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The present invention relates to rotor gosition detection jlﬁ M\éfz%&?d
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rel uctance machines, particularly those machi nes which are operated

a reluctance

W t hout a 'senso asyre rotor position. In general,

machine is an e ox: i osiiomdietedtion ter Swiiteh

tendency of its novable part to nove into a posSIitio

of a magnetic circuit is mnimsed, . ere the inductance of the
exciting winding is maximsed. In on IBCS el uct ance machine, circuitry

is provided for detecting the angular position of the rotor and energi sing
the phase w ndings as a function of the rotor position. This type of

rel uct ance K i L.S: er al known as a, sw tched reluctance machine. It
may be oper %%bgés\seg§ llp%ﬁglpnorlci%eab Eiar ppsitipredetection iresivitches refucsinch

sw t ched relgé¢lsines ki I l. kn and are described in, for
exanpl e, "The char a’cg eri !él![élf S’fﬁ%&ééﬁ%& mé;sng}ﬁggbPF%QP?’@W%W‘QWIFC%&@ISOF to-

rel uct ance mmeaswse aobr @okitRs. by Stephenson and Bl ake, PCIM 93, Nurnberg,
21-24 June 1993, incorporated herein by reference. That paper describes
the features .of the switched reluctance nmachi ne which together produce the

characteristic cycljcally varying inductance of the phase wi ndings. Figure
1 shaws thePr¥ f?aima EJReigRed meaddine is ypi elebtrioal tmaddne dhURhithC forgiié U8

system, The pebatl O BOYel BHBPLY, L, ca e her 8 bart ety of LeClLiTed

W ndings 16 of o5 A s ARRE ¥ hhidsRl € g the SRduriere 96 chmder

e ot ot oo f i, W
¥>rov1de for detecting the angular position of the rotor and energising the phase

t

ct ance

windings as a function of the rotor position. This type of reluctance machine is
generally known as a switched reluctance machine. It may 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 switched reluctance motors and drives” by Stephenson and
Blake, PCIM93, Niirnberg, 21-24 June 1993, incorporated herein by reference.
That paper describes the features of the switched reluctance machine which

together produce the characteristic cyclically varying inductance of the phase
windings.

Figure | shows the principal components of a typical switched reluctance drive
system. The input DC power supply 11 can be either a battery or rectified and
filtered AC supply and can be fixed or variable in magnitude. The DC voltage
provided by the power supply 11 is switched across the phase windings 16 of



of the rotor for proper operation of the drive. A rotor position detector

15 is typically enployed to supply signals indicating th osition

of the rotor. The output of the rotor position detector %ﬂgg%t%bgg be

used to generate ed feedback signal. Current feedback is provided in
$he oty 120

the controll Yol PP Conversatudenndes th\dﬂb@ﬂﬂr@ladmh@%ltidgorﬁlgg‘t;?rgtgg?ne

or nore of the: S i.ndi ngs. The rotor position detector
many formns, orlpgg'aﬁ%hgsmtcﬁﬁlg TRk be cageetdy Aythronisedes ehe &gl P\Bta
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schemat i cal | ybfitRe Fi I te the rotor position detector il
can conprise a ot g?’réfc?é ip? ?@ér}\'%eﬁé%gg#hq H'é{{"e-pr o@il‘@l&g posttiquudetetindlssig hat

change st at et@sichlly iefhIbhed : ition where a different
swi t ching ar rtgﬂgen%nf@ of?t he %@\R%ggﬁl}aﬁsyﬁg@ﬁﬁﬁe% &f pegition of ¢he rotor.

requi red. | nldeheutpay stfets, rotdre ppsisioh t Qr,.,C a sof twar e
al gorithm which geaegﬁ)ul ates or gst i mtgeﬁﬁ%qgofg&?’i %IEO %%o“ﬁeéfhbﬁeﬁﬁmﬁt & ed

paranet ers ofPe&h Aok signal.e eurfémstecdymkeinsrotRled hafe %Hl%ﬂe; ig[}iyor ess
position detgﬁ Qr Sa?ﬁ%%lensn inﬁ_e they do not 'use a physical tran e
associ ated wrtth thd4u5eeeer hhi Whickesatiples cumeentoiri tonenor AforeSophl fiagen i n
the art, rranﬁ,ig{hf rent approaches have been adopted in the quest Tor a
reliabl e sensorleSs system The energisation of the phase windings in a

swi tched rel uctance machi ne depends on detection of the angul ar position
of the rotor. This may be explained by reference to Figures 2 and 3, which

i 11 ustrate thbegsafarghsigormidetectarel §I6hiRANG&ke"REH Gl S, @& nmtor.
Figure 2 gentgr aﬁél g SE Wws_a rotor 24 E\!/fj}mnt h aro g?“g%ﬁ%’?%g‘glgg‘? bta'@ﬁyﬁégﬁ
stator pole 2% Ok f1gfdvares ag showai sehetmtically v ER.1. A gé;{le%&%%b%d EQ.
Figure 2, aﬁgﬁébg{ltigﬁ d%ée? cg,zlwgl ete phase wi nding 3 31 August ’f S
wound around the' stator polry 21 amEamprise agetar positian tansdueeptias providagi ng
16 around steaitpat piehelsdhat rgi . force wll be exerted on the
rotor, tendi r]?pto %lh}ll r_gtél} golsgé%%%f:lﬁtlgleahegwﬁ%rrﬁmw&w%ﬁl’aﬁl@onp&haeza.
Figure 3 different switching arrangement of the devices in the power converter 13 is
required.  In other systems, the 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 position 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 quest for a reliable sensorless system.

The energisation of the phase windings in a switched reluctance machine

depends on detection of the angular position of the rotor. This may be
explained by reference to Figures 2 and 3, which illustrate the switching of a
reluctance machine operating as a motor. Figure 2 generally shows a rotor
24 with a rotor pole 20 approaching a stator pole 21 of a stator 25 according to

arrow 22. As illustrated in Figure 2, a portion 23 of a complete phase winding



generally shows typical switching circuitry in the power converter 13 that

controls the energisation of the phase whdi ng 16, i ncl udi tion 23
around stator pole 21. Wen switches 31 and 32 are cl osed??gﬁéaﬁﬁggé

winding is c o,the source of DC power and is energi sed. Many ot her
confi gurat i onggg% q?%%%&f?‘&qoé%%mrypdﬂ/iﬂdi ngWhenahe Poraof Bk 4 Phase

circuitry arewki® ' art:. SO f.these are discussed in the
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t he machi ne. cbhigipansis off 1ahs; uces a . magnetjc field in the air gap
whi ch acts on the rotor g’& é%ﬁ%r%l’t%’goﬁggle{r% Wb‘i‘i%ﬂg néPnodegiueand hawitoligpet |

flux in the witchitng arsksewnon ttee aly to-notive force (mf) which
i s provided gy ﬁ%curreng f1 owi ngafrg(?nlhtgtgem sa(&%g? u??ﬁdo@g'iiet gphengpnates
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and the nagnméégl? é)f. t he Fh se gurrent I's controll y C ogé élflﬁ fice
current by rapi iy SWFLCRISAG 18 %narwndemrilmﬁampmaﬁwgﬁgﬁc%pel%@gm 32 .
on and of f ByaHs .4Ga) typi cal. current waveformin the chopping
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chosen to be the rotor position

