2;a,0v20106 1 Rotor Position Detection of a Switched Reluctance Drive This
. invention relates to sensorless rotor position nonitoring %n yeluggance
machi nes, particularly in switched reluctance machines. 5 The control and
operation of switched reluctance machines generally are described in the
paper "The Characteristics, Design and 1Appl i cations of Sw tched Rel uctance
Motors and Drives"” by J. M Stephenson and R J. Blake delivered at the
PCI M 93 Conference and Exhibition held in Nurnberg, 10 Germany, 21-24 June
1993, which is incoppol #hedi Rasalaidyof £5/4iCAEER el tdndBDiRAPer the
choppi ng" and "singtre=pufse” nodes of energisation of swtched reluctance
machi nes are described for operation of the nachine at |ow and high
speeds, respectively. 15 A typical prior art drive is shown schematically
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reluctance machines are described for operation of the machine at low and high

“speeds, respectively.

15 A typical prior art drive is shown schematically in Figure 1. This includes a
DC power supply 11 that can be either a battery or rectified and filtered AC
mains. The DC voltage provided by the power supply 11 is switched across
phase windings 16 of the motor 12 by a power converter 13 under the control
of the electronic control unit 14, One of the many known converter topologies

20 is shown in Figure 2, in which the phase winding 16 of the machine 18
connected in series with two switching devices 21 and 22 across the busbars 20
and 27. Busbars 26 and 2\7 are collectively described as the “DC link™ of the
converter. Energy recovery diodes 23 and 24 are connected to the winding to
allow the winding current to flow back to the DC link when the switches 21

s and 22 are opened. A capacitor 25, known as the “DC link capacitor”, is
connected across the DC link to source or sink any alternating component of
the DC link current (i.e. the so-called “ripple current”) which cannot be drawn
from or returned to the supply. In practical terms, the capacitor 25 may

comprise several capacitors connected in series and/or parallel and, where



fromor returned to the supply. In practical terms, the capacitor 25 may

_ conprise several capacitors connected in series and/or parallel and, where
NI Zun, 2 parallel connection is used, some of the el engnt ¢! Jayiive
distributed throughout the converter. A resistor 28 is connected in series
with the lower switch 22 to provide a&current feedback signal. A

mul ti phase systemtypically uses several "phase |egs" of Figure 2
connected in parallel to energise the phases of the 5 electrical machine.
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accurate ti Ilﬁa]ﬁl pnase energi sation wt respect to rotor position.
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transducer 15, shown 10 schematically in Figure 1, such as a rotating
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optical, magnetic or other sensor nounted t he stator,. si gn e.g. a
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gener at ed by theﬁjiensilr and supplied to control circuitry, allow ng

accur at®e ph§§§“' MASHtS on. This systemis sinple and works well in 15
many applications. However, the rotor position transducer increases the
overall cost of assenbly, adds extra electrical connections to the machine
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for dispensing Wth the rotor position transducer have been 20 proposed.
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machine rotor, which co-operates with an optical, magnetic or other sensor
mounted on the stator. A signal, e.g. a pulse train, indicative of rotor position
relative to the stator is generated by the sensor and supplied to control circuitry,

- allowing accurate phase energisation. This system is simple and works well in

15 many applications. However, the rotor position transducer increases the overall
cost of assembly, adds extra electrical connections to the machine and is,

therefore, a potential source of unreliability.

Various methods for dispensing with the rotor position transducer have been
20 proposed.  Several of these are reviewed in "Sensorless Methods for
Determining the Rotor Position of Switched Reluctance Motors" by W I Ray
and I H Al-Bahadly, published in the Proceedings of The European Power
Electronics Conference, Brighton, UK, 13-16 Sep 1993, Vol. 6, pp 7-13,
incorporated herein by reference.
25
Many of these methods proposed for rotor position estimation use the
measurement of phase flux-linkage (i.e. the integral of applied voltage with
respect to time) and current in one or more phases, Position is calculated using

knowledge of the variation in inductance of the machine as a function of angle



Many of these nmethods proposed for rotor position estinmation use the

- measurement of phase flux-linkage (i.e. the integral of applied voltage
with respect to tine) and current in one or nore phases. Podity ghii s

cal cul ated using know edge of the variation in inductance of the machine
as a function of angle 3 and current.3This characteristic can be stored as
a flux-linkage/angle/current table and is depicted graphically in Figure
3. The storage of this data is a disadvantage as it involves the use of a
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suited to low-speed operation is that proposed by N. M. Mvungi and J. M.
‘Stephenson in "Accurate Sensorless Rotor Position Detection m an S R Motor",

published in Proceedings of the European Power Electronics Conference,

15 Firenze, Italy, 1991, Vol.1, pp 390-393, incorporated herein by reference.

Other methods operate in the "single-pulse” mode of energisation at higher
speeds. This mode is illustrated in Figure 4(b) in which the current and
inductance waveforms are shown over a phase mductance period. These
20 methods monitor the operating voltages and currents of an active phase without
interfering with normal operation. A typical higher speed method is described
in International Patent Application WO 91/02401, incorporated herein by

reference.

25 Having to store a two-dimensional array of machine data in order to operate
without a position sensor is an obvious disadvantage. Alternative methods
have been proposed, which avoid the need for the majority of angularly
referenced information and instead store data at one angle only. One such

method is described in Furopean Patent Application EP-A-0573198 (Ray),



25 Having to store a two-di nensional array of machine data in order to
~operate wthout a position sensor is an obvious disadvantage. Alternative
met hods have been proposed, which avoid the need for the faj gpist ypsof

angul arly referenced information and instead store data at one angle only.
One such nethod is described in Europgéan Patent Application EP-A-0573198
(Ray), 2 a; NOV /2 NO 4 incorporated herein by reference. This nethod ains
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corrective action by adopting a new prediction fo
with sufficient accuracy whenever required by the position-detecting algorithm.

To aveid the flux-linkage integrator drifting (due to unwanted noise in the
system and imperfections in the integrator) it is set to zero at the end of each
15 conduction cycle, when the current has fallen to zero and the phase winding is
no longer linking any flux. This method is a “predictor/corrector” method, in
that it initially predicts when the rotor will be at a reference position, measures
parameters of the machine when it believes the reference position has been
reached, and uses the results of these measurements to detect error in the
20 prediction and hence take corrective action by adopting a new prediction for

the next reference position.

