1 ROTOR POSITION DETECTION OF A SWITCHED RELUCTANCE DRIVE This invention relates to
sensorless rotor position monitoring in reluctance 5 machines, particularly in switched reluctance
machines. The control and operation of switched reluctance machines generally are described in the
paper "The Characteristics, Design and Applications of Switched Reluctance Motors and Drives" by J.
M. Stephenson and R. J. Blake 10 delivered at the PCIM'93 Conference and Exhibition held in
Nurnberg, Germany, 21-24 June 1993, which is incorporated herein by reference. In that paper the
"chopping" and "single-pulse" modes of energisation of switched reluctance machines are described

for operation of the F@diHe BORDIW KAl Adhl Epdd&¥Nredpéctniibl G BRI} RiEEIHrid N dfive is shown

schematically in Figure 1. This includes a DC pow y 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 20 of the electronic control unit
14. One of the many known converter topologies_ is shown in Fi%ure 2, in which the phase winding 16

of the machine i5NEbAREEHPTH SIALS WRh GRS LIREENINCHDREEDY SINEOTHRE0ER HrlUSiAReSs 26
and 27. Busbarg,2613Rd:2 6 a6 GRllestivaly feserberasile neHinks of the converter. Energy

recovery diodes 23 and 24 are connected to the winding to 25 allow the winding current to flow back to
the DC link when the switches 21 and 22 are opened. A capacitor 25, known as the "DC link
CapaCIOr, I8 e S oS S peation O eI P S e AR S MR e
described in the paper "The Characteristics, Design and Applications of
Switched Reluctance Motors and Drives" by J. M. Stephenson and R. J. Blake
10 delivered at the PCIM’93 Conference and Exhibition held in Nurnberg,
Germany, 21-24 June 1993, which is incorporated herein by reference. In that
paper the "chopping" and "single-pulse" modes of energisation of switched
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
20 of the electronic control unit 14. One of the many known converter topologies
is shown in Figure 2, in which the phase winding 16 of the machine is
connected in series with two switching devices 21 and 22 across the busbars 26
and 27. Busbars 26 and 27 are collectively described as the “DC link” of the
converter. Energy recovery diodes 23 and 24 are connected to the winding to
25 allow the winding current to flow back to the DC link when the switches 21
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



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 2 comprise several capacitors connected in series
and/or parallel and, where parallel connection is used, some of the elements may be distributed
throughout the converter. A resistor 28 is connected in series with the lower switch 22 to provide a
current feedback signal. A multiphase system typicalf/ uses several 5 "phase legs" of Figure 2
connected in parallel to energise the phases of the electrical machine. The performance of a switched
reluctance machine depends, in part, on the accurate timing of phase energisation with respect to
rotor position. DeQBMdPE1 ScaEratocdrAsitionsisconngstrfbriallyeiittiesnd by neradel tendsdudwras,

shown SChema@%%ﬁX% ol b HolRa asé?ﬁ%tﬁigtﬁ%oetpeerge%%krrr%g ”é?ﬂﬁ?ﬂﬁﬁ%ﬁﬁ}’or{i“ﬁ gl
which co-operates with an optical, magneﬁc or other sensor moun on the stator. A sighal, e.g. a

pulse train, indichtive>at eoter. positivistoelaBvs teotheestatoins geaeraitd thy loeveersdtandsupplied to
control circuitry, 15 allowing accurate ahase energisation. This system is simple and works well in

many applicatioR& Vidtvavar T KithoERhn <R IIRBASSSHS (1D SVRICH X AEsS8¥SEMbly,
adds extra electjgal copeetignsig the Magine-and iz, phaleipie, aRotsatiahsopraseRf ypigiability.

20 Various methods for dispensing with the rotor position transducer have been proposed. Several of
these are reviewdetinc¢gengohass Methods for Determining the Rotor Position of Switched
Reluctance Motors" by W F Ray and | H Al-Bahadly, published in the Proceedings of The European
Power Electronics Conference, Brighton, UK, 13-16 Sep 1993, Vol. 6, pp 7-13, 25 incorporated

herein by referemgg. performance of a switched reluctance machine depends, in part, on the
accurate timing of phase energisation with respect to rotor position. Detection

10 of rotor position is conventionally achieved by using a transducer 15, shown
schematically in Figure 1, such as a rotating toothed disk mounted on the

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,

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

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.

20 Various methods for dispensing with the rotor position transducer have been
proposed.  Several of these are reviewed in "Sensorless Methods for
Determining the Rotor Position of Switched Reluctance Motors" by W F 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,

25 incorporated herein by reference.