In general, the phase winding is energised to effect rotation of the rotor as
follows. At a first angular position of the rotor (called the .“tum-on angle™,
Bon), 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 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 motoring- 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 phase winding 16. Current feedback is generally
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 typical current waveform in the chopping mode of



the centre-line of an inter-polar space on the rotor is aligned with the

i I
entre-line of a stator pole, but may he sonme ot her ang 1 u
gystems, t he phase w nding remains connected to the DC bug (%5 g{?gmect ed

intermttently if chopping is enployed) until the rotor rotates such that

it reaches vprafienswhererthd ch@reﬁﬁist&%#)éfggg%maﬁ%{ 'tvgg Fﬁggllg"@%@; . Wep the
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SW t ches (infthis ex | e 32) and through only one t he di odes

this exanpl & §4§tgtormpi¢, tiay be sempethémapgderi od, the vol tage drop across
the phase winding is snall, and the flux remains substantially constant.
The circuit remains in this freewheeling condition until the rotor rotates
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swi t ches 31€%Haph 33) andvihtatrgid only anel of the diodes 33/34 (in this example 34).
During the freewheeling period, the voltage drop across the phase winding is
small, and the flux remains substantially constant. The circuit remains in this
f'reewhceling condition uﬁtil the rotor rotates to an angular position known as
the "turn-off angle", 90%5 (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
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.

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

operation.  In this mode, the turn-on, freewhee! and turn-off angles are chosen



of f simultaneously. Figure 4(b) shows a typical such single-pulse current
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satisfactory for operation over the entire operating range.

One of the known methods for operating in the high-speed (ie single-pulse)
mode is described in EP-A-0573198 (Ray) (also incorporated herein by

reference), which discloses a method of flux and current measurement [eading

to predictions of rotor position.

A problem common to most sensorless position detection methods is that the
computations required to predict the rotor position take a finite amount of time.
With the microprocessors and di gital signal processors commercially available,
this time is generally short compared with a phase period when the machine is
in the chopping mode. However, as the speed of the machine rises, the mode
of operation changes to the single-pulse mode, the phase period becomes
shorter and there eventually comes a speed at which the computations can no
longer be carried out in time for correct operation of the machine to be

continued.  This difficulty has been widely reported by researchers, eg in “A



Fukuoka, Japan, 17-22 May 1998, Vol 2, pp 1269 - 1275. It is an object of
this invention to provide a reliable and econom ¢ sensorless position
detection nethod for a switched reluctance drive which can operate at high
speeds. The present invention is generally applicable to switched

rel uctance nachines operating as notors or generators. |n acCbft@mé®™with a
first aspect of the invention there is provided a nethod of rotor position
detection for a switched reluctance nachine having a rotor, a stator, a

plurality eélfpliases Wordidlts BstdswirRRsdf @lugahes tihpehinekorhys ReRGa dthgl, rot or
being novable relative to the stator according to a cycli'c variation of

magnetic PESEes,i @9tlofApncdl pEESe Pavwer MebivdnisnSpesiahigts dédnfieragcea

ref erence %Oib%féfn of the rotor relative to the stator in each cyclic

vari ati on &P naBabthic2D Ml P9%sY okhin 126P al2Yast one characteristic
of the nmachine &t immanesbjeratod this tilveeritione to giroviizc hi regiablee anfl ¢dvmondter ence
positions; deriving a rotor position fromthe sanpl ed characteristic(s);
and advancpeisorless pesitipnsisjesiionamethesetprenswitehast khectanessideive whinll cennpl i ng

the at | t teristi in to all furth | fo

Subsoquent ORERI, 4F HORE et st Breshst iivsAtoRnty SPRCEAG BRO°R Bl Rnce
sequent 8 _ e PRl

Bt her | ph e T A Bt B BB e 1 ol uct ance

machi ne works on the principle that the nmagnetic properties of the nmachine
are cyclic with the rotor pole pitch. The magnetic properties can be
defined byln efeqrdance witht & &irstraspectaolc theoiiventgomp Hiege inpradiided armethod dfl ux

| i nkage generated. .b he wi nding. .The.invention pyrovides the option to skip
oneoF - mor ESPEPERERGAHSLPT a8 Snified st ebhingdaving a rotok, a stator

a plurality of phase windings and means for detecting rotor speed, the rotor being
movable relative to the stator according to a cyclic variation of magnetic
properties of each phase, the method comprising:

defining a reference position of the rotor relative to the stator in each
cyclic variation of the magnetic properties;

sampling at least one characteristic of the machine at an estimate of the time
of reaching one of the reference positions;

deriving a rotor position from the sampled characteristic(s); and

advancing the rotor beyond a subsequent reference position and sampling
the at least one characteristic again to allow further time for a subsequent derivation

- of the rotor position,
wherein said one reference position is in one phase and said subsequent

reference position is in another phase of the twitched reluctance machine.

A switched reluctance machine works on the principle that the magnetic
properties of the machine are cyclic with the rotor pole pitch. The magnetic
properties can be defined by reference to the inductance of the phase winding or the
flux linkage generated by the winding,

The invention provides the option to skip one or more reference positions, thus



deferring the nonment when a rotor position has to be derived. As the speed
of the machine increases the range of a @iven processi ngs¢apaitbighy can be
extended as wel| because the tinme available for processing at “higher speeds
is increaseddbfrf Yo invention is not necessarily speed
dependent. The re?l g?}e?ace p%‘%tit?ﬁf‘dhaéawrbaowppm tabeplerivedf AShﬁlCCS@EE(RSJf
regi me of thetliotpichiMe ti & to.speed. However, the prefeéerre
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i ncludi ng a | extenged ag andE banfisatthe | i gh speed, range; deternining
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ee

the fraction defidih asé{"fbgr e t nunber of phases. The sp ranges .
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t he subsequerleastedner leigh eppesd rirgen dR&SRYif o.the second high speed range
bei ng one or reﬁ&hase deuct ag‘r?(’:e cyc'lftiaiisn%gi‘i1 %“},h(@bﬁp G888 dhe rorepgadd
by reference 85} ivaplcing hﬁ)@md(rhershbgécﬁ{e%}r i e fromit,
The inventi 03. ﬁl srﬁ Ftﬁn s to. a switched rel uc‘?fg%egecgg)??@@%s@yﬂ%mtpﬁ%@?ﬁﬂ ng
a stator havf %1 OS e:: 'Weéfalwfase wi ndi ngs; a rotor novable relative to
the 31 August 2004 8 stator; neans for determ ning rotor speed; and a
controller programred with a reference position of the rotor relative to

the stator iTheagivaayeld grefdhb t% 121}9 eﬁfﬂr&%@;b na&nﬁghei c properties of each

phase of the machine, the contro rénce positions.

The speed ranges may include a first high speed range, the value of the advance
.of the subsequent reference position according to the first high speed range

being a fraction of one phase inductance cycle. For example, the fraction is I/n
where n may be the number of phases,

The speed ranges may also include a second high speed range, the value of the

advance of the subsequent reference position according to the second high

speed range being one or more phase inductance cycles.

The rotor speed can be derived by reference to the sampled characteristic(s) or
independently from it.