A special mode of operation of switched reluctance machines is the continuous
current mode, as disclosed in US 5469039 (Ray) and incorporated herem by
25 reference. In this mode, the winding is re-connected to the supply before the
flux, and hence the current, have returned to zero at the end of the energy
return period. The phase windings therefore operate with current continuously
flowing through them and are always linked by flux. This is an important

mode for systems which have to produce high levels of overload output at



the next reference: position. A special node of operation of swtched
~reluctance machines is the continuous current node, as disclosed in US
5469039 (Ray) and incorporated herein by 25 reference. |1 étﬂbﬁ pmde, the
wi nding is re-connected to the supply before the flux, ang hence t he
current, have returned to zero at the end of the energy return period. The
phase w ndi ngs therefore operate with current continuously flow ng through
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which tine €ﬁ§%8é%F?§%%§§“§%F$ent %%gé is exited, the posi?ion esti mat ed,
and the drive put back into continuous current. Specifically, this can be
done by running the machine in a node which is predom nantly continuous
current but Arepstshadiad nsdutich setng prubders heve ientdet sqheawetvdrioh aldw
intervals to allow positional 15 information to be gai ned. The techni que
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continuous current. Specifically, this can be done by running the machine in a

is

mode which is predominantly c’ontinuous current but drops back into
discontinuous current at predetermined intervals to allow positional
15 information to be gained. The technique depends on the speed being virtually
constant, which may be approximately true at higher speeds (at which
continuous current is usually employed). Nevertheless, a loss of torque is
associated with dropping out of continuous current. An alternative method 1s
to operate each phase in continuous current for a given number of cycles, say
20 10, and then excite the phase for a shorter time on the next cycle such that the
current will definitely fall to zero, allowing the integrator to be reset and an
accurate estimate of flux-linkage to be made. By interfeaving this “short” cycle
with the other phases operating in continuous current, the deleterious effect of
the loss of torque is mitigated. However, none of these methods 1s satistactory,
25 since the loss of torque can render the machine performance unstable and
several cycles are required before stability is reached again because the current

must be built up over a period in the continuous current mode.



to operate each phase in continuous current for a given nunber of cycles,
~say 20 10, and then excite the phase for a shorter time on the next cycle
such that the current will definitely fall to zero, allow g}hﬁwa
integrator to be reset and an accurate estinate of quxfi?ﬂgggé‘#b be
made. By interleaving this "short” cycke with the other phases operating
in continuous current, the deleterious effect of the loss of torque is
FltlgaEed. However, none of these nmethods is satisfactory, 25 since the
oss of torqye can render the nachi ne performance unsta ra
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,44 6 There is a nee or a sensorless nmethod of rotor position detection
that can work in the continuous current node. One aspect of the present
invention is defined in the acconpanying 5 independent method and,
alppgar at u; ngl(gxpmasp&:xnmfprthd epreechtf datantion as edeferad da they 2enpeprident
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relatively i.nsensitive 0.to angular error and then tracking a paraneter
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voltage, deriving a value for flux |linkage at a subsequent point and using
a corresponding value for phase current and the flux |linkage to derive
rotor positimabbdib@ni@pieide shiccotodiprgition detectenrbbdidverving hevadug $or
provided herein a nmethod of detecting rotor position in a reluctance
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t he phase voltage, when th otor is at a first. redet eryn ne i At
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as phase voltage), applying a positive voltage, deriving a value for flux linkage

at a subsequent point and using a corresponding value for phase current and the

flux linkage to derive rotor position information.

15 According to one embodiment there is provided herein a method of detecting
rotor position in a reluctance machine, comprising starting an integration of a
parameter 1‘epresealting the phase voltage when the rotor is at a first
predetermined point. At this point the integrator may be set to zero or set to a
value representing the value of the flux linkage at the point. A value 1s denved

20 for the flux linkage associated with the or at least one phase of the machine at
the first point.. A value of the phase flux linkage at a subsequent third point of
the rotor is then derived and the derived flux linkage values are combined to
give a value of flux linkage at the third point. The rotor position is then
derived from the phase current and the value of the total flux linkage.

25
At the moment when positive voltage is applied to the phase, the current at the
said moment may be substantially zero or non-zero. Preferably, the value of
the flux linkage at the moment when positive voltage is applied to the phase 1s

derived from the current at the said moment. For example, the flux linkage at



val ue representing the value of the flux Iinkage at the point. A value is
~derived 20 for the flux linkage associated with the or at |east one phase
of the machine at the first point.. A value of the phase flux |linkage at a
subsequent third point of the rotor is then derived and the defived flux

| i nkage val ues are conbined to give ayvalue of flux Ilﬁkhﬁ at*the third

point. The rotor position is then derived fromthe phase current and the
value of the total flux |linkage. 25 At the nonent when positive voltage is

applied to the phase, the current at the said nonent may..b bstanti al |
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i nductance for ordinates of current. The nethod is useful in both
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at the said point "i's deri ve ntegrating the phase voltage from
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havi ng coordi nates of phase current and fl ux-Iinkage.
non-zero flux-limkage.
10
Preferably, the flux-linkage at the said third point is derived by integrating the
phase voltage from the first point. The rotor position may be denved from

stored parameters having coordinates of phase cwrrent and flux-linkage.

15 According to one particular embodiment, prior to turn-on a flux-measuring
integrator is set to zero and is put into phase voltage integration mode. Then the
current is measured at turn-on of a phase winding and this current value 1s used
t0 index a table of inductance. The value of inductance provided by the table 1s
then multiplied by the current to give an estimate of the flux-linkage in the

20 phase and hence an offset value relating to the output of the integrator. Ata
predetermined subsequent point, the value of flux-linkage provided by the
integrator is added to the calculated offset value and the resulting total is used

to determine rotor position.

25 The flux-measuring integrator is preferably initialised prior to tarn on of a
phase, so that the calculation of flux linkage is initiated when the system is in a
position where the inductance is not changing as rapidly with angle as
elsewhere. A small error in position when initialising the integrator should

therefore not lead to a significant error in the derived flux linkage. The



15 According to one particul ar enbodi nent, prior to turn-on a
~flux-measuring integrator is set to zero and is put into phase voltage
integration nmode. Then the current is neasured at turn-Qn ﬁf”qwgyase

wi nding and this current value is used to index a tabl e~ 1Y dildt ance. The
val ue of inductance provided by the taple is then nultiplied by the
current to give an estimate of the flux-linkage in the 20 phase and hence
an offset value relating to the output of the integrator. At a
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i nvention provides a robust and cost-effective nethod of nonitoring rotor
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now be descri bed by way of example and with, reference to the acc anyin
drawi ng& i n akkg tﬂ]@gerateyin the singlrg—)pﬁse mode, with or without Contimuous QEg[rpanyl ng

The invention can be put into practice in a number of ways, some of which will
now be described by way of example and with reference to the accompanying
drawings m which:

15
Figure 1 shows a typical prior art switched reluctance drive;
Figure 2 shows a known topology of one phase of the converter of Figure 1;
Figure 3 shows typical flux-linkage and phase curent curves, with rotor
position as a parameter;

20 Figure 4(a) shows a typical motoring cwrent waveform in chopping control;
Figure 4(b) shows a typical motoring current waveform in single-pulse control;
Figure 5 shows in schematic form a switched reluctance drive in which a form
of the invention is embodied;
Figure 6 shows a continnous current waveform for the drive of Figure 5;

25 Figure 7 shows flux-linkage waveforms in the drive of Figure 5 in continuous
current mode;
Figure 8 shows flux-linkage waveforms in the drive of Figure 5 in
discontinuous current mode; and

Figure 9 is a flow chart of the embodiment of Figure 5.