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



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 3 knowledge of the variation in inductance of the machine as a
function of angle and current. This characteristic can be stored as a flux-linkage/angle/current table
and is depicted graphically in Figure 3. The storage ¢f this data is a disadvantage as it involves the
use of a large memory array and/or additional 5 system overheads for interpolation of data between
stored points. Some methods make use of this data at low speeds where "chopping” current control is

the dominant cdfitVkdgegy tbe varitpthendadeleigagasrythe nodppinescb it tion oftraele

graphically in Figure 4%8{. in which the current 10 and jinductance waveforms,are shown over a phase
matctance peritl Ko o T ST E 0, SO R A SRR RS I et

methods usualblvplay diadepitiedwegshicalbnterfiarodiucive phesgs Afmeibathtavited to
low-speed operation is that proposed by N. M. Mvungi and J. M. Stephenson in "Accurate Sensorless

Rotor Position [SBt2EN8RMEE RS IR INAGES 159 UsRsPea i1High RAIBMYs Bk Rt paddi BoRadr
Electronigs Confeteniae,vEHRME Alahhtd SalfOh bRR BRI INGBrRAStss f1erein 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 20 inductance waveforms are shown over a phase

inductance periQd. These, methods monitor.the operating voltages and currents of.an,active phase
without nterter VST SUIEI BHBGOR. X DEtoar ighae SpoPhe b Bere CHLUMICH s lhational
Patent Applicatiesn®¥§ 93/024 UorisarotdieddIcsainsyy répereneging the developed torque.
Chopping control is illustrated graphically in Figure 4(a) in which the current
10 and inductance waveforms are shown over a phase inductance period. (Note
that the variation of inductance is depicted in idealised form.) These methods
usually employ diagnostic pulses in non-torque-productive phases. A method
suited to low-speed operation is that proposed by N. M. Mvungi and J. M.
Stephenson in "Accurate Sensorless Rotor Position Detection in an S R Motor",
15 published in Proceedings of the European Power Electronics Conference,

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
20 inductance waveforms are shown over a phase inductance period. These
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



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 4 method is described in European Patent Application EP-A-0573198 (Ray), incorporated herein
by reference. This method aims to sense the phase flux- linkage and current at a predefined angle by
adjusting the diagnostic point in accordance with the calculated deviation away from the desired point.
Flux 5 linkage is estimated by integrating (with respect to time) the measurement of the voltage

applied to the phagibotwis slesaibrchdibniartabres aPasiretinn isatiprefERfet-OMbodihdRavhe of

flux-linkage versus currer%t (:itt a re-fergnce rator angle and n%ther of the differﬁlntia of flyx-linkage
: INcarporgic herein by teference. . Phis method aims' to Sefise the se flux- .
with respect to rotor angle” versus current. By monitoring phase voltage and current, the deviation

away 10 from alptigdigteshtetareoae angleedoe ecdsseghedywithisengidief thedaokteppsabies, and
system operation can be adjusted accordingly. This method has been shown to be reliable, provided

that the flux-linkAgROEIER WAt rHmsalangied fierdat ar anasy Frandive Arslis i RPmt th Tux-
position-detecting, plgarithnas; oy ik the: depgiinkagdeiintegiptet duftinge(dur thEANRG peise in the

15 system and imperfections in the integrator) it is set to zero at the end of each conduction cycle,
when the currerthhaoitdieh applerd tmththplptsaselwindimg-dimenisingel tatieryaanysfturd Thisheethod is

a "predictor/corrector” methad, in_that it initiglly predicts when the rotor will be at.a reference position,
easures. paralELETECar RO RAIBNTIE e EheUS RS TEIEhs U AN AR USR5 Ehched.
and uses the regliscafribesRtnensyreR nfciedaieolfenigl-ithige with respect to rotor angle
versus current. By monitoring phase voltage and current, the deviation away
10 from a predicted reference angle can be assessed, with the aid of the look-up
tables, and system operation can be adjusted accordingly. This method has
been shown to be reliable, provided that the flux-linkage can be determined
with sufficient accuracy whenever required by the position-detecting algorithm.
To avoid the flux-linkage integrator drifting (due to unwanted noise in the
15 system and imperfections in the integrator) it is set to zero at the end of each
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
20 reached, and uses the results of these measurements to detect error in the
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
25 current mode, as disclosed in US 5469039 (Ray) and incorporated herein by
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



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 25 current
mode, as disclosed in US 5469039 (Ray) and incorporated herein by 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 windihgs therefore operate with current continuously
flowing through them and are always linked by flux. This is an important 5 mode for systems which

have to produce high levels of overload output at some points of their operating cycle. Although the
efficiency of theragide filis sirstensmvbishit Ranseviospeeiieegidnshol Beckc it v lpach oV étherwise

require a larger machine. However. in this.mode there,is.no oppertunity in the S{EFa .cycleto reset
the integrators 40t S SR S5 S A AR SRR AR LRI s
therefore imposaibthito mpyly, thealeihoshdistloseohin foPbA-ASHI3188. Wik pisotiddindleselséon to

this problem have included schemes which allow 10 the drive to operate in continuous current mode

except when th&%BHFfoR pERsmMAshEcH ddeuisardidhis dnoste therpasiePRRAkMRH iR Re
continuous  curigntinode is eXiteGethen RO fsticnateghARAAS ISR BRCkRfonEQNERYOUS

current. Specifically, this can be done by running the machine in a mode which is predominantly
continuous currenttisat.dvimes back inpitt dissomineiys dinetieat fredetgosmble itnepply theallow