The invention also extends to a switched reluctance drive system including a

stator having a plurality of phase windings; a rotor movable relative to the



for deriving a rotor position fromat |east one sanpled characteristic of
the nmachine; and neans for sanpling the at | east one cha5§%&§&§§bbg of the
machine at an estimate of the tine of reaching one of the reféerénce
positions, the controller further being operable to advance the rotor
beyond a subsequent reference position and to enable the means for
sanpling thereafter to allow further ti for subsequent derivation of the
rotor position. In accordance with a sefond aspect of the invention, there
is provided a nethod of rotor position detection for a smntphiq reIuELgnce
machi ne havi 1 r Y, L ndi Ngs . _
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rotor, including a | ow speed range an at least a first high speed range;

det er mi ni ng firther being epeblettorasivgrce the rotor beysmde dubseiqient efdeAct/ponition t he
rotor beyon ;ﬁgt reference pgsition if the rotor speed falls
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In accordance with a second aspect of the invention, there is provided a
method of rotor position detection for a switched reluctance machine having a
rotor, a stator and a plurality of phase windings, the rotor being movable relative

 to the stator according to a cyclic variation of magnetic properties of each phase,

the method comprising:

defining a reference position of the rotor relative to the stator in each cyclic
variation of the magnetic properties;

sampling at least one characteristic of the machine at an estimate of the
time of reaching one of the reference positions;

deriving a rotor position from the sampled characteristic(s) ;

advancing the rotor beyond a subsequent reference position and sampling the
at least one characteristic again to allow further time for a subsequent derivation of
the rotor position;

defining a set of speed ranges for the rotor, including a low speed range and
at least a first high speed range;

determining into which speed range the rotor speed falls; and

advancing the rotor beyond the subsequent reference position if the rotor

speed falls outside the low speed range.



swi tched rel uctance machi ne systemincluding: a stator having a plurality
of phase windings; a rotor novable relative to the stato iAﬁgﬂﬁ§004
controller programmed with a reference position of the rotor relatrve to
the stator in each cyclic variation of the nagnetic properties of each
phase of the nmachine, the controller having neans for deriving a rotor
position fromat |east one sanpled characteristic of the nmachine; and
means for sanpling the at | east one characteristic of the machine at an
estimate of the tinme of reaching one of the reference positions, the
controller further being operable to adBance the rotor beyond a subsequent
reference position and to enable the neans for sanpling thereafter to
allow further tinme for subsequent derivation of the rotor position;

wher ei n said one Inehesoedarecepodilt & ahirdsaspecoBe thdafeeRivh, Shé & )
reference position is in another phase of the switched reluctance machine.

I n accor dancvifghed rglucgancermaehise sysiem inghidingnt i on, there is provided a

swi t ched rel uctanc hi ne systemingcluding: a stator having a plurality

of phase w ndi ngs® se‘tag)?:ﬁgyg}g %@Bﬁ@?&%ﬁspmﬂmwe stator;. a controller

programed with 4] e.rotor relative to the stator
% FROCRRAGEINAH N BF otllh; hol

in each cyclic variation of the magn ties of each phase of the

hi , h : L v/1 . it .
machi ne, the conta ebhteslldigproBthiRRASKIR A ReErebd o%%ﬁﬁ\%iﬁh@?@fg&@%gfvé‘w‘ at

| east one sanpl ed characterrstic of the machine; ugust means
for sanpl i nghe stater inl easbtcyslie vahiatientofithe hagnefic phepartieh o eact phdbe thiat e
of the tine of r.eaggipng OniGOf the reference positions, the controller
further bei nBRCERS:dbFcongoller having means e dyeviog® wisupsstion fromeftdeasice

one sampled characteristic of the machine; and

means for sampling the at least one characteristic of the machine at an
estimate of the time of reaching one of the reference positions, the controller
further being operable to advance the rotor beyond a subsequent reference
position and to enable the means for sampling thereafter to allow further time for

subsequent derivation of the rotor position;

wherein said one reference position is in one phase and said subsequent

reference position is in another phase of the switched reluctance machine.

In accordance with a fourth aspect of the invention, there is provided a
switched reluctance machine system including:

a stator having a plurality of phase windings;

a rotor movable relative to the stator;

a controller programmed with a reference position of the rotor relative to
the stator in each cyclic variation of the magnetic properties of each phase of the
machine, the controller having means for deriving a rotor position from at least

one sampled characteristic of the machine;



position and to enable the neans for sanpling thereafter to allow further
time for subsequent derivation of the rotor position; and3q?%§§?ﬁﬁb4
determning into which of a | ow speed range and at least a fiTFs g

speed range the rotor speed falls, the controller being operable to advance
the rotor beyond the subsequent reference position if the rotor speed falls
outside the |ow speed range. In accordance with a fifth aspect of the

i nvention, there is provided a smﬁtchedgbeluctanpe nmachi ne system
including: a stator having a plurality of phase windings; a rotor novable
relative to the stator; a controller programmed with a reference position

i . ' i, C. iati f.th
mmgnot i ¢ pr oper ¢ Painy 18 i Wit |sPBRR chifackEofl bRIRS driiteidt ap ng

a rotor posidstiammt¢ odrthattitheast readkingadm o thé HRfREA&Y batition®! techCodiRgilne;
S ne

and a sanpler for sanpling the at |east one characterfistic of the nmachi

at an esti rigttBenfbeitg operabloftor ededticegtheneotol béyonde besubrequents réfepsitce t he

controller further pbeing operable to advance the rotor beyond a subsequent
reference RSN Woerta@?féﬁl;ﬂpea%@r%mﬂl@g thexeadigf teallow farthentime farer

reference poutoant deRFARLOEReTotd doslfied llbequent ref er ence posi tion
Vari abl 6 number . o A A bt o B e SHEAEIN K if o, °
so that the higlospeedatngetisr moesredifbilgrihé sof@oer beinfoperdtile®o all®dndehe
processing of data according to the speed of the rotor. 31 August 200_4. 8c
The inventi Eqtar bayonst thesubsequest referdnae positiomef thé rotay specsiofills ofutsifie ¢ h
Wl the low speed range.

In accordance with a fifth aspect of the invention, there is provided a
-switched reluctance machine system including:

a stator having a plurality of phase windings;

a rotor movable relative to the stator;

a controller programmed with a reference position of the rotor relative to
the stator in each cyclic variation of the magnetic properties of each phase of the
machine, the controller deriving a rotor position from at least one sampled
characteristic of the machine; and

a sampler for sampling the at least one characteristic of the machine at an
estimate of the time of reaching one of the reference positions, the controller
further being operable to advance the rotor beyond a subsequent reference
position and to enable the sampler thereafter to allow further time for subsequent
derivation of the rotor position;

wherein said one reference position is in one phase and said subsequent

reference position is in another phase of the switched reluctance machine.