15 Figure 1 shows a typical prior art switched reluctance drive; Figure 2
~ shows a known topol ogy of one phase of the converter of Figure 1; Figure 3

shows typical flux-linkage and phase current curves, W t?uf g@}r anfOSi ti on
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as a paraneter; 20 Figure 4(a) shows a typical notoring eformin
choppi ng control; Figure 4(b) shows agtypical notoring current waveformin
singl e-pulse control; Figure 5 shows in schematic forma swtched

rel uctance drive in which a form of the invention is enbodied; Figure 6
shows a continuous current waveformfor the drive of Figure 5; 25 Figure 7
shows flux-Iinkage waveforns in the drive of Figure 5 in continuous
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. . o]
5 in discontirlbtg "current e’ and ur e IS a ow chart of the

embodi ment  @fie RiaGlfi6n Sof Thdhctde QoY #R0&r Sachhelpbaseor aduaprndervayal e of a
switched reluctance machine is the period of the variation of inductance

for the, or readma whasée dtotor poampine thetralesant wapéatirewhtn pdles steafuidly pol es
and the rel evant respective rotor poles are fully 5 aligped. The.
i |1 ustrativaligneddilhentlugetys el lnﬁaat%éféée%?féleéﬂ%% agﬁ;\‘/ipgégﬁe%}m?@duct ance
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system of Figure 5. I% tE\i S sys%/em a pomeruio(r:\\ljcre;teer \ﬁgvssoi ypi ggl I; tehe
sane as that shown in Figure 1, and like reference nunerals have been used
Figure 5 shows a system for implementing the method in which the invention is
10 embodied. Figure 6 illustrates graphically a continuous current waveform for
the system of Figure 5. In this system, a power converter 13 is typically the
same as that shown in Figure 1, and like reference numerals have been used
where appropriate. The converter 13 controls the switched reluctance machine,
as before. The converter 13 is itself controlled by a controller 42 which, in this
15 embodiment, is based on a digital signal processor, e.g. one from the Analog
Devices 219x family. Alternative embodiments could use a microprocessor or
other form of programmable device, as are well-known in the art. The
illustrated 2-phase machine has a stator 30 and a rotor 32. The stator has four
poles 50, on which are wound phase windings 34/36. The rotor has rotor poles
20 52 and, to assist with starting the machine, has a pole face 54 that defines a
stepped airgap with the face of a stator pole. One skilled in the art will realise
that a machine with a different phase number or pole combinations could be
used, since the invention is not specific to any particular machine topology.
Similarly, the invention is not restricted to a particular type of control

25 technique and any controller and converter can be used as long as it 1s suitably

programmable.

Phase current is sensed by current transducers 38 each arranged in relation to

one of the phase windings. The output signals indicative of current in each



where appropriate. The converter 13 controls the switched reluctance
~machine, as before. The converter 13 is itself controlled by a controller
42 which, in this 15 enbodi nent, is based on a digital S|gqawhgrﬁ@assor
e.g. one fromthe Anal og Devi ces 219x famly. Alternative enbodi nents
could use a mcroprocessor or other figrmof progranmmbl e device, as are
wel |l -known in the art. The illustrated 2-phase nachine has a stator 30 and
a rotor 32. The stator has four poles 50, on which are wound phase

w ndi ngs 34/ 36. Th t es. 20
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Simlarly, the invention is not restricted to a particul ar type of  contr ol
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suitably programmabl e ase current is s b nt sducers 38
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control | er 49} duct ance for
rotor angles is al so connected vvlth the controller 42 While a current
transducer for each phase is shown, one or a selection of phases could be
moni t ored f gip phag@taw( &qﬁwﬁdantﬁe m@ntlcﬂmhéQ nnuent tcodertvl trenrmatineeaiss
enbodi nents use a current transducer in the DC |ink and a know edge of the
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running the processor 44. For greater accuracy the voltage drop (iR} across the

winding can be factored out of the integrated value, as will be described below.

15 Other embodiments use a single voltage transducer sensing the DC link voltage

to approximate to the phase voltage, as will be described below.

The method according to this embodiment operates as follows. It is assumed
that the machine is operating in continuous current and that the rotor position is
20 known sufficiently well to allow the winding to be energised. Figure 6 shows
the typical form of the current waveform and also has superimposed on 1t the
idealised inductance profile of Figure 4. Figure 7 shows the flux associated
with the phase winding, where y, shows the actual value and v the value
recorded by the integrator. The standing flux, w,, which corresponds to the
25 standing current in Figure 6, is also marked on Figure 7. For the sake of
clarity, the flux waveforms are shown as being linear, whereas in practice they
will likely have some non-linearity introduced by the iR drop i the winding

and the impedance of the supply.



shown as a discrete device 40, it is preferably inplenmented in the software
~running the processor 44. For greater accuracy the voltage drop (i R) across
the winding can be factored out of the integrated val ue,;asymyljyzbe
described below. 15 Cther enbodinments use a single voltage transducer
sensing the DC link voltage to approxiijmate to the phase voltage, as wll
be descri bed bel ow. The nethod according to this enbodi nent operates as
follows. It is assumed that the machine is operating in continuous current

d that th t it i 20 ffici | |
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waver orm a | i O i el ;
st of a0 8189 U TREFRPOER Lt ySeali SR et encesgr of 1

where rVo Skt?me%ﬁ?e.asin%@lthy%cﬁ@tm@ de\he thasy/al that angeds dadady khben
integrator. The Standing flux, ilrs, which corresponds to the 25 standing

current in Ehgusetdediia thbslookanpk &dblep) Fogarimoiviefgr of mersakellofvs idkarity,
the flux waveforns are shown as being |inear, whereas in practice they

will liskel yabaakflestmkagaat thedanigle/ta be esfduaied. Byst Fave,Rdrivptore ehe

wi nding and the inpedance of the supply. j ,. NOV D E_ 11 At_or near

mi ni mum i ndeeragiée fackyr; | Yhist Blup Rt @@Wé@%eajts ahetlsel facta: betpen dhe 135t i s
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This val ue, pYéseséa. StTieeduRsnéasutiap riadiecaor #adt atartebhpsdoval uenydmwof a
represents an offset factor between the true flux |inkage value and the

flux |imnkagehusd, se that et cyulthen ioftfagr Hnbage Not be advantagphowsly anigiateslt i on
can be done immedi ately or as a background task in the pr.ocess.%[. lhe

f I ux- measur M the sefraioHRt ¥Posigor peiere thepniBstapes Surgl cHangRE 4apidly
small error in position when calculating flux linkage (ie. #; +/- a small
percentage) will therefore not lead to a significant error in the estimated flux
linkage.

15
As the rotor moves from the L., point, the flux is falling (since the switches
supplying the phase are open and the action of the diodes is such as to apply
reverse voltage across the phase) so the integrator output goes negative. The
rotor continues to move until the switch-on point 8, is reached, where the flux-

20 linkage changes direction because positive voltage is now applied.