pogitional information to be gai ed. P_e L J depends on thg speed being yirtually constant,
which may be aﬁﬁﬁgﬁ’@%ﬁ% ﬁ%%lgt%g&?%jp)gggg'(at which continuous current is usually employed).
Nevertheless, a loss of torque is
Attempts to find a solution to this problem have included schemes which allow
10 the drive to operate in continuous current mode except when the control system
judges it essential to re-estimate the position, at which time the continuous
current mode is exited, the position estimated, and the drive put back into
continuous current. Specifically, this can be done by running the machine in a
mode which is predominantly continuous current but drops back into
15 discontinuous current at predetermined intervals to allow positional
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 is
20 to operate each phase in continuous current for a given number of cycles, say
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 interleaving this “short” cycle
with the other phases operating in continuous current, the deleterious effect of
25 the loss of torque is mitigated. However, none of these methods is satisfactory,
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.



associated with dropping out of continuous current. An alternative method is 20 to operate each phase
in continuous current for a given number of cycles, say 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 interleaving this "short" cycle with the
other phases operating in continuous current, the defeterious effect of 25 the loss of torque is
mitigated. However, none of these methods is satisfactory, since the loss of torque can render the
machine performance unstable and several cycles are required before stability is reached again
because the curtdstemaist Bedshifoupostsaipesiomiihnd edntinapwosiitpentdaioeiion tHaéreas a need

for a sensorless methodtﬁ)f rotor-lrlaosition det ctiorathat can work in the continuous current mode. One
ork 1n the contfiuous current mode.

i . .
aspect of the present invention is defined in the accompanying 5 independent method and apparatus
claims. Some preferred features are recited in the dependent claims. Embodiments provide robust
rotor position detection by derivin?léa? value for the flux linkage at a point in the inductance cycle which

relatively insenditite RS AndtfiatiroPishantheVisiiy aSpatshsdr iltidhtveos APRRKRSe (such
as phase yoltagg)q aRplyitg HeasHvePiBger HeS\IRGAs VAP LK flaQs naka sHPsEIuENt point

and using a corresponding value for phase current and the flux linkage to derive rotor position
information. 15 Actiwdiepetulonecdmbediment there is provided herein a method of detecting rotor
position in a reluctance machine, comprising starting an integration of a parameter representing 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 Embodiments provide robust rotor position detection by deriving a value for
the flux linkage at a point in the inductance cycle which relatively insensitive

10 to angular error and then tracking a parameter indicative of flux linkage (such

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 representing 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 is derived

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 is

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



value representing the value of the flux linkage at the point. A value is derived 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 is derived from
the current at thdespi frivaaantisdesaghbleomdiusurmkaigend: stared seibhasomend s @aged@from the

current and stored val%les (%f induc%ance for ordinates of current. The method is useful in both
ordinates of curterit.

discontinuous and contindous currént modes of 5 operation of a switched reluctance machine. The
value of phase current at the first point can be used to derive the value of flux-linkage. When the
current is discontinuous the zero current value gives rise to a zero value of flux-linkage. When the

current is continliBEdRAE0d 142 Bl dncRoth sESGeBH Y MsitRAHROTHERIOBS Htenhkagdes of
Preferably, the fipelinkaoe o4 theipaid dhistleeint sHgciyed byrntegriing g PO a5e-Rltaggyfrom the

first point. The rotor pqsition may be derived .from stored parameters having coordinates of phase
current and fluxflirsitarpent andeondiad to dervysatheulaluenabdtindmtkpgior & hamtba avfftosatmisasuring
integrator is setéo zero.and is t%Ut into phase volt%)e integratio mode. Theln the .
isconfinuous the zero ‘current value gives rise to a zero value of flux-linkage.
When the current is continuous the value of current can be used to derive the
non-zero flux-linkage.
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 derived from

stored parameters having coordinates of phase current 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 is used
to index a table of inductance. The value of inductance provided by the table is
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. At a
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 turn 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



current is measured at turn-on of a phase winding and this current value is used to index a table of
inductance. The value of inductance provided by the table is 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. At a predetermined subsequent point, the value of flux-linkage provided by the integrator is
added to the calculated offset value and the resultingtotal is used to determine rotor position. 25 The
flux-measuring integrator is preferably initialised prior to turn 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 angfecsiglseistdre. IRBibINetherIFcpoRGoRl WRE iniidising vieéormsgieant sHughd
therefore not Ieallg&é)da significzimt error in the derived flux linkage. The 8 technique is also robust in the
ki

. € OSI1lI0N. . . L .
presence of noise on Ke“Wavetors from which it deduces position. Also according to the present

invention there is provided a method in which 5 rotor position is derived from values associated with
each phase of a polyphase_ machine. The present invention provides a robust and cost-effective

method of monftorMgFeRSA Bt MG iIESEHsHRY SHARBr thesish REQNRL & WRlkOGelRg™ I Eble to
operate iR the single-BHi3E AL QMR PHITDNOURRRMINIRHR SHEME-LPR PRRBLANCAOIASHALE into

practice in a number of ways, some of which will now be described by way of example and with
reference to themaadompanying drawings in which: 15 Figure 1 shows a typical prior art switched
reluctance drive;

The present invention provides a robust and cost-effective method of

monitoring rotor position without using a rotor position transducer while being

10 able to operate in the single-pulse mode, with or without continuous current.