Preferably, n is a variable number. It may desirably vary according to the
speed of the rotor so that the choice of reference position is made to allow time

for the processing of data according to the speed of the rotor.



now be described by way of exanple with reference to the acconpanying

drawi ngs in which: Figure 1 shows the principal conponentgqqf, gg§¥bhched
rel uctance drive systenm 9 31 August 2004 Figure 2 shows a scﬁena I'C

di agram of a rotor pole approaching a stator pole; Figure 3 shows typical
switching circuitry in a power converter that controls the energisation of
t he phase w ndings of the nachine of Figure 1; Figures 4(a) and 4(b)
illustrate typical. current waveforns of g switched reluctance drive
operating in chopping and singl e-pul se nodes respectively; Figure 5 shows
the idealised inductance profiles and possible reference angle positions

for a nachinghogﬁlated according to the invention in single-pulse node;
Figure 6 i s 0%HENSREOD CaB|bscRutdniqprastics im astmbsreel weys, somecef dhichewill

enbodyi ng t ,nventl om: d Figurg 7 shows fl gw chart descri bing the
control of [’F 0rr"gc i ﬁék‘g{&?cgﬁgdw&g’e?feﬁxa W@Hd@gqpn%‘bé‘é&geifwcé)%r@f%&l se
nmode accor di figwishsinSyhigention. Figure 6 illustrates a schematic circuit
di agram of a switched reluctance drive systemin which the invention is

i ncor por at edFigilieel shoviht prisicipabesinpondniass 4 switdieddeRichndddrivé kpidif er ence
nuneral s have been used where appropriate. Further description of the
common conponents will not be repeated here, but it wll be noted that the
rotor position detection is of the sensorless type as the circuit |acks
the rotor position transducer 15 of Fig 1. The controller 14" conprises an
Application Specific Integrated Crcuit (ASIC) 40 which includes a

m cr oprocessor which is operably linked to a | ook-up table 42 and to an
Al D converter 44. The AID converter multiplexes signals received fromthe
current transducer 18 and a voltage sensing device 46 which is



arranged to nonitor the voltage across one of the phase w ndings 16. It

will be appreciated that a separate Al Dgconverter could gquusgsqzbggr each
phase to handle these inputs. 10 31 August 2004 In this enbodi ment the

met hod of th%.i nvegt' on incorporates a technique of sensorless operation
of switched réPut& ﬁh@wﬁﬁéﬁhmtiegliagrm ofl t6r Pk pg%mdes%&i becl by Ray
in EP-A- 0573.1;%%21, ?’hﬁ met hads of neasurenent used f P & pis AgPland
current descriped 1 AiPRaLYRIFalIveisehing aireuismyi inabpewet BOMEHA N at @Oglgrg)tﬁ%ﬁl%

y

sui t abl e et Badsy; sybstituted - eg the current can be ne
non-i sol ated ne lgﬁ%algof:)@ﬁpgiﬁﬁ'@“ﬂg@@gﬁéft ewanhdne df Figare)ist ems, or the
flux- I'inkag€igmesuy Rhd C. d:¢h; tai ned by other analytical or

conput at i onal [ techm@gﬁe. Iﬁ%\b\n }lﬁﬁggpea P%[nt‘%'ﬂ?&f waeconmsnof on svitctaeR! | Y
appl i cabl e t telustansedrveopeatiil UGS n,that described by Ray. The
i nvention en %ﬁs 5]gileat elriieiggggds top@g@%ﬁéﬁggte&%9 n&("gﬁsxféﬁi)%wsb’nl ess

t echni que, i Pch shpws the rdealived sipdestanes! beo i det.erm ned by

t he speed of $r. cessi ng da’:{y%é in the controPI e%gﬁﬁ\qﬁgssﬁﬁgptﬁrﬁ‘lﬂes@%de,
data is norn §1§0}°B§t Erdednashine eperdted iacdomling e th@yﬁ{»%n%neﬁf@inggése]?
since, in a mggghase machi ne, the phase inductance cycles over p.u fus,
for a given 1 nductance cycle each phase will be interrogated in turn. An

angul ar ref eFipee goiNty IS t wned and current and flux-1inkage are
measur ed V\hentg:a? is antci Bg@%ﬁ@t Eg({gkt RE BT Olya |switched trelustaposi diies.

Any error lﬁnheéy\imgrthemmmirogg #ad expected flux-linkage is used to derive
a positiongl, error and hence a revised estimate of position. The estinmate

of ' positi o iEHFF Behgusc Aewtdharbdmcbimf the kNl gedopodl or
accel eratio 'de?éﬁ ar %ange?{mnt .i'S shown schenat i Caﬁayfﬁ?%f%?é@?@?%foweﬁe
LA, LB and L 5t &' P de atnglepulseauodanceoming id @e ibeich Phase
machi ne and Ref A Ref B
Figure 6 illustrates a schematic circuit diagram of a switched reluctance drive
system in which the invention is incorporated. The circuit is based on that in
Figure | and like reference numerals have been used where appropriate
Further description of the common components will not be repeated here, but it
will be noted that the rotor position detection is of the sensorless

il type as the
circuit lacks the rotor position transducer 15 of Fig 1.

The controller 14° comprises an Application Specific Integrated Circuit (ASIC)
40 which includes a microprocessor which is operably linked to a look-up table
42 and to an A/D converter 44. The A/D converter multiplexes signals received
from the current transducer § and a voltage sensing device 46 which is
arranged to monitor the voltage across one of the phase windings 16. It will be

appreciated that a separate A/D converter could be used for each phase to
handle these inputs.



and Ref C denote the reference angles for the three phases for notoring

i - a {uBlistP004
' ' d generating operagpon can be catergqlA 5 .
ggg{gi“tfﬂ'g N?Lgrlsggm'rg?rygof t he magnetic characteristics of tu%e nmachi ne, so

[ l'y hal f the inductance
1 August 2004 corresponding to on ( r
;PSEiFZtﬁeéé ge stgred. Alternatively, data can be stored explicitly fo

: ' ined in nore detail in relfation
h nodes. e - pul.se grethod is explained in m 0o
Lo F qure 7, TG RGaARF o iehod of thehinventips inborporaee ERflnifhelor
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gl oottt on vaae ey AL EFbAHRP Byt 8eemachinies ogoste Shild pelst méde
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G forent Steps 1oy 2 o e Sarsogn B &Fh”e‘im?%cfagadf A STC s br

other cont r offlutelinkege endeuaendidgisedbedsignaht ﬁfseﬁ)ﬁ%o%:%é%ﬂfa&le, aqlﬁé’ng s ed

an equi val ent tl?nal O%Echi rcuit inplenmenting the ne

Step 51 showS™{HSUERIs Brethodstcom etsubsfiturdd  cgid Bl bemel G 15

i ch indi < - - tor is expected to _ :
feference angpi-iodfited B3l &3 oty e fomeageosivessysedh, 3 eI

a2 s .erence a

i3 T LA S RS Bl ks g
conveni ent | ytdfh?i(gmi Fg; a?i{l;m\%g@%ﬂ\éﬁf Eﬂhﬁh @Egﬁgflgg gplt%@@llwgggpléaa)b_ldemi ce
\é\” ndlsngi. ?N;nqq_@ogl@gs tevhaipes othératan thef ﬂ@é&ib@ﬂ%ﬁ%ﬂ t’lﬂaﬁe ﬁ@%ﬁﬁg@%‘a@éggﬁg
Alrggr’nativel Lt can be 3%“ mated by integratirig .ne [ LEN) Can
using a knovﬁl‘g&bﬁg eedsite g eontrelied dycomivan sersbess fe‘éﬂﬁ%lg, in % e

: 150 urrent. transducer  of known t oy ™"
reotureren S ARSI by hespo oy o
(rjrgsisce et C)iﬂithefchﬁtr@)l[éﬁuit. The value is converted to digita