As the rotor moves towards the switch-off point 8., the integrator continues to
integrate, now with positive-going slope, corresponding to the positive flux
across the phase winding. At 6y, the applied voltage goes negative and the
25 flux-linkage, both actual and estimated, begins to fall. This continues until a
predetermined reference position 8., has been estimated to have been reached,
at which point the current and integrator output are recorded. The actual flux
can now be estimated by adding . as an offset to the integrator output. This

value, and that of the measured current, can be compared with the stored values



10 phase, so that the calculation of flux |inkage can be advantageously
~initiated when the rotor is at a position where the inductance is not
changing rapidly. A small error in position when calcul.tgml\fb x |inkage
(i.e. O+/- a small percentage) wll therefore not Iead'fbngsf%ﬁificant
error in the estimated flux I|inkage. {6 As the rotor noves fromthe Lf,;r,
point, the flux is falling (since the swtches supplying the phase are

open andhthehact;on ofhthe di odes is such as to apply reverse voltage
across the phase) sp the integratoy output goes negative. The r r
continues t 6ohdl¥e TGHFEFICC ResiH 1t%ﬁi6m365FnPg%§9? &@nr%ﬁﬁﬁﬁgéaﬁﬁgﬁLthe

flux- 20 linkage. chan e i because positive voltage is now applied.
As the rotore}{ﬁ%‘\llnees&.5 dﬁglfed%télﬁgélg\%tch-off poi nt Ooff, the integrator

continues to integrate, now with positive-going slope, corresponding to
the positive flux across the phase winding. At Doff, the applied voltage
goes negat i e vaildbd¢ hepRsiditdithdti theagere bafféreacmedhodindl esplamatdlg Bugins to
fall. This continues until a_ predeterm ned refer nc? ositiqn Orqf, has
been esti matdave Proeese teeghal é?éﬁq@éd,FOFaﬁtKaWﬂl%hthﬁoﬁ‘ﬂﬁ“ inkasecat Porruld e

i ntegrat t I : d, Th tual fl ux. : ) ' db
addi ng i 1o Ao ST PUBERSTY el EBgy B or B pt OTHSC 5 oot TAH hat of
the ”Easuregn-&%&&&mnto%g in‘eﬁ?éPnBParIﬁdthY! bhsel M8 SLGRB DV UsSetathr |NQL 9006
12 for the reference positiorrand the true position then assessed, as will

be explai nggdhR WELenAetatle ??'aﬁ&l"-thér% witl be B8 ReANBGHAtRdotihatvAlie ke are
different nethods of inplenenting the 5 above process, to equal effect.

For exanpl e tht hefdrénwe boinkabg. atlh@ caduidinbe oohl cediatesdthiermediatael (o t he
val ue of current is available and that value preloaded into the .
i Nt egr &t or . dpsrathiis coas@iadray, euwoppesest ta e Prr-agrdrest opprafion described

above. While the integration of the phase voltage {or a signal representative of
the phase voltage) is used to derive flux linkage values, it is possible to use
other techniques, including direct flux linkage sensing that tracks the flux i an
inductance period. Typical devices that can be used to track the flux linkage
15 directly are flux nulling sensors and Hall-effect sensors. Other variants will be

apparent to those skilled in the art.

The angular difference AO between the predicted rotor position 6, and the

reference rotor position 8, can be calculated by the processor 44 as

20
o6
AQ = J LAy (1)
lavjm
In order to determine the angular difference between the predicted position (at
which the measurement of flux and cumrent are made) and the reference
25 position, it is therefore also a feature of this embodiment to store in the

processor for the reference position values of partial derivative 80/0y (or its

mverse Oy/00) for a set of values of phase current 1.



follow the actual curve yea and there will be no need to add an of f set

~value at the reference point Bier. This enbodi ment only,.requires the

integrator to 10 operate in one quadrant, as opposed to %ﬁe?\ﬁ\“r{d’i@ﬁadrant
operation described above. Wiile the integration of the phase voltage (or
a signal representative of the phasejyoltage) is used to derive flux
| i nkage values, it is possible to use other techniques, including direct
flux linkage sensing that tracks the flux in an inductance period. Typical
devi ces that can be used to track . the flux |inkage 15 directly are,fl ux
nul | i ng senSbres thﬁdef%fFHCﬁelPF@c}PO%fé%gres?s %%@F’ @%ﬁ%f%owwl’“ﬁ& atatg}ﬁar ent
to those skilled in the art. The anﬁgzl ?r%(f'ﬁffer nce AO between the
predi ct ed r BIESHCIpO&ISEaNE iR Hme M3y §e Chiculyt PEhCE % ot or position Oree can be
cal cul ated by the processor 44 as 20 40= 1 80.w (1) In order to determ ne
the angul ar difference between the predicted position (at which the
measurement of flux and cugrerg arggmade) and the refergpge 25 position,
it is therefore also a feat'ire'®f this enmbodinent to store in the processor
for the reference position values of partial derivative aO/aril (or its
inverse ay/a0) for a set of values of phase current i. u : 1r \10 Y 2005
13 Since t h@heehgremddimotorhpaskt igar Opationsarnibam bet ¢hingated ustiothe
position at the predicted instant__in tine be cal cul ated from AQ as U,
P70 - el + Aokpeyn Bl ettt | HRITERIST RGN OF ST5TBRR CPBHTELA % hen be
estimated using the kno val ue of Qr.: ed. Under accelerating or
decel er at i nﬁoEg?\tb‘?lﬂrlBP@e\g@t%ﬁ?P@ggit%ﬁ%ngg;mzﬁgd to be made to the estimate.

10 If only one phase is used for measurement, the next rotor reference position

will be after a rotation of (360/p)° - AB and, by dividing this angle by the speed,

the time required to reach this position can be estimated.

If all phases are used for measurement, the next rotor reference position will be
15 that for phase 2 (or whatever is the next phase in the sequence). For an n-phase
motor with p rotor poles, the angle of rotation to this position will be (3 60/np)°
- A® and, by dividing this angle by the speed, the time required to reach this

next position can be estimated.

20 The predicted time to the next reference position is then counted out using a
high frequency clock (not shown) by known means and at the instant such time
has elapsed a further measurement of flux and current i, 1s made for the
corresponding phase. Due to changes in speed, and tolerances in stored data
and calculations, the predicted position 0,, will not be identical to the reference

25 position O, The angular difference B - 0, can again be calculated using

equations (1) and (2} and the procedure outlined above.