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 in 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 current curves, with rotor
position as a parameter;

20 Figure 4(a) shows a typical motoring current 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 1s embodied;
Figure 6 shows a continuous 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.



Figure 2 shows a known topology of one phase of the converter of Figure 1; Figure 3 shows typical
flux-linkage and phase current curves, with rotor position as a parameter; 20 Figure 4(a) shows a
typical motoring current 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 8hows a continuous 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. 9 The phase inductance cycle of a

swiched reluclafice AN FUIRRIOALL AR AINEANSA LAY, Freadh phage. for

example between ntaxima w en the stator poles anE]c e relevant respective ro%or poﬁ’es are
aligned. The illugteativeietiviodimend te thadesoribgd uses eahphplsesswifohesk aelpkiabesvdeve in the
motoring mode, but any phase number from one upwards could be used, with the drive in either

motoring or genBrRHRANRED BgRELRElS 30 dhsnislsvimb sty thlohdtals imrEl the
inventionjs 10 diedriigyresf AHRtTatesHaRticalR CRIERURHS SHEreNs waysfamdardhe

system of Figure 5 In this system, a power converter 13 is typically the same as that shown in Figure
1, and like refereglostanecedis/have eennusedinghenedgphapriaty. Phesonuwrtber Jroontrots the

switched reluctance m chin(f as befé)re..qlhﬁlc%werter 13 is itse{f controlled %\{ a.contro(lier 42 which,
in this upwards could be used, with the drive 1 either motoring or generating mode.

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 is 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



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 tht 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 invhageris frst teshieranteol gt fAneyPensprsolied-2p tablasid@estoiingrihesatroller

and converter can,be,used as.long as it js suitabl rogra able. Phase current js sepsed by current
Hanscears 55 AMUESEE A% 106 S B oH AR QIR AR, ISR IR 2 SRty o e

of current in eadud@mhasesdir éeddo thelcphtralles 4Ro@nemicroore setdetiprialfigshdsestosing phase
inductance for rotor angles is also connected with the controller 42. While a current transducer for

each phase is sREWHOBOda e A5G PHASRS @SSR BREMbMNitdied RYPHIE cOfeR i S rding to
the invention. Altgrpatingen RmRedinentsiseAsuiteptifansdoeetindha PE iRkwnd sekppyigdge of

the switch states in the power converter to deduce the individual phase currents. An integrator 40
depicted in the swritadilstati® inibepovdedoavadastvetadnes ihicfimdiyydned grizaivegctimepitaise voltage V
across the winding provided by a 10 voltage transducer 43 associated with each phase. While the
integrator is shown as a discrete device 40, it is preferably implemented in the software running the

processor 44. FamgieRiehascumeypicadiagad iRl aciosstiged to derive measurements
of flux by integrating the phase voltage V across the winding provided by a

10 voltage transducer 43 associated with each phase. While the integrator is

shown as a discrete device 40, it is preferably implemented in the software

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 it the
idealised inductance profile of Figure 4. Figure 7 shows the flux associated
with the phase winding, where ), shows the actual value and (; the value
recorded by the integrator. The standing flux, Y, 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 in the winding

and the impedance of the supply.



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 shdws the typical form of the current waveform and
also has superimposed on it the idealised inductance profile of Figure 4. Figure 7 shows the flux
associated with the phase winding, where yfa, shows the actual value and yf; the value recorded by
the integrator. TAé stardingiuxyis indhictaooerbspahdotantieRs stahdipgiadPerthindeigand B, is also

marked on Figure 7. For the sake of clarity, the flux wavefarms are shown as being, linear, whereas in
oractice they wTTRIFHAARSS R B AR AH K SUCRBE B LR AR e GG e
impedance of the sHriyatél AifreNBRy i Nsugiansigfeninhieninstancaipéias RacwA;, the
current is measured and recorded and the flux-measuring integrator 40 is initiated and set to

integrate. Sincea isdsierascdiothrel pplastd atablsf Undfe i8 Xreadgdewh aner! silvsiise
look-up table(s) 46, 5 'ﬁ‘(ﬁ%’%ﬁ@%ﬁé’%ﬂﬂ&t“&%%’ewt%t g Qs%%%]%}?éé'.”’fﬂiﬁﬁﬁle atgf‘atié"‘g%?etc? he