In the single-pulse mode, data is normally gathered once on the inductance
cycle of each phase since, in a polyphase machine, the phase inductance cycles
overlap. Thus, for a given inductance cycle each phase will be interrogated in
turn. An angular reference point is predetermined and current and flux-linkage
are measured when it is anticipated that the rotor will be at this position. Any
error between the measured and expected flux-linkage is used to derive a
Ppositional error and hence a revised estimate of position. The estimate of
position can be used as the basis of a calculation of speed and/or acceleration.
The arrangement is shown schematically in Figure 5, where LA, LB and LC
denote the idealised inductance profiles of a 3-phase machine and Ref A, Ref B
and Ref C denote the reference angles for the three phases for motoring
operation. Motoring and generating operation can be catered for by exploiting

the symmetry of the magnetic characteristics of the machine, so that data



the AID converter 44 and stored in registers. Step 53 uses the neasured

flux-1 bnlaagest ophae T
ent to | ook up the expectedjyal ue of
\ellﬁljut?hgf g(r:;(rjirent of angle with flux-1linkage, dO dy, at the 1% 31 Eugust

[ held in one or nore
ence angle. The appropriate values are
‘ fggékl_ L gf te;bl egorrgq%@ngm toeettly duif the mdujctaﬂ@étlp{dggelﬁe@ngmiehggglgga%%%&wg P)g ’es
d6, between the angle a :
Egﬁeﬁngﬁga[hgaé§?%P§Wég”e§5§PIpﬁh’ﬁmk@ﬂtndﬁkdyr (yam - Wef) (2)V;PLZ y
ngul ar error can then be used in Step 55 to calculate the Lruef o ng
?o?or angle: 0 = 8ref d9 (3) where the positive sign is taken fo

operation anﬂh@%iﬂﬁ%lﬁéﬁnﬁh@\ﬁeﬁﬁoéxggﬁeﬁ g} :nggrg é%gﬁ?&?ﬁ;tigggggééﬂre 7.
detection systems general |y hal \ iy nd this often | eads to
IV onTent S sk oo flovich TP AR NS e i R aRicroprosensag-besedhe
cal cul at i on dmElGweR e sghe rorthbddaTigs PRI Rl REQYP LIE, [obUSt ness
g]:)si i Pgnzrségﬁ%@@%%gg;ﬁ{ié &_eegé%ﬁgd%gﬁggmhfiﬁ; ésglset that dh¢ iggésﬂlllgqlg%@lﬁtt? °P
ans Spead'can BIABPRSEER g, AEEL R ool sm st ol b
'F ™ henely ool cut aeeq” aag e bonE A RRGA Huthes Atalgrgoalprossom, ete.
predet er m neE Uaﬁmmnbr?c, aﬁ:nhgqgg’:ﬁ}:ﬁ?;ﬁ%ﬁgéd%ﬁe?ﬂ?ﬁﬁﬁﬁ@g%aﬁﬂgg rtgt@,fel&ﬁkpdeﬁ%ld ng
\elflr 3? gzﬁﬁt | Bgs%h@éﬁg%gm Stepahil Shbwsdhbmdnafo@%yyﬁhp%vdiﬁng until an interrupt is
received which indicates that the rotor is expected to be at a predetermined
reference angle.  Step 52 samples the flux-linkage and current at the moment
the rotor is considered to be at the reference angle and stores these values for
use in the calculations below. The flux linkage, ., may conveniently be
estimated by integrating the emf applied to the phase winding;
Ym = [V-iR) (1)
where V is the supply voltage less any device drops, i is the instantaneous phase
current and R is the phase resistance. Alternatively. it can be estimated by
integrating the dc link voltage and using a knowledge of switch states to control
the integrator. Current can be measured by an isolated current transducer of
known type or by measurement of voltage drop over a component (eg, resistor,
switching device, etc) in the circuit. The value is converted to digital words by
the A/D converter 44 and stored in registers.

Step 53 uses the measured value of current to look up the expected value of

flux-linkage, ., and the gradient of angle with flux-linkage, d6/dy, at the



used. Hence, over successive cycles of nmeasurenment, a picture is built up

of the reliability of the positional d 2. If the error gq)wapuﬁ%ggds a
certain value representative of, say, consecutive cal cul atfons not
agreeing, -the gontrol systemcan decide that it has |ost synchronismwth

the real posifFIORIGH akgle. rldeappt8pRate Attt citation
of the an:)hi Ir&ﬁgbefore arg% m)repselr)i oSs even%rgg%gj?rggné%éngfemgg@ﬁa@&és

extrapol ati of fe_lrpkﬁga@éﬁ &% acepnveationaleviy. aBiepcon\aRtiu@ibs t@@#@[?ﬁ%
typically by A4 %é@eeéttﬁra e.in rrgrmr_y | ocations. It has been und T Wat
using n = 8 gives a §oo ecag}%? Ghitse thaevibenreaditpsnaret alehidng ﬁf@réfef’ér?&e
requi rementspogﬁi n.alternative inplenmentation eight stored values are used
for position and sixty-four are used for speed. Step 57 determ nes the

next reference positiomng ig osition on'a phase at which the next set
of measurenents will be takcclaen/mﬁgg‘br'di“ﬁ to the prior art,(2)having

det er mi ned t Rbisanghlar ep@gidai f t n agcept abl e accuracy,

and knowi ng from tﬁt hi st ord?hgq‘he?ibréag,?edpg%S&?poﬁéatgnﬁﬁ(ig'ﬁéﬁ‘d!fhestfﬂp Bluevanf d

then cal cul E¥erengleti ne at which the next reference position on the next

phase would be reached. This tinme was stored and the controller |ooped

back to step 51 to waPt=t@kd % hAOstored tine has el apsed(§ d the
3%

nmeasur ement ALE: %ken.tat t.he next reference position. Il be seen
that, by fol l'ow n@‘ tHPEHYS Y80 &t taken dor motoring oparativg aﬁaaﬁ@h%gﬁmésig%?
t aken at adjg’aé;@p&ﬁﬂ ference points. For exanple, referring to Figure 5, if
t he nmeasurenents have just been conpl eted on Phase A at the rotor angle Ref

A step 57 in Figure 7 sets Ref B as the next reference position. It wll
be realised that' the flux-linkage and current measurenents nust be taken

z lrJf ]; : g ; ent |h ggggigjﬁrggggﬁ ;cjg?g%%i}%f:ar}% j:i%??y??’%efﬁbﬁé%e e erctr'igalfyrml I,

g devices, and this often leads to
corruption of the measurements of flux-linkage and current, leading to the
calculation of spurious positional data, In order to improve the robustness of
the system, a method of checking the validity of the calculated positional data
has been developed. This technique is carried out in Step 56. Each time a new
position is calculated, the values of position, time and speed can be stored.
Using the last n stored values, a predicted position can be extrapolated for
comparison with the newly calculated one, If the newly calculated and
predicted values do not agree within a predetermined amount, an error count is
incremented and the predicted value used in place of the calculated one: if they
do agree, any existing error count is decremented and the calculated value is
used.  Hence, over successive cycles of measurement, a picture is built up of
the reliability of the positional data. If the error count exceeds a certain value

representative of, say, 5 consecutive calculations not agreeing, the control

System can decide that it has lost synchronism with the real position of the rotor
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di fferent pHeseeashed polRhinuResss stiLd hd e E:ggt%glslerciooped back to step 51 to

wait till the stored time hasg elapsed and the measure

ments are taken at the next
reference position.