A flowchart describing this embodiment of the invention, as implemented by

the controller 44, is shown in Figure 9. At step 91 the estimate of rotor position



10 I'f only one phase is used for neasurement, the next rotor reference
~position wll be after a rotation of (360/p) - AO and, by dividing this
angl e by the speed, the tine required to reach this positi anycaibe
estimated. If all phases are used for neasurenent, the next rotor reference
position will be 15 that for phase 214or whatever is the next phase in the
sequence). For an n-phase notor with p rotor poles, the angle of rotation
to this position will be (360/np) - AO and, by dividing this angle by the

speed, the i MBalSA A0 Qeh RACH LIS pe %%tlee%'aat%lﬁ@nf%@%tmted- 20

The predi ct BdPPHE! reference position 1s then counted out using

a high freguencycl gk ckRQbieS BOWRIniRY ik annineRARS tanchuaitert tepreseatiagt such
time has eﬁﬂpsed éi““furt& rprreagurerrentﬂ@of flux kV,,, and cit:t?)rent |Q is

made for thgnoder pespending ipbase redbedtlo, s angebrétmsgeetsr 8Ad Woker ances
in stored data and cal cul ations, the predicted position
i dentical tbutherdaehed, mérotsamg ¢ Fl6R %r‘@hef & l%tﬁé[ﬂt%rrd’(??g ?tétt%‘i]rgg o d -

0,r, can aga n be calc i.ons t

ot ned abb s Cﬁzmepbwctllt tugSurrEPRg e SapueRine e PR iRt on: a
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estimate of! Sr%/E‘PB’f&ﬁoE? Vtﬂ%ﬁ %f@f F‘gmr%) :gértg chfﬂ%lﬁétseta eig&ggt%g tgst
i's perfor negultrgntdzﬁltdetﬁlg‘v%ﬁté bf T8t OfohRpthe lro@ﬁfiﬁ)e@ble and storddor Aex@ppl e by
nonitoring an 1ncremental counter representing angular position. If it has
not reachedoly, the reto€ Qisittin ietusmsortd tﬁttﬂpth@Otothemchm the  estinmte edched,

control passes to step 93 where the integrator 40 is started the hase
current at tdffelasat:aralnggf Whargthas iaogleofs &SlﬁéSS@ﬂgfﬁalllaVreelﬁfieé‘s@ﬁ?h gép

éL%EF’% ghzréc?oﬁs?s{ %%fo%?&? ahiheafiarer /01 16 B S RRTed ety tf%ﬁ%%%i@f k- up
rator reacndd i et mmt e gptal BT Bhake ARG ARSI 200 Pe e, cocsed
to have beeq,LeathethtpHlLRl 88 stored value of offset, as described above. At step 97,
the position is now estimated by use of the measured current and the newly
calculated value of total flux linkage. This position is now used as the best

15 current estimate and control now returns to the start of the routine ready for

another phase inductance cycle.

It will be appreciated by those skifled in the art that the process described
above can be implemented by monitoring the quantities associated with one
20 phase only and switching angles for this and other phases can then be
interpolated. Alternatively, a similar process can be run in parallel for each
phase, or the quantities from several phases can be interleaved in a single

process to increase the rate at which information is made available.

25 The process of predicting rotor positions on a phase by phase basis and
measuring the true rotor position at each measurement instant is repeated to
provide an increment indication of rotor position as.a direct replacement for
existing optical or electromagnetic rotor position sensors. The procedure for

the case of single-pulse operation under regenerating conditions is the same as



to records the output of the integrator 40 and the current fromthe

. transducer 38 for the phase. The total flux-linkage is calculated at step
96 using the integrator output and the stored val ue of &ffdHy 788

descri bed above. At step 97, the position is now estinmated by use of the
measured current and the newy calcullated value of total flux |inkage.
This position is now used as the best 15 current estinmate and control now
returns to the start of the routine ready for another phase inductance
cycle. It w,l| be r.eci y ' L t : ' rocess
descri bed Qﬁ%ﬁ%eggﬁeﬁg%ﬁﬁ%ﬁgﬁ§%¥%d ﬁﬁbigg?gggﬁnélFﬁgl SEX%??#%%hgggociated
with one 2 | L hgaphgtescd @todfisgi@nd ot her phases can
t hen be int P%E?@%}g%%}(ﬁeﬂﬁﬁgﬁbg%ﬁ a simlar prolfc’:uess can be run in
parallel for each phase, or the quantities from several phases can be
interleaved in a single process to increase the rate at ich information
i s made avaMaaiohe ar2BzThentsrioeeds wed gpeabening theovahiegdstitxods ceh P4 phase
by phase basis an measuring the tr rotor ,position at .ea enent
instant’ i s %ﬁ@é%}'t@gobbf Gny W%Béco‘éﬂ ‘?-ﬁ@f‘%ﬁéﬂ?dﬁﬂﬁi 8aﬁ-i%ﬁ}‘8ﬁe$§?tg$&§§ési tion
as a direct l.ace kOl I.SELNG. aptid.gal ,or AARGA I-Gli §@410r
position se%ogfesv.el"llﬂg%r%egé%lﬁﬁé e? %Jrlﬂ%t ﬂg’ \z:ag‘zéebgfm Egdilnﬁg)ltfé@p'uI sgwégéglgli on
under regengrRibie 2RIl BitSgrhfors t{@hmmﬁta@@ats lthdl pINGY \@)th 3t Gvitll fesgestcr i bed
above except that the values of a0l3w will be negative (rather than
positive) faos tibee) cpedmpoviti mgahy fircalmpefetien far thotresisipos v eltage. digar i ous
arrangenments may be used for obtaining the value of flux. It can be 5
measur ed bynaﬂy:pm@wm@m of flux transducer, e.g. a Hall-effect device.
However, it is preferable to estinmate the val ue by neans of anal ogue or
digital’ electronic resettable integrators (which integrate the phase

vol tage wt Icfhre:‘?ﬁﬁ%gfattor %&cﬁ%e@?hé%quattﬁ%.et her with neans for conpensating for
the resistive voltage drop

I

yoo = | (v=iR)dt (3)
IG
where: v is the phase voltage
1 is the phase current
£5 R is the phase resistance
t is the instant of measurement

The integrator start time t, is arranged to be a point f; at or about Lyy,, or some
other suitable point, as discussed below. The digital processor is informed of
20 this point by the electronic controller using a control interface (not shown).
The integrator is reset by the digital processor immediately before integration

begins.

In applications for which the direct source voltage V is relatively large
23 compared with the voltage drop across the semiconductor switches in the
power converter, the direct source voltage may be measured and integrated in

place of the individual phase voltages. This has the advantage that only one



in the phase winding. 10 The integrator executes the equation: t"t yf =]

(v - iR dt (3) to where: v is the phase voltage i is the phase current 15
R is the phase resistance till is the instant of neasurenentglhejimt egrator

start tinme tO is arranged to be a point O at or about L,,,or sone other
suitabl e point, as discussed below. Thg digital processor is informed of
20 this point by the electronic controller using a control interface (not
shown). The integrator is reset by the digital processor inmmediately before
i ntegration egins.,.In applicatjons for- which {h g tage V
is relati veV?rll?‘Térrbe&d kfénﬁ%ﬁb%ff@bd Win[ﬁﬁ PEHEMGE Pk O'eCFf (rjro}%g%éjro gggé % ﬁséé{ﬁg )
Sem CondUCt%e%V‘fhE?ag?of'iQoﬁﬁSn PR 19&%@‘(1%515@1(081‘Es*keigﬂ!ﬁcﬁﬁtt. source vol tage
may be neasured and integrated in pcfa e of the individual phase voltages.
This has the advantage that only one NOV 16 voltage need be neasured and
is the preferred method for high-voltage systens where the cost of

i sol ati on offhe lmxuethcagectsuagtbauicer is significant. The flux is then
nmeasured as: tm5y, =J (V- iR dtz(4) to

H1

5 y o= [ (V-iR)dt ()

To

As an alternative to using separate electronic integrators, the digital processor
may be used by multiplying the direct supply (or phase) voltage by time on a
step by step basis. While this has the disadvantage that the digital processor is
10 substantially busy and may need to be a separate unit, it removes the need for

one or more hardware integrators.