. . uec S
estimated. This value, d%as & correction Tactor. s valte We répresents an offSet factor

between the trugofligxtibkage tsrluerangd %BQJEUEBJi%ﬁﬂ%éiﬁ@%t@‘é)t%éma@i@ﬂr%ﬁﬁ%@f-tﬂ@tﬁuﬁﬁat this
calculation can be done immediately or as a background task in the processor. The flux-measuring

integrator 40 is Staxidtnfstige toadu ardothe fbuphliskage wrvenhewsarsulaticheofitaginikagdNsda be
2dvamage°“s'ytﬁ§%i%ei9 GGG S2h8ROBHGNARIS e 0digianss LAk EIRNg g apidly-
processor. The flux-measuring integrator 40 is started prior to turn on of a
10 phase, so that the calculation of flux linkage can be advantageously initiated
when the rotor is at a position where the inductance is not changing rapidly. A
small error in position when calculating flux linkage (i.e. 6; +/- 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 B, the integrator continues to
integrate, now with positive-going slope, corresponding to the positive flux
across the phase winding. At Oy, the applied voltage goes negative and the
25 flux-linkage, both actual and estimated, begins to fall. This continues until a
predetermined reference position 6., 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



small error in position when calculating flux linkage (i.e. O +/- a small percentage) will therefore not
lead to a significant error in the estimated flux linkage. 15 As the rotor moves from the Lmin 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 Son is reh&hed, where the flux- 20 linkage changes
direction because positive voltage is now applied. As the rotor moves towards the switch-off point Doff,
the integrator continues to integrate, now with positive-going slope, corresponding to the positive flux
across the phas’@l‘/viﬂtﬁngifAlteleﬁf,Hﬁéifé@@Iiéﬂ({jdhﬁg@%dfgpﬁﬁgmiv@@hcﬁﬁﬁés%dﬂu%liﬁkﬁbé’,@ooth
actual and estim%telgﬁrPeef{pls Htlgr%al(}ﬁ].e'tl'kﬂsoc?&}\i[nues until a predetermined reference position O ref, has
been estimated Torhave been reac eg, at which point the current and integrator output are recorded.
The actual flux can now be estimated by adding We as an offset to the integrator output. This value,
and that of the measured current, can be compared with the stored values 12 for the reference

position and theltrf& i d¥idRRFRAASd st dthess A cliEiesrnh dnshadsr hdaprsasitingiiide
appreciated thatthere gredifferantmetheda of inRiepeningahend AROMERIREE S doad! xffect. For

example, the flux-linkage at O could be calculated immediately the value of current is available and
that value prelozdedated theintshasety. hehisadase othecoutgnit o they intelglatandilithiatiovalihe actual

curve yfa, and et il be 10 NRECHIRBH T O ShIPUR 2t e SEIBIR"SP BRLIELIR S men
follow the actual curve Y, and there will be no need to add an offset value at
the reference point 0. This embodiment only requires the integrator to
10 operate in one quadrant, as opposed to the two-quadrant operation 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 in 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 AB between the predicted rotor position 0, and the

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

20
tog U
A= G—OAY (1)
PYnD
In order to determine the angular difference between the predicted position (at
which the measurement of flux and current 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 08/0y (or its

inverse 0Y/00) for a set of values of phase current i.



10 operate in one quadrant, as opposed to the two-quadrant operation 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 in an inductance period. Typical devices that can be used to track the flux linkage 15 directly
are flux nulling sensors and Hall-effect sensors. OthéPvariants will be apparent to those skilled in the
art. The angular difference AO between the predicted rotor position em and the reference rotor
position ref can be calculated by the processor 44 as 20 (1) In order to determine the angular
difference betwé&éncthéheredfetedqsosition p@sivixbﬂbﬁrghésmr@@smerﬁmwtmﬁfmcanpcxsmmtaar‘élmade)

and the reference 25 position, it is therefore also f this embodiment to store in the
processor for thBIREASTH FT@S&%‘%HBR%?J@?%% ﬁ &gﬁgf §§aﬂ§f (or its inverse ayf/a9) for a set

of values of phase current i. 13 Since the reference rotor position 9ref is known, the true rotor position
at the predicted instant in time may be calculated from AO as Om = ere f + AO (2) 5 The expected
time to the next rotor position can th8p bbgstirdled using the known value ¢2jmotor speed. Under
accelerating or decelerating conditions a correction may need to be made to the estimate. 10 If only
one phas% is used for measurement, the next rotor reference position will be after a rotation of (360/p)

- AO and, by divigipg:ihisaaglahy fedeesskt rotor position can then be estimated using the
known value of motor speed. Under accelerating or decelerating conditions a

correction may need 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 (360/np)°
- AB 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, is made for the
corresponding phase. Due to changes in speed, and tolerances in stored data
and calculations, the predicted position 6,, will not be identical to the reference

25 position O.;. The angular difference O, - 6,, 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



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
(360/np) - AO 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 Féference 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 yfm and current im is made for the corresponding phase. Due to changes in
speed, and toletarivesitpetdrendiatastgpdoar uRsionspentopresicte diptesimareoth il Febdisentical to

the reference 25 églo Iél&) 9re O}'heex%g% éahdif;gr%rﬁ%erigrefa- ‘meana %'incb% rclztalcurlgt?d éjs'ln
equations (1) an and tf{e procedure outline aboves Aflowehar descr mg?ﬁis Embodiment of the

invention, as impigiukntpddiyothe dontieltenddrdasiwann, jn, Figute D rétstis @ btte Hktirfabeof rotor
position 14 is monitored and at step 92 a test is performed to determine if the rotor has reached