It will be seen that, by following the prior art routine, successive measurements

were taken at adjacent reference points. For example, referring to F igure 5, if

the measurements have just been completed on Phase A at the
A, step 57 in Figure 7 sets

realised that' the flux-

rotor angle Ref
Ref B as the next reference position. It will be
linkage and current measurements must be taken
sufficiently close to the reference angle that the position error is small, or else
the system becomes unstable and loses control,

Since the calculations take a finite time, there is clearly a limit on the
speed using this method.

poles and 8 rotor poles,

operating
For example, for a 3-phase machine with 12 stator

there are 8 phase inductance periods in one revolution
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The invention allows operation at higher speeds regardless of the number of

poles on the rotor, After step 57 is completed, the speed is tested at step 59 to

find which of several predetermined ranges it falls into. " This is' done in the

processor by comparing the speed value determined in step 56 with various
appropriate speed ranges. In this example. the machine has 3 phases and the

rotor has 8 poles, and three speed ranges are chosen.  These ranges could be

<3500 rev/min, 3500 to 7000 rev/min, and >7000 rev/min. For other

machines with different phase and pole numbers, different ranges could be
chosen. There is no theoretical limit to the number of different ran

ges which
can be incorporated.

It may also be found appropriate to incorporate into step
59 some hysteresis effect so that the ranges actually overlap to cope with any

speed fluctuations around the boundaries between the speed ranges.
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[ [ data for the nachi , Lo
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i it i late to
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average values anticipate | e, adding two conplete cycle
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‘the equation v ' ' m j,S a positive intege
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2004 For excigities fiesizen liendt fBei:pgiven RASELS Y sk, AWifh fhe atditiomn] thiry

: it . Ato
Skips 2 posi{d gnghas%gangle added to each reference position it will be seen that on

successive cycles the reference positions are then on Phase A, Phase C, Phase

B, Phase A ..., ie. on cvery second phase, while the machine speed remains in

Range 2. While the phases are all used for interrogation, the sequence and

frequency of interrogation differs from the sequence and frequency of the
excitation of the phases.

If the speed is higher still and is determined to fall into Range 3, step 61 is
executed and the reference position is increased by one complete cycle, ie to
Ref B; in Figure 5 instead of Ref B. This has the effect of moving to a
reference point which allows four times the SWept rotor angle and, therefore,

calculation time. This raises the speed limit by a factor of four. In this mode

of operation, the sequence of reference points is Phase A, Phase B, Phase, C . . .

but the frequency is one quarter of the original.  All phases, however, are used

for interrogation in the order of phase excitation.



M=O C=I n=3 Skips 3 positions, eg. Ato B2 Thus it is clear that the
invention is generally applicable over a,wde range of ¢ ?Eﬁﬁhaﬁﬁgines and
phase nunbers. The above enbodi nents of t'he invention utilise¥a fi gd
reference posi i each phase conduction cycle so that the

. .it'oﬁ'”- ase cor . .
det er mi nat i onltoWikhe veslised s idthamarhsunte th,reference to
t he sane angué‘?r réé ergn e but not necessﬁﬁ’@heiaﬁﬁéﬁgéﬁﬁéme%ﬁmnt by
However, it i8 (#os3f B8 &lo £ amaustt with ¢ependronpp cﬁﬁﬁ@t@ﬁgﬁi rfgsht‘igi)n in

t he sane phasﬁla%ﬂiﬁehﬂlt L’féﬁrore géq%de_ choi ce of reference po? 8 I ths ch
to determne rotor postiToftias dgssribedbbelow.t will be realised that, while -
t he above exanpl es have been described in relation to a three-phase

machi ne, the inventi.on can be applied to any pol yphase sw tched rel uctance

machi ne wi t h Kitherahaesotedationl ®sa <oigiil:ard. vy, the invention could be
applied to a linear machi ne vx/ner%st rghﬁﬁ\;"%éo?}%ﬂ’ t@@ﬁt‘%fﬁéfsetcrﬂnb hverage a

"rotor") travalyes jansgidared findke thichif«i d:..per W | preci ate that
variation of !t he .di scl osed arr angemgnt’smaerﬁeltp%sgﬁﬁp n@\fet ﬁgd‘ﬂteﬂ@ﬁ&ﬁ eagh

fromthe in FdR .tk c diagi axgmple t addling owe cealbtePty ek Wouﬁcﬁ‘é@&%{:a factor

enbodi nents | . f exanpl e _and not for tthe purp
limtation. eﬁggggea%h\é\ﬁ#’/g?ﬁ $Raed; limitn Harvdsabr Qh@préfbﬁé&%ﬁﬁmeg}’ lst {g}i

spirit and se¢ddeeigfiert i clai ms. 31 August 2004 18
met hod of rotor posi tll]@néﬁel%g‘é% 281 plyase, héwhersl nds anaenrmedipithayi Ny

a rotor, a ststeger)amdwhold Bvdkit se _w ndings, . the rotor being
novabl e relatjve to  the stgt o?’ %ggéo#g%}%ga%?&dgﬁwgl Vhichawill result df ablatiret i c

properties oPhasgsnhbeingsesedt imeturmefondg hsi Rg- ining a reference
posi tion of bgl% rotor relative to the st g gPﬁi ﬁglga%ﬁgr%%gi ‘&‘?t the effects of

: meter variation between the phases and giving a reliable position
indication.

Where the stored characterisation data refers only to a particular phase of the

machine, it is appropriate to interrogate only that phase. In this case only whole
cycles would be added to the reference point.

In general terms, the equation for the number of reference positions skipped, P
iS 7 2

P=Cn+m

where n = number of phases in the machine

m is a positive integer less than n

C is an integer > 0 representing whole cycles of inductance



variation of the magnetic properties; sanpling at |east one characteristic
of the machine at an estimate of the timgy of reaching ong19® &ngbgference
positions; deriving a rotor position fromthe sanpled charac 8r|st|c(s);
and advanci ngnt he rot or beyond a subsequent reference position and sanpling
the at | east Eﬂ%e%mﬁpgtteristic again to allow further tinme for a
subsequent derivat'gﬂ_ gﬁ_the rotor position; wherein said one reference
position is in onehb as&BndDsai d subs§&ﬁﬁmlpoﬂﬁé&&%ggpﬁp?sition isin

anot her phase of the-swtghed reluctange nmachine. 2.7 A nethod as clained in
claim1 in which the ‘advarcel'Ts an int§§§Hihpwﬁémmpbg.Aﬁbg{ence positions.

3. A nethod as cl aipespd ¢cajclaign 1l in ich the at | east one sanpled
characteristic is used to prgi\;lgnde Si g\rll\gkg’si%m%%@ﬂsvego&tp@se current and

flux linkage in a correspondi ng phase winding. 4. A nethod as clainmed in
claim1l1 in ich the.at | east .one sanpled characteristic conprises phase

current and Usdges elpa thetithmcinwestidh iy j w ndi ng. 5. A nethod
as clainmed in trai m 1, including det ect%ﬁrﬁgfﬁibqg%g]&mfef&ﬁf’ﬂ?éaﬂg@ﬂﬁl ed
characteristi 8?' {1 regiings gad phasegumbatsred in claim 1, including: defining a
set of speed ranges for the rotor, including a | ow speed range and at

| east a first high speed range; determning into which speed range the

rotor speed Thkl sovensmBddyaust 4 19 advancing the rotor beyond the
subsequent reference position |§f0ft2tﬁg IpgeRfon §B§&afféx¢ctrefataicéq)dsh%d oM/
speed range. €ach phase conduction cycle so that the determination of the rotor position is

put mto effect with reference to the same angular reference but not necessarily

in - - 1] . ’

an adjacent phase. However, it is possible to establish more than one
. e
eference position in the same phase so that a more graded choice of reference

posiiion at which to determine rotor position is available.