However, provided the supply voltage is substantially constant and large
compared with the resistive voltage iR, various approximations may be made.
15 For example:
Ym = (V=kigR) (ty 1) (5)
where k is a constant, typically k = 0.5, such that:

t??l
Kip(ty — 1) = J- idt
!
As a further embodiment, in the case where the supply voltage V is relatively
20 large compared with the resistive voltage iR, the need to compensate for the

resistive voltage drop may be avoided by using a modified value for the flux in

the stored data or ignoring iR altogether.

In this case, the values of phase flux linkage  for a particular current 1 and

25 particular rotor position € stored in the digital processor are replaced by values



As an alternative to using separate electronic integrators, the digital
processor may be used by multiplying the direct supply (or phase) voltage
by tine on a step by step basis. Wile this has the di sadvantage that the
digital processor is 10 substantially busy and nmay need %tb g/ dlEeparate
unit, it renmoves the need for one or jyore hardware integrators. However,
provi ded the supply voltage is substantially constant and | arge conpared
with the resistive voltage i R various approximations nmay be nade. 15 For
exanple: WW,, = (V- ki,,,R (t,,, - 1Q (5 ., where k is a_constant,
typical |y koftle wlt-sepomdtnteral uf jraquired (O createdly phasecurggnt 1 foradie 0¥y ¢ her
enbodi nent, in the case where the supply voltage Vis relatively 20 |large
conpar ed wi PRSitRE S @by ve voltage i R, the need to conpensate for the
resistive voltage drop may be avoided by using a nodified value for the
flux in the stored data or ignoring iR altogether. In this case, the

val ues of phase fl ux Iinka%e:;i]kgr a particular current i and 25
particular rotor position stofed in the digital processor are replaced by
values 2/4 NOV fa0.6 17 of the volt-second integral kV required to create
the phase current i for the rotor position O given by yf' = wdt 5 In

st e acl 0% R gaNaoh LS DutE AL BB e S I,
and i's for convenience, be held constant (provided v is relatively large) and is
preferably equal to supply voltage. The rotor position measurement procedure
is the same as already described in this application except that the measured
10 flux y, and expected flux . and partial derivative (00/80v) are replaced by
W'y, W and (96/0y’) respectively, where w'e and (00/0y") are obtained as
described from the stored data represented in Figure 5 and where the flux v/’ is

measured as
15 W = V(t, - 1) (6)

Equations (3), (4), (5) and (6) represent different methods of evaluating the
phase flux linkage for the purpose of identifying rotor position and these
represent different implementations of the technique.

20

The various embodiments described above are all based on the measurement of
flux \p,, and current i, at a predicted rotor position, the look-up of the expected
flux v, for the measured current i, corresponding to the reference rotor
position, and the calculation of the difference AQ between the reference rotor

25 position and the predicted rotor position according to the equation:

A = {ﬂ} W ) 7
dy

m



preferably equal to supply voltage. The rotor position neasurenent
_procedure is the same as already described in this application except t hat
t he neasured 10 flux yf,,, and expected fl ux yfe and part al\ﬂgﬁ%watlve
(a001f) are replaced by Wm 41', and (aOIayf ) respectlb ‘% where y' e
and (DO 8yy') are obtained as descrlq fromthe stored data represented
in Figure 5 and where the flux yfn; is neasured as 15 "'m=V (tm- to) (6)
Equations (3), (4), (5 and (6) represent different nethods of evaluating
the phase flux linkage faor the purpose of jdentjf roto ggslt on and

t EESS repr efilemmb@dlﬂéméﬁf ﬂﬁqﬂﬂ"éﬂ%@ﬂ it pHeular ytqqlé(a%{f@g (S na Svari ous
enbodi nent s bed ab b '
?lnd curr fent eﬂ“?’,‘ Yr I&’te ‘?}gﬁ?ecf’lé‘ © %‘% Esgg Py tglﬁmurﬁmlaﬁ? t)li(l})lﬁﬁgrgon%lgwgeﬂagipeci ed
ux W for
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posi tion, alculation o etween the reference

rotor 25 p@ﬁh[%'yofbii%% ﬂﬁées}ﬁl@)@d@fbﬂﬁddlrs%mrmmSIﬁimmmaazef@]mjlmgtblmgttlhe
equati on: Im-Ye) (7) aq," hr 24 VI)v 2v0 18 This
enbodi nent  efime @eogmmemdemnmtﬁ wardtin gt apniyolbevidnioagebudisrentiiigtsispdwor ks

equal ly well when the phase current is, disco n i
convent i onaICOﬂ%WR}lSeCIﬂiéﬂﬂ?ste ermeﬁlﬁ"i eécqﬁP dﬂé‘ng(?;%O&]lrdﬁﬁl‘ﬁ ég’ppl}a i ¥°'Fi gur e

8. The int e%g%tpg{% ShlPeY hii ngﬁgg&&t%m%%geem&{e i Nk 850 AR URMS oL

wavef or m e ram code can eu In the controller 42
for both di %%Qlwoh%@é&%oﬁp@ﬂhout any unwanted degradation in the performance of the

machine.

10
The choice of reference position is left to the designer of any particular system,
but for 3-phase systems is conveniently taken as one sixth of an electrical cycle
away from Ly, on the falling inductance curve for motoring and on the rising
inductance for generating. These positions coincide with Ly, for the previous

15 phase.

Since in a microprocessor-based implementation the time 1s known very
accurately, it may be convenient to average the applied voltage and use this
value in the equations given above. This may produce useful savings in the
20 control system by allowing a constant to be used rather than a quantity varying
within an integration cycle. Hence the integration process can be reduced to a
simple multiplication of the constant by the elapsed time. In this embodiment,
cognisance must be taken of the switch states to determine whether the flux-
linkage is increasing or decreasing and the appropriate sign can then be

25 assigned to the integrand.

The descriptions above have taken the initial measurement point to be at a
position near the minimum inductance value of the phase winding, since many

machines have a relatively wide region of slowly varying inductance there.



continuous current. The method described above provides a sinple, yet
~effective, way of conbining continuous current operation with sensorless
position detection, wthout any unwanted degradation in the ﬁéif!f?ﬁﬂpﬁ'ance of
the machine. 10 The choice of reference position is |left to the desi gner

of any particular system but for 3-phase systems is conveniently taken as
one sixth of an electrical cycle away froml,,,ax, on the falling
i nduct ance curve for nmotoring and on the rising inductance for generating.