Lmin, for examplentyEs3t8RAg SN Rl eRrshtl Colrmel rapiese hih s HAdiistariesh ARS not
reached Lmin, ﬁ%ﬂge'éﬁ%ﬁﬁptﬁf@%ﬁ-Wnﬁeﬁmm%ﬁﬁe@?&m@ﬁ%mﬁ% éﬂgépv&@a\g@ere the

integrator 40 is started, the 5 phase current at the start of integration of the signal representing phase

voltage is recondeccandetheandlubcof thecflok-thnk dhye difdet ge\Vo fifs ealpu | &t exh ficahatthke froumnréhe and the

value of inductance from the look-up tafle nd stored. At%t]e[f 94, the rotor paqsition is monitored until
e R

the rotor reacheS eI orasepbirdugigse s ankTERstalic.and S rdy < iFPreached,
step 95 10 recouds the ORIt PhiiadntagramfdRad (e CYrebiamiieHEanaducREd®ite of

reference angle. When this angle is assessed to have been reached, step 95
10 records the output of the integrator 40 and the current from the transducer 38
for the phase. The total flux-linkage is calculated at step 96 using the
integrator output and the 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 skilled 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



for the phase. The total flux-linkage is calculated at step 96 using the integrator output and the 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 skilled 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 phasedesatibaguahtitiesciroeptstwasrdhphadesscah ¥ dtewdd s negasivey leagrecdsanto
increase the rate at whi skﬁinf rmation is made availaple,.25 The process. of predicting rotor positions
on a phase by PR SIdETRE CAEERRRRY BRI EASH ST SF 225 Hasurement instant i
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 regeneratfj eV AGHRSRIMABIS IR 8 ek Jerstiaptie brceplpafthibivallesot ds/ayi will

be negatiye (rat itive) rres ' reference QsHioN. iQus
arrangemgtlants mﬁé%rag%?ggﬁ;ér%?btfgf{ r?ﬁgl t eﬁ\%l%(g 0 L%%)EY%%%%C%ES %rgie%%%{ég %ggﬁyd\éggé\%h form of
flux transducer, d@wevidgliHeffeptederdbée Howvseiraatdt ibqrefexable iceestmhtmthegrrl we dygitelans of
analogue or digital electronic resettable integraéors.( hich integrate the phase voltage with respect to
time 1), together VRt ARG RESH AN MBURSEIALS OV HE ARl G St 6‘?%6‘%%%\8&53@%?\%%.

to time t), together with means for compensating for the resistive voltage drop

in the phase winding.

10
The integrator executes the equation:
tm
W = I (v—iR) dt 3)
to
where: \ is the phase voltage
1 is the phase current
15 R is the phase resistance
tm is the instant of measurement
The integrator start time t, is arranged to be a point 0; at or about L,;,, 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
25 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



10 The integrator executes the equation: tM yr =f (v - IR) dt (3) to where: v is the phase voltage iis
the phase current 15 R is the phase resistance tm is the instant of measurement The integrator start
time to is arranged to be a point O at or about Lmin, 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 prd€essor immediately before integration begins. In
applications for which the direct source voltage V is relatively large 25 compared with the voltage drop
across the semiconductor switches in the power converter, the direct source voltage may be measured

and integrated iﬁ%@t@%@mw@umcbnadéwmmg@@fem@ nwshpd &mﬂaiﬂag/@m&emy@mé 16

voltage need be easyred and F Prefer d od for h| h- voltag s where the cost of
cre e CO [0) ISO at1i011 0 e tra ucer 1S 3/
isolation of the VO age rans ucer IS significant. ftix IS then measurad as b tm yr=f(V-iR) dt

(4) to
The flux is then measured as:

tm
5 Y = I (V-iR) dt 4)

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:
= (V—=kinR) (t,—t,) (5)
where k is a constant, typically k = 0.5, such that:

tm
Kip(tn — to) = idt
J

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 i and

25 particular rotor position 8 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 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 kdsistive voltage iR, various approximations may
be made. 15 For example: V. = (V - kimR) (tm - to) (5) where k is a constant, typically k = 0.5, such
that: tm kim(tm - tO) f idt t As a further embodiment, in the case where the supply voltage V is
relatively 20 largetbermplreccwitth theegeslstvecqultagetiR;rimadedploaso mpeeshtd dothieeotsistive
voltage drop may be. avoided by using a modified value for the flux in the stored data or ignoring iR
altogether. In thROSHL ﬁggl\ygrblgg of phase flux linkage iV for a particular current i and 25 particular
rotor position O stored in the digital processor are replaced by values 17 of the volt-second integral N *
required to create the phase current i for the rotor position O given by V = f vdt 5 In testing the
machine to establish the table of vall.pés=off<iicmnd aOl/ayi', v may, for convenience, be held constant
(provided v is relatively large) and is