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

swi . .
itched reluctance machine with any number of poles, Similarly, the invention

c : . .
ould 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 arrangements are possible without departing from the

mvention. Accordingly, the above description of several embodiments is made
b

Yy way of example and not for the purposes of limitation. The present

mvention is intended to be limited only by the spirit and scope of the following
claims.



7. A nethod as clainmed in claim®6 in which the value of the advance beyond
the subsequent reference position is a fraction of one p i ance
cycle. 8. Anethod as claimed in claim7 in which the fra???@ﬁbggﬂg?n wher e
nis the nunber of phases and mis an integer less than n. 9. A nethod as
claimed in claim6 in which the set of %geed ranges includes a second high
speed rangeCLAMES val ue of the advance beyond the subsequent reference
position being one or nore phase inductance cycles. 10. A nethod of rotor
position detection for a switched reluctance machine having a rotor, a

stator and f pl ukaidtihod effrofohpostion MleARR for )SwitHerellElaRSs FRYARL Raliflati ve
to the stator ac%ge{dln to a @/C“C vari ation of magnetic properfrﬂle of
each phase,? [H¥: 3 HANRTLD RYFAIEY piphage mindings, ther ietasbeingempvabie refativefto t he
rotor rel attheetdtor advordih@th dybliceHRti6y oF hMagn¥®! bbbRRs Yr etaEfT' ﬂa&l[‘%éc
properties; stﬁngl |rﬁg.at least one characterrstic of the mac i fe-ar an
estimate of "THBYCPMEISIBY: 1 eachi ng one of the reference positions; deriving

a rotor positiordefinbmd hetersne® bedisiar #eteidr Shificslo th@déf%fﬁquaér{]&cﬁigtor
g east -on

beyond a subsegue reference position and sanplin the a
fiathgh

charact eri sf B RORPHCRIOPefi®Sier time for a subsequent deri vation of

Lhe r,0Lor BoS! L isampldgbt BBt drarackiishePihe ARGRT £0in LORALYPe die! Udi N0
a |l ow speedfran e and 3% | east a first high speed range; determn into
whi ch speed’ PGS HE ¥ ferefelpreaasiiions: and advancing the rotor beyond the

subsequent r ef ergeficitg RABidr besitid fréfi8hd Shrhied : . side the | ow
speed range. 11.;#& nmet hod gs cl airmed In c‘ng %R%gﬁeh%vé@bﬁhq he val ue of the
advance beyond 39BN NG, (RLeR bevond ra pulsegyent; fefiience positiere andsaoilinge

phase i nduthaatieastysHeeshardotetesitl Bbaid 40 Allow further time for a subsequent derivation
of the rotfor position:
wherein said one reference position is in one phase and said subsequent
reference position is in another phase of the switched reluctance machine.

2. A method as claimed in claim 1 in which the advance is an integer number of
reference positions.

3. A method as claimed in claim 1 in which the at least one sampled
characteristic is used to provide signals indicative of phase current and flux linkage in
a corresponding phase winding.

4, A method as claimed in claim 1 in which the at least one sampled

characteristic comprises phase current and voltage applied across the corresponding
winding.

5. A method as claimed in claim 1, including detecting rotor speed from the
sampled characteristic(s).

6. A method as claimed in claim 1, including:

defining a set of speed ranges for the rotor, including a fow speed range and
at least a first high speed range;

determining into which speed range the rotor speed falls; and



: : : : : : : where n
12. A nmethod as clained in claim1l in which the fraction is nin
|22 the number of phases and mis an integer |ess than n'33r§\ug@st%b£'°ddas
claimed in claim10 in which the set of speed ranges includes®a Sec?nrence
hi gh speed range, the value of the advan@e beyond t he subseqyenth dre e
position being one or nore phase inductarice cycles. 14. AI 3\rMaIt ?:te of phase
rel uctance machi ne systemincluding: a stator havgzg : Eont alt gr

i ndi ; ty tq, the stator; ntro
brogr ammed wi th 2 PREES el BB iRel Yt ke dismbretbanas mpeitoo 1t e raseat or
i n each cycsheedals eutside thef lowrspest gargjel C properties of each phase 011: theat
machi ne, the controller having means for deriving a rotor position Irpm
| east one sanpled characteristic of the machi ne; and means for sanpling

the at |easf- oneAdhethed aeckstedinadlaitn@in st iR Riuddr thé SUUIRE Bedind B ! 'nge

' It t he control
oper abl o 1 o RRcaoL ek s BE TG S5 B cloB ah cesypiane rAciansRcsclposi 1 on and to
o eie the magna’s i thereafter to allow further tinme for
enabl e the neans for sanpling rot _ e O e
subsequent gderixafion, of Jfhe rotor . ?ltlo_n;] wherein said o fere
posi ti on i in ond ptﬁaqse ac#dmggi"élchfﬁ etukhich the fragliancie pswinérem issthien |
anot her phayenkst of hbasesiandimeds areintsgjenree tiachi ne. 15. A system as cl aine

[ [ [ [ | Vi tor speed fromthe at |east
in claim14 including neans for deriving the rot _ _ _ _
one sanpled characteristic. 16. A systemas clainmed in claim14 including

nmeans for d&ter nh metipd at olaikédim clgifn @ in ANicBRBE Gef @ﬂﬂ%e@qgn%gs ihaaéésbﬁef I st

4 to
ndvance ¢ heeart Molf AE8kH BB ihe Jabii of die ai@ace jresped dhe ! sutseuero or
speed fal | $eigtanseesitibe being cwpee thdrePBgse hductdn®@/§cR as claimed in claim
16 in which the neans for determning is
10. A method of rotor position detection for a switched reluctance machine having
a rotor, a stator and a plurality of phase windings, the rotor being movable relative to
the stator according to a cyclic variation of magnetic properties of each phase, the
method comprising:
defining a reference position of the rotor relative to the stator in each cyclic
variation of the magnetic properties;
sampling at least one characteristic of the machine at an estimate of the time
of reaching one of the reference positions;
deriving a rotor position from the sampled characteristic(s);
advancing the rotor beyond a subsequent reference position and sampling
the at least one characteristic again to allow further time for a subsequent derivation
of the rotor position;

defining a set of speed ranges for the rotor, including a low speed range and
at least a first high speed range;
determining into which speed range the rotor speed falls: and

advancing the rotor beyond the subsequent reference position if the rotor
speed falls outside the low speed range.