These positipns coi.nci de w th . i hpee in
ni cr opr oces f@%ﬁ§ég%yh§?gﬂ§ﬁ¥é ﬂg%n%ﬁén%ﬁggﬂpgﬁ gg rmégfgﬁﬁ§§%8§??§|y, i?
may be COnvﬁﬂHﬁQR%ﬁWaQM%bﬁgﬁmghﬁrﬁ@Pbé%ﬂnﬁQbh&@ﬁeﬂmm1&%ﬁ1ﬂhiﬁﬁegﬂﬁu@ in the
equations gfven above. This may produce useful savings in the 20 control
system by allgwinga chnbétandasty adeantsed is mkheof rtlaiva inpgastivity afdhgi ng
within an integration cycle. Hence the integration process ca P reduced
to a sinpl éendngkaicplwidatrpion positicie coaplsrtAtmBLP ‘tlff?élfng a?ﬁ%%&lnﬁ’ﬂ@. Gﬂ“ﬁ‘“t hi s
enbodlnent,i_cognisance nmust be taken of the switch states to determ ne
whet her? t he lipkgse | i nkage is increasing or decreasing and the appropriate
sign can then be 25 assigned to the integrand. The descriptions above have
taken the initial neasurenent point to be at a position near the m ni num

| nductance valign@l chBedAAS DEMbRdGuiGH Rae brayed rachireastheavBua of
y wide region of slowy varying inductance there. 2 t, | ijtl 2006
1 et sk o s ol subise i b
the i nt egr aflf tr intogwmbot irasdlowed bbﬁ@iltéiié’e@,iﬁﬁfﬂ%}%ﬁﬁ?gﬁewtﬁé ge' g??éte‘?néfg%%}afgt ib\?gl "
| nsens;l(;[ s ttc))/ tﬁg 1;[621:6 rotor position 8, then two values for the {lux linkage are now
available: one given by the measured current and the look-up table 40; and one
given by the output of the integrator 40 (corrected where required for any
offset). If these values do not coincide within a predetermined tolerance, the
error may be ascribed to a variation in the actual value of R, the phase winding
15 resistance. A suitable correction can then be made by any of the many
correcting algorithms known in the art and the corrected value of R used n

subsequent integrations.

Thus a switched reluctance drive is controlled without using a physical
20 transducer for detecting rotor position.  The method works robustly regardless

of whether the current 1s continuous or discontinuous.

The skilled person will appreciate that variations of the disclosed arrangements
are possible without departing from the invention, particularly in the details of
25 the implementation of the algorithm in the controller. Also, the diagnosis on
which rotor position detection is based could be carried out in only one phase
of a polyphase machine. Accordingly, the above description of several
embodiments is made by way of example and not for the purposes of

limitation. It will be clear to the skilled person that minor modifications can be



i nductance with rotor position, enabling a nore accurate assessnent of
flux- 5 linkage. A further enbodi nent of the invention can be used to
correct the value of resistance of a phase w nding used QPNQQeﬁmﬁtegration
described by Equation 3. |If the integrator is allowed tg continue to
integrate past the reference point Onper 10 to the next rotor position O;,
then two values for the flux |inkage are now avail able: one given by the
measured current and the | ook-up table 46; and one given by the output of

the int t 40 . t ed, wh equd f ffset f .
val ues. do. nétideap it BEVRERY ATsR LRI LA e st B Drce T dgRrBRED) be
ascri bed toaﬁgxgrfgtﬁﬁﬂmk% HQ?H@HRH%BaYQkPﬁgEEdROlhﬂﬁrﬁﬁa§&1ﬁ&BQkﬂﬁg|S

resi st ance. sui e cortection can then made by any of the many
correcting ahQafickhnhckgrennt iy dnbien a¢ intamibdtibeedanitet baly vptheescobeRfused in
subsequent integrations. Thus a swtched reluctance drive is controlled

wi t hout usi tigz Bollplyisg chltms20 transducer for detecting rotor position. The
met hod wor ks robustly regardl ess of whether the current is continuous or

di sconti nuous. The skilled person will appreciate that variations of the

di scl osed arrangenents are possible wthout departing fromthe invention,
particularly in the details of 25 the inplenentation of the algorithmin
the controller. Al so, the diagnosis on which rotor position detection is
based coul d be carried out in only one phase of a pol yphase machi ne.
Accordi ngly, the above description of several enbodinents is nmade by way
of exanple and not for the purposes of I|imtation. It will be clear to the
skilled person that m nor nodifications can be 2hb 20 nmade to the drive
circuit without significant changes to the operation described above. For

i nstance, the nethod may be applied to linear as well as rotating



machi nes. The present invention is intended to be limted only by the scope
of the following claims. 2Q 21 CLAIMS: 1. A nethod of detecti r ot or
position in a reluctance machine, the machine having at 7 lpdsry éﬁ% phase
winding with an inductance which is 5 periodic with rotor position,
conprising: deriving a value for the hhux |inkage associated wth the or at
| east one phase wi nding of the machine at a first predeterm ned point;
tracking a value of a paraneter indicative of the flux |inkage; advancing
the rotor Fﬁagkﬁggpnd poi nt where positive voltage is applied 10 to the
phase w ndi rg; iving a value of the phase current and the paraneter at a
subsequent third point of the rotor; evaluating the flux |linkage at the
third point; and deriving the rotor position fromthe phase current and the
val ue of the 15 A linehhil nk@@eeclng Aotlt pedtias ial ai redettimec baichrk, ithe whi ch
the tracking includes an integration process which is started at the first
poi nt to i nheghate havingl badest raepr phawt medinpewphase wdhetages arfch nswhi ch
the value of the flux linkage is at .20 least in part based on the val ue of
&Ee Eaﬁ?net@ﬁHQﬁKWW%htﬁDFH0%69%M¥nﬁpnﬁp$ethod as clained inclaim2 in

ich the integrati.on process.is set _to, zer kSt [ t he
vaIuF of }he f|uﬁepngdbg%gﬁﬁ?ﬁﬁﬁiﬁP}éﬁ%%$%?£P§%ﬁ%£§H%i%ﬁcgggé 5$g%gion of
a value o | rd the 25 third point
and the der PUE VAR B AR S R e D . 4. A met hod
as clained in cl @aBkidgiavadi 6ha bhenwatrniadohtithef parfanelinkages

advancing the rotor to a second point where positive voltage is applied

10 to the phase winding;
deriving a value of the phase current and the parameter at a subsequent
third point of the rotor;
evaluating the flux linkage at the third point; and
deriving the rotor position from the phase current and the value of the

15 flux hnkage.

2. A method as claimed in claim 1 in which the tracking includes an
integration process which is started at the first point to integrate a voltage
representing the phase voltage and in which the value of the flux linkage 15 at

20 Jeast in part based on the value of the parameter at the third point.

3. A method as claimed in claim 2 in which the integration process 1s set to
zero at the first point and the value of the flux linkage at the third point is based
on a combination of a value of flux linkage derived from the parameter at the

25 third point and the derived value of the flux linkage at the first point.