5

In testing the machine to establish the table of values of ) and 06/0y)’, v may,
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 Y. and partial derivative (06/0y)) are replaced by
W'm W'e and (06/00°") respectively, where )'. and (06/0y)") are obtained as
described from the stored data represented in Figure 5 and where the flux ), is

measured as

15 l-IJm' = V(tm - to) (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 Y, and current i,, at a predicted rotor position, the look-up of the expected
flux . for the measured current i, corresponding to the reference rotor
position, and the calculation of the difference AB between the reference rotor
25 position and the predicted rotor position according to the equation:

Oop O
AO=0—"0 W, ~¢.) 7
PY.. 0 @)



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 yfm and expected flux We and partial
derivative (ae/ayf) are replaced by W'm, V, and (a0O/ayi’) respectively, where W'e and (aO/ayi') are
obtained as described from the stored data represented in Figure 5 and where the flux AV, is
measured as 15 Wm = V (tm - t0) (6) Equations (3), {8), (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 méAdusnhastiienulythe dnveniipantsipast euprelyi advrrsegepositivihahatidaksp of the

expected flux We f%)rﬁthe %uretheurrﬁnt im corre[spsoadsi&g}o the referenceﬁotor osition fa\nd the

. C \WY 11 S€ CUITCT nuous, 1.c. 1 C conyvention
calculation of thé iffetence AO between the reference rotor p05|§|’on an t‘he predic e rotor

position accordinggbetp@lsguatdo. AThis 'G (Wistrateg-graph ol 13/8ii Hisceimeb®dimaatiatdpeatovention is
particularly advantageous in that it works eq_ually well when the phase current is discontinugus, i.e. in
[

the conventional&iRYielplifissrdaeshans igliithsrdiseoptayrossiiik Frrireiermn s 1aigpgdhesimply
follows the shapg g the.disgantinKousfiv YRYeime eBARUILS THRRPIRYaRARI8sCattibe used

in the controller 42 for both discontinuous and continuous current. The method described above
provides a simpt@nyatuous current. The method described above provides a simple, yet

effective, way of combining continuous current operation with sensorless
position detection, without 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 L, on the falling inductance curve for motoring and on the rising
inductance for generating. These positions coincide with L, for the previous

15 phase.

Since in a microprocessor-based implementation the time is 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.



effective, way of combining continuous current operation with sensorless position detection, without
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 Lam, on the falling inductance curve for motoring and on the
rising inductance for generating. These positions colfcide with Lmin for the previous 15 phase. Since
in a microprocessor-based implementation the time is 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 2blewistrer.siistb gnpaIRswiref dhsonehine isesusbdfathairadiea guandietansing

within an integratio%l%y 131Hence the ﬁltegr?tior;},]pbocess can he redu[c Odl;[o a ﬁ'ﬁgple mul i%lication of
a

cl r
~ t
the constant by?ﬁ% e Bvsle fime. in thig"8mbodir enet,mé)cganclggxggl%lust be faken of theswiteh states

to determine whgtharltheaflux- inKegh isassseadingtapdascraasing finel dhe ppepittatsig dan then be
25 assigned to the integrand. The descriptions above have taken the initial measurement point to be at

a position near IHERIHIRSLINIHIIRIGINBEVHRR: SR IBB_ WIS EReet 8RR cRinEY Fave a

relatively yide region,@f slowly varying inductance there. 19 However, if the geometry of the machine
is such as to produce an inductance profile with a narrow Lmin, it may be more convenient to begin
the integration from Lmax. In both cases, advantage is taken of relative insensitivity of the inductance

with rotor positi%,ﬁ?&lbelingrgbrg&rr%grﬁcwfatt%éa Shvention. tc%fnﬂ%)e(_ used to correct the value of
resistance of a phase winding used in the integration described by Equation 3.

If the integrator is allowed to continue to integrate past the reference point 0,.¢

10 to the next rotor position 0;, then two values for the flux linkage are now
available: one given by the measured current and the look-up table 46; 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 in

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 is 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



5 linkage. A further embodiment of the invention can be used to correct the value of resistance of a
phase winding used in the integration described by Equation 3. If the integrator is allowed to continue
to integrate past the reference point ref 10 to the next rotor position O j, then two values for the flux
linkage are now available: one given by the measured current and the look-up table 46; and one
given by the output of the integrator 40 (corrected wR8re 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 correctin@la@)mﬁhfsd%db@\/ﬁitﬁliﬁé‘éthahﬂsﬂlg@i@mtt@wvgﬁﬁet@ﬁh@mﬂﬁomimdt
integrations. This & switehed (elictange diive s contolied yinortusinga Rsjen! 20 agsducer for
detecting rotor position. The Method’ WOrks o ustfyl/lrggardarggs of Whether the current Is contiuous or
discontinuous. Thechkiitad ddrsproavdhapprestada ibdhwatiritbnsief thaididctodedbariangenpenss are
possible without departing from the invention, particularly in the details of 25 the implementation of the
algorithm in the BSHPLRY NG 2AS diagnosis on which rotor position detection is based could be
carried oyt 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 20 made to the drive circuit without significant changes
to the operation described above. For instance, the method may be applied to linear as well as
rotating machines. The present invention is intended to be limited only by the scope of



