without departing from the invention. Accordingly.

the above description of several embodiments is made by way of example and

not tor the purposes of limitation. The present invention is intended to be

limited only by the spirit and scope of the following claims.



10 2. A drive as clained in claiml in which the contr 88 Beptehbeopeidbl e to
vary the frequency of the pulses with rotor speed. 3. A drive as clained
inclaim2 in which the controller is operable to vary 15 the frequency in
direct proportionality to rotor speed. 4. A drive as clained in any of
claime 1 to 3 in which the controller istéb operable to vary the frequency of
t he pul ses above a |l ower threshold of rotor speed. 20 5. A drive as

claimed in cl & Mdl Which the control is operable to vary the frequency
bel ow an uppe jol d of rotor speed. 6. Adrive as clained in claim2
in which the rotor is operable to vary the 25 frequency according to the
formul a: Pul se frequency = A/(B-Cco) where co is the rotor angul ar speed
and A. B and @-ar e Acéwitched sclup@nSeprivntremm@BOR 4 ZeltctaAce machirshaviab ed in

laim1l in which th troll i bl the f th
bl ses pseudoTPRRGBAOr 810 A 35 QG PEscPRAIngns GPBFPHGE for omtToHING e
control l is - | ses t n_an
Coperand a T GagSidtEe hitckRiandmedfs (F SINSNE G8nd e e o SE AT s 1
to 8 in which dneephasntvindingrfor sotoapbsitigr deteetibny 16 cortrdll 4 lind Bp&fabRUcS €S

into the wi ndi ngp during an_ idle Peri od. 10 10. A drive as clainmed in any of
clains 1 to 9 deferminehennsitipmakthegptorirglative tthestatorarepebihg t¢ on ieflfeecsf a

vol t age pul se. . hod of reducing the noise em.tted from g, swtched
rel u C,? ange n&%%ﬂdﬁ%&ggﬁ%rq §eﬁge_mf (EO acplgite the means for injecting according to a
variable frequency to reduce the perceived noise emitted from the drive.
10
2. A drive as claimed in claim 1 in which the controller is operable to vary

the frequency of the pulses with rotor speed.
3. A drive as claimed in claim 2 in which the controller is operable to vary

15 the frequency in direct proportionality to rotor speed.

4. A drive as claimed in any of claims 1 to 3 in which the controller is
operable to vary the frequency of the pulses above a lower threshold of rotor
speed.

20

3. A drive as claimed in claim 4 in which the control is operable to vary the

frequency below an upper threshold of rotor speed.

6. A drive as claimed in claim 2 in which the rotor is operable to vary the

25 frequency according to the formula:
Puise frequency = A/(B-Cw)

where o is the rotor angular speed and A, B and C are constants.



15 controlling the output of the machine by the energi sgtepiantber 203 east
one phase wi nding according to the position of the rotor relative to the
stator; injecting diagnostic pulses into the at |east one w nding;
determning the rotor position froman effect of the diagnostic pul ses: and
?0 varying the frequency of the pul ses tb’reduce the perceived noise
emtted fromthe machine. 12. A nmethod as clained in claiml1l | in which

the frequency of 1 N8 dHleSRSIifed I difth Wib Rtia fle crs)o‘?.l‘?r%%rfg’opl%gl?l?ég%ta@d as

claimed in claim12 in which requency o ul'ses

directly propotheifoetplehyy of the puldes psepkethnddmlBept enber 2003 18 5 10 14. A
nmethod as clainmed in claim13 in'" which the frequency of the pulses is
vari ed according to the formula: Pulse frequency = A/ (B-Cco) where co is
the rotor spee a”dAAd

. . re gonstants.. 15. A nethod as clained in

any of claim 11 to lil‘i%na%\?ﬁi?lghe tHe® f)lﬂisgén “fsq"%lha?n‘iﬂm'i le’{/éﬁ?}%dagﬁlwé’aﬁ;/
det ; d | 3 di
pr edet er ngne dh%\/f%%dehé)eﬁfiﬂhb u@es'b@h?éqnﬁgﬁyieg éﬁd gg‘?x';@m&%re@g%‘ﬁhﬂtﬁe In

claim15 in which the pul se frequency i ow a term ned
upper threshold of rotor speed. 17. A nethod as clainmed in claim1l in
whi ch t he pul sg. frgq enc%/ iF.vari,ed 15 pseudo-random K_. 18. A net hod as
claimed in clafm 178 HVhPtAlaimed jii 4w of slsirendytq § ipawhish the controller is

arranged to inject a plurality of pulses into the winding during an idle period.

10 10. A drive as claimed in any of claims 1 to 9 in which the means for

injecting are operable to inject a voltage pulse.

11. A method of reducing the noise emitted from a switched reluctance
machine comprising:
15 controlling the output of the machine by the energisation of at least one
phase winding according to the position of the rotor relative to the stator;
injecting diagnostic pulses into the at least one winding;
determining the rotor position from an effect of the diagnostic pulses:

and

20 varying the frequency of the pulses to reduce the perceived noise emitted

from the machine.

12. A method as claimed in claim 11 in which the frequency of the pulses is
varied with rotor speed.
25

13. A method as claimed in claim 12 in which the frequency of the pulses is

varied directly proportionally with rotor speed.



between an upper and a |ower frequency. 20 19. A nethod3&gpehief®bo3 N any
of clains 11 to 18 in which the plurality of pulses are injected into the
wi ndi ng during an idle period. 23 Septenber 2003 19 ABSTRACT CONTROL OF
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phase w ndi ngj4The aC | el l.oys..a sensqrl.ess fotor positio )

det ection techni qué %EII{% éesc ‘?‘ﬁg&\}gfiﬁa’b‘%m éwg"éc ﬁleo{r?%n"?&?éhep@ﬂﬁ%‘}dlsof
each phase w natiadatdordinghophé figmaegde. Acoustic noise 10 associated with
the injected pulses is conceal ed by varying the frequency at which the
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5

where @ is the rotor speed and A, B and C are constants.

15. A method as claimed in any of claims 11 to 14 in which the pulse
frequency is varied above a predetermined lower threshold of rotor speed.

10 |
16. A method as claimed in claim 15 in which the pulse frequency is varied

below a predetermined upper threshold of rotor speed.

17. A method as claimed in claim 11 in which the pulse frequency is varied

15 pseudo-randomly.

18. A method as claimed in claim 17 in which the pulse frequency is varied

between an upper and a lower frequency.

20 19. A method as claimed in any of claims 11 to 18 in which the plurality of

pulses are injected into the winding during an idle period.