4. A method as claimed in claim 2 in which the value of the parameter is

set to a value representing the dertved value of the flux linkage at the first point



set to a value representing the derived value of the flux |inkage at the
first point 22 and the value of the flux linkage at the third point is
derived fromthe value of the paraneter at the third poi:@j{.;ﬁ? A _nmet hod
according to any of claims 1 to 4, wherein the first 5 piéd erdfined poi nt
coincides with the inductance of the phase w nding being at or near a
mnimmor a maximum 6. A nethod as clained in any preceding claimin
which the rotor position is derived fromstored paraneters having

co-ordi nates of phase rrent and flux 10.1inkage. .7., A nethod.as ¢l ai ned
in any precé@fﬂﬁ3%ﬁé?ﬁ%ﬁﬁ3§H¥éWEF%?%ﬁ§%6%?@P8H5Pg%eH¥?4anlﬁFBW#E%P es
associ ated w th eac 5.6 - ol yphase machine. 15 8. A nethod as
claimed in Wfaé?mg{%glgﬂ@%ﬁhﬁépglﬁh which rotor position is derived from
val ues associated with one phase of a pol yphase machine. 9. A nethod as
claimed in any of clains 1 to 5 further conprising conparing the value of
t he paranetér whan mdéthod od@ordiext ta emghes$ ¢laend iy v goiwbere0 the t Arst he

val ue of the paraneter when previously at the first point and. form ng an
error fsact opradeteageyesttiesick coincidss v rinduetanapol henliase avigeing BIHEd i n
claim9 wherein the error factor is used to adjust a value for the

resi stance 8fO%PE! SRR hP2EBW ™ o determine flux |inkage. 25 11. A
met hod as claimed in any of clains 2 to 5, 9 or 10 in which the
integration process is arranged to integrate the supply voltage as the

phase voltgge. NQYethodWsZdainded inffyobreteding cldi@nndehiehtios rdtor pasitiehuct ance
machi ne having at |east one _
is derived from stored parameters having co-ordinates of phase current and flux

10 linkage.

7. A method as claimed in any preceding claim in which rotor position 1s

derived from values associated with each phase of a polyphase machine.

15 8. A method as claimed in any of claims 1 to 6 in which rotor position is

derived from values associated with one phase of a polyphase machine.

9. A method as claimed in any of claims 1 to 5 further comprising
comparing the value of the parameter when the rotor next reaches the first point
20 with the value of the parameter when previously at the first point and forming

an error factor in dependence on the comparison.

10. A method as claimed in claim 9 wherein the error factor is used to adjust

a value for the resistance of the phase winding used to determine flux linkage.
25

11. A method as claimed in any of claims 2 to 5, 9 or 10 in which the

integration process is arranged to integrate the supply voltage as the phase

voltage.



phase w nding, conprising a device programmed to: derive a value for the
flux linkage associated with the or at |east one phase of the machine at a
first point; 5 track a value of a paraneter indicative of theyfiux |inkage;
advance the rotor to a second point where positive voltagé ?s éﬁpfied to
the phase; derive a value of the phasegscurrent and the paraneter at a
subsequent third point of the rotor; 10 evaluate flux linkage at the third
poi nt; and derive the rotor position fromthe phase current and the val ue

of the flux |inkage at the third int. 13. A detector as_clai ' [
T2 | whi oh 12he  detaten PPEUE GBI b it SRR ot Ay e ont " ¢
integration of a voltage representi. voltage at the first

poi nt, the \PEF‘%W i, op}paﬁu}g %@%‘3298%%?8% %Ietgast ig part based on the
val ue of the parapgter, ;i e W NdxRRikake abéociAcdalbigetior orst dtat wrd in
claim 13 in which the integrator is set to zero at 20 the first point, and
the device ippagy Gbmhammthidontbadst pbiat;val ue for the flux Iinkage on a

combi nati on of the value of flux |inkage derived fromfthe parameter at the
third point and ttkue:kdevalvedfv@mﬂen@iﬁrml%écﬂill\%)@f Flienﬂ%g;ﬂé%get; he first point.
25 15. A detector as c”sined in claiml13.in mhich.%he val ue. of t q
paraneter is sefdyyics Harpler 1R Brigee Pﬂ@ft%f%BPWéfﬁ V\?QF %1So%p13tl%e P ux

| i nkage at ttﬂe %isre_st point and the value of the flux |inkage is derived
fromthe val'tePdt**the integration at the third point. 2 24 16. A detector

as clained in anyepbe Gl 8108 o¥3nt Phhfe chrrshi &hd tihepglaiets dtsa subsequent

third point of the rotor;
10 evaluate flux linkage at the third point; and

derive the totor position from the phase current and the value of the flux

linkage at the third point.

13. A detector as claimed in claim 12 in which the device is programmed to
15 track by starting an integration of a voltage representing the phase voltage at
the first point, the value of the flux linkage being at Jeast in part based on the

value of the parameter at the third point.

14. A detector as claimed in claim 13 in which the integrator is set to zero at
20 the first point, and the device is programmed to base the value for the flux
linkage on a com‘oinatioﬁ of the value of flux linkage derived from the
parameter at the third point and the derived value of the flux linkage at the first

point.

25 15. A detector as claimed in claim 13 in which the value of the parameter is
set to a value representing the derived value of the flux linkage at the first point
and the value of the flux linkage is derived from the value of the integration at

the third point.



programmed to establish the first predeterm ned point to coincide with

m ni mum or maxi mum i nduct ance of the phase winding in the inductancecycle.
5 17. A detector as clainmed in any of clains 13 to 16 including a store of
par anmet ers havi ng co-ordi nates of phase current and quximﬁmkag ﬁthe
device being programmed to derive robar position fromthe storeg
paraneters. 18. A detector as clained™n claim17 in which the stored
parameters are 10 associated with one or nore phases of a pol yphase

machi ne. 19. A detector as clainmed in any of clains 12 to 18 in which the
device is pbogrAndesecton ag shpaed in h@ymftcd@imoﬂ thd SiiAtegchibe d\‘méﬁ 1§ he
rotor next reaches the fir e out put og f he lnt % r when

previ ousl y BFOSHuMES F‘?r‘%gtalét‘?@i F%rﬁf\gﬁcpffi@&?ﬂ??lﬁ r PP gtroar?ﬁg{iﬂr man
error factor, V\jﬂﬂuﬂ%%”}?{%ﬁﬁﬁm Hfﬂlﬁﬁgcg%%ﬁ@@m@@n%% det 1‘?13 Qt%n?esclyﬁfteﬁ:a”ecj In

claim19 in Icei1s

resi stance of the phase w nding used to determ ne fl ux 20 Il i nkage. 21. A
detector as clained in any of clains 13 to 20 in which the integrator is
arranged tol7nt edr dttectohessuppted unhhpgd dsintshél phaseinddidinger store of

parameters having co-ordinates of phase current and flux linkage, the device

being programmed to derive rotor position from the stored parameters.

18. A detector as claimed in claim 17 in which the stored parameters are

10 assoctated with one or more phases of a polyphase machine.

19. A detector as claimed in any of claims 12 to 18 m which the device is
programmed to compare the output of the integrator when the rotor next
reaches the first point with the output of the integrator when previously at the
15 first position and is further programmed to form an error factor in dependence

on the comparison.

20. A detector as claimed in claim 19 in which the device i1s programmed to
adjust a value for the resistance of the phase winding used to determine flux

20 linkage.

21. A detector as claimed in any of claims 13 to 20 in which the integrator s

arranged to integrate the supply voltage as the phase voltage.