the following claims. s 21 CLAIMS: 1. A method of detecting rotor position in a reluctance machine, the
machine having at least one phase winding with an inductance which is 5 periodic with rotor position,
comprising: deriving a value for the flux linkage associated with the or at least one phase winding of
the machine at a first predetermined point; tracking a value of a parameter indicative of the flux
linkage; advancing the rotor to a second point wherepositive 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 GAlddMihe 15 flux linkage. 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 is at 20 least in part based on the value of
the parameter at the thitd ppethb 8. #f ndetbodms etatmepbisitidaini? i vdlighdhecintegrhiiny) precess is
setto zero at the first point and the value of the flux linkage at the third point is based on a

combination of 2PSRIEG RN NEKAGd RSt VRRETBRT the BHISME Y R 178 IBIMFHENHSNTANEHS derived
value of the fluxdg}mg Wi%ﬁ%é“&tﬁgémoﬁ; Mﬁl}%gﬂs claimed in claim 2 in which the value of the

parameter is
deriving a value for the flux linkage associated with the or at least one

phase winding of the machine at a first predetermined point;

tracking a value of a parameter indicative of the flux linkage;

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 linkage.

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 is at

20 least 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 is 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 derived value of the flux linkage at the first point



set to a value representing the derived value of the flux linkage at the first point 22 and the value of the
flux linkage at the third point is derived from the value of the parameter at the third point. 5. A method
according to any of claims 1 to 4, wherein the first 5 predetermined point coincides with the
inductance of the phase winding being at or near a minimum or a maximum. 6. A method as claimed
in any preceding claim in which the rotor position is#rived 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 is derived from values associated with each phase of a polyphase machine. 15 8.

A method as cldftbthin elypopEimEluxdiskagrrittheotbitdozitioh is dgeneddframthalvebiasyociated

with one phase ﬁfeapg% fase aclﬂ%?% 901,%tmethod as claimed in any of claims 1 to 5 further
comprising comparing the valtie Of the pgraméter 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 factqr is used to

adjust a value for the resi@ighad ofgrorhage Rindig Akealfbtdrniheiuriskate. B8 1418 method
as claimed in any Of Glaims 2D Fin? O6iHLileWidh e {RIRYRNRR BIogRSPE RN dpinggrate the

supply voltage as the phase voltage. 23 12. A rotor position detector for a reluctance machine having
at least one  at or near a minimum or a maximum.

6. A method as claimed in any preceding claim in which the rotor position
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 is

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.

0. 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 winding, comprising a device programmed to: derive a value for the flux linkage associated with
the or at least one phase of the machine at a first point; 5 track a value of a parameter indicative of
the flux linkage; advance the rotor to a second point where positive voltage is applied to the phase;
derive a value of the phase current and the parameter at a subsequent third point of the rotor; 10
evaluate flux linkage at the third point; and derive théJotor 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 vaike of fhadigx psIadeNbeRigesRTekst i ishcsassdrarctiaeadengr dhidgsatapiéter at the

third point. 14. A etector(%s claimed in.claim,13.in which the in eigrator is set to zero at 20 the first
. 4Sc.winding, COIN r%su%%ad V1CC rogra m . . .
point, and the dbvice i programmed to base the vaiuefor the flux linkage on a combination of the

value of flux linkage deféreeeiomalne fuaraheefbiatl hieafirdpoiciaeadl Wichddrived walleaaf 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 valu@RasreXbify 8188 & e RPBIthe flux linkage at the first point and the value of

the flux ligkage is deriv%ép%gy@p@ﬁrmﬁé@eﬂm“% (;p%@m}pma%g;le. A detector as
: - H1Q

claimed in any of claims 13 to 15 in which the device is
advance the rotor to a second point where positive voltage is applied to

the phase;
derive a value of the phase current and the parameter at a subsequent
third point of the rotor;
10 evaluate flux linkage at the third point; and
derive the rotor 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 least 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 combination 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 predetermined point to coincide with minimum or maximum
inductance of the phase winding in the inductancecycle. 5 17. A detector as claimed in any of claims
13 to 16 including a 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 &% 10 associated with one or more phases of a
polyphase machine. 19. A detector as claimed in any of claims 12 to 18 in which the device is
programmed to compare the output of the integrator when the rotor next reaches the first point with
the output of thd frtegratsloiieéor previoisigdatthany firetasasitich tanbSis fuvthestptbg rdevised o form
an error factor in dn?zen%elg etc?”etﬂgrﬁgs@? riE:soPl.rS%O. ,%\eggEector as claim(?dtin claim i%% in Wtﬁich the

S . th .
device is progra%o ato adjust ava e resistance o?%%%a Oé\ﬂndlﬂg%%lg {0 determine flux

20 linkage. 21. midiaaior@sneiaimedirimhyehcaiofshSpieag windiigh ihehiniadaianise githnged to
integrate the supply voltage as the phase voltage.
5 17. A detector as claimed in any of claims 13 to 16 including a 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 associated with one or more phases of a polyphase machine.

19. A detector as claimed in any of claims 12 to 18 in 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 is 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 is

arranged to integrate the supply voltage as the phase voltage.