11. A method as claimed in claim 10 in which the value of the advance beyond
the subsequent reference position is a fraction of one phase inductance cycle.



operable to allocate the determ ned rotor speed into a first high speed

the controller being operable to advance the rotog,hexondshhe
gﬁgggduent reference position by a fraction of the phase mgléc%}ﬁncfe cyf! g.n
31 August 2004 21 18. A system as cl ai rng in claim17 in which the Irac
is mn where nis the nunmber of phases<“and mis a positive mt;ager ess
than n. 19. A systemas clained in claim16 in which the neans for

I Ni ' i ned rotor speed into a
det er m ni ng 4bs e to.allocafe the determ ned rot _
second hi gh@beeg‘pﬁ%ﬁ’gé,astcﬁ med dn e I12r'nw\§7'%tr@pféﬁféﬁﬂés N adhesen ods tee

i bt § hase
beyonaumher sfthesegiamt mrie e IMERe ledBQRart hON by one or nore pha: _
:’gég{:t an%:/e cycl es. 20.eemA swi tched reluctance machine systemincluding: a
stator having a plurality of phase wi ndings; a rotor novable relative to

' | 1 tor
; 13 contmethbé s prahge@ M@siMM 6 fh Bhite e SA%F spOSH F4rRs Horldle I ot
ﬁgleafit\ellteo[b é&% tor ilr?aggch cyclic variation of tEe rrag?fe?l cpl 8F?ert|es
of each phade o ﬁﬁ@ ShRgghrange. ‘(?B—!ﬁroélmérafﬂwmgbmdsﬂfeolsumquﬁnng_ a
rotor posi tfeferehceopositon igi ortér m&aHpkSE inelakAcs @}r,d]?%t_l c of tE_e rract| nﬁ,
nmeans for sanpling the at |east one characteristic’ of the machine at a
estimate of the tinme of reaching one of the reference positions, the

ittt he. rotor beyond a subsequent
control | er 14irt haswitteddwelepsica mMRhing s@@l‘éﬁfﬂiﬁfélgrlhganpl ing thereafter to

iti b t he means af t
;le}‘ g\r/ve?ﬁrGt ngl E : %gtaﬁog%agﬁﬁégﬂ'?@hg of pasemindisasiof the rotor position; ?_nd- t
N gh specd ange. Lho ol o poed T o e ot rol Ler bei ng operable 10
hi gh speed range_the rotor speed falls, r b op
adgance t he rot%Po'ﬁté%“SBBmQ 0EH it errfererse pesitien pbihetrotan relativdhto thet or

speed fal | sstatot $n deach heycliowarigtipaesk R ffignetic properties of each phase of the

machine, the controller having means for deriving a rotor position from at least one
sampied characteristic of the machine; and

means for sampling the at least one characteristic of the machine at an
estimate of the time of reaching one of the reference positions, the controller further
being operable to advance the rotor beyond a subsequent reference position and to
enable the means for sampling thereafter to allow further time for subsequent
derivation of the rotor position;

wherein said one reference position is in one phase and said subsequent
reference position is in another phase of the switched reluctance machine.

15. A system as claimed in claim 14 including means for deriving the rotor speed
from the at least one sampled characteristic.

16. A system as claimed in claim 14 including means for determining into which
of a low speed range and at least a first high speed range the rotor speed falls, the
controller being operable to advance the rotor beyond the subsequent reference
position if the rotor speed falls outside the low speed range.

17. A system as claimed in claim 16 in which the means for determining is
operable to allocate the determined rotor speed into a first high speed range, the
controller being operable to advance the rotor beyond the subsequent reference
position by a fraction of the phase inductance cycle.



21. A systemas clained in claim20 in which the nmeans for determning is
operable to allocate the determ ned rotor speed into a f'@?%u?&&goﬁﬂeed
range, the controller being operable to advance the rotor be

subsequent reference position by a fraction of the phase inductance cycle.
22. A systemas clained in claim21 in #hich the fraction is min where n is
the nunber of phases and mis a positive integer less than n. 23. A system
as clainmed whi ch the neans for determining is operable to

20
al | ocate t htydeté:ﬁg]?tﬁ%ég segred ffeeaim he dn whichdbadragtighisspaedhereny s thehe 31

August 2004ndibet of PRéseR!drim Reh POsiARARBLRILO tRAYANCE the rotor beyond the
sugsequent referenge position Ey one %lra nor e I‘%lhase i nduct ance cycl es. 24.

A swi tched reluctance machine systemincluding: a stator havi ng a

plurality ofg, phaﬁe.sy‘éte?rﬁ'a@gélam%dr f Lhir ok Gnlch! AR Pﬁ aﬁ h&et@ 1
Pvg to

controller programed with a reference position o
the stat or‘Pﬂ & &hallagats the wetarainesirotsr Spﬁed rlrﬁgﬁeiec@ct)lmghepeedesangé tach

phase of t hentroRsbdify chBRLROE LAl ﬂ%r llo‘(drngerﬁnﬁ g%%eng:} t%ege(r)n@eat

| east one sanpled characteristic o e mach

sanpl i ng tff?ng'f’“lbé(é’é‘? %H@r%ﬁﬁﬁ%méwt@me@)@fest he ITB.ChI ne at an estimate of
the time of reaching one of the reference positions, the controller further
bei ng oper;t&l e to advance the rotor beyond a subsequent reference position
and to enate thewieegirekicienes awrchioe sysfeml indudingr t her time for subsequent

derivation of thestafoPh@Nin®@AHIdraRY of &liAgisgs.d one reference position is
I n one phase and Ssgl d sdrt‘)ée)egjuen?pore reenic%I g%mtlon I s i n anot her phase of

the switched rel@OiURRY/aRlecRiative to the stator;
a controller programmed with a reference position of the rotor relative to the

stator in each cyclic variation of the magnetic properties of each phase of the
machine, the controller having means for deriving a rotor position from at least one
sampled characteristic of the machine;

means for sampling the at least one characteristic of the machine at an
estimate of the time of reaching one of the reference positions, the controller further
being operable to advance the rotor beyond a subsequent reference position and to
enable the means for sampling thereafter to allow further time for subsequent
derivation of the rotor position; and

means for determining into which of a low speed range and at least a first
high speed range the rotor speed falls, the controller being operable to advance the
rotor beyond the subsequent reference position if the rotor speed falls outside the low
speed range.

21. A system as claimed in claim 20 in which the means for determining is
operable to allocate the determined rotor speed into a first high speed range, the
controller being operable to advance the rotor beyond the subsequent reference
position by a fraction of the phase inductance cycle.

22. A system as claimed in claim 21 in which the fraction is m/n where n is the
number of phases and m is a positive integer less than n.

23. A system as claimed in claim 20 in which the means for determining is
operable to allocate the determined rotor speed into a second high speed range, the



ABSTRACT Rotor Position Detection in Switched Reluctance Mchines A

' ' ' d by a genipli pystem
ol yphase switched reluctance machine is controlle . :
Esi %8 sensorl ess position detection. A nmethod of operating 51@ machi ne at

' ' int to allow
hi gh speeds interrogates every nth phase reference point _
su?fic!oent time for conputations of poglaion to be carried out. where n is

an integer greater than one. Figure 6

controller being operable to advance the rotor beyond the subsequent reference
position by one or more phase inductance cycles.

24, A switched reluctance machine system including:

a stator having a plurality of phase windings;

a rotor movable relative to the stator:

a controller programmed with a reference position of the rotor relative to the
stator in each cyclic variation of the magnetic properties of each phase of the
machine, the controller deriving a rotor position from at least one sampled
characteristic of the machine; and

a sampler for sampling the at least one characteristic of the machine at an
estimate of the time of reaching one of the reference positions, the controller further
being operable to advance the rotor beyond a subsequent reference position and to
enable the sampler thereafter to allow further time for subsequent derivation of the
rotor position; .

wherein said one reference position is in one phase and said subsequent
reference position is in another phase of the switched reluctance machine.





