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NS@iRLESS ROTOR POSI TI ON MEASUREMENT | N ELECTRI C MACHINES 5 Thi s invention

relates to the neasurenent of rotor position pan el ectric machi ne. The
i nwention is particularly applicable to switche reluctance machi nes.' The
princi pl e of operation of a switched reluctance 10 (SR) motor and its

construction,

energi sation and control areswell known w th many

pubdi cations such as that by P.J. Lawenson et al "Variabl e-speed swtched
reluctance notors" |EE Proc' B, Electr Power Appl., Vol 127, No 3, pp
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The principle of operation of a switched reluctance
(SR) motor and its construction, energiéation and control
are well known with many publications such as that by
P.J. Lawrenson et al "Variable-speed switched reluctance
motors" IEE Proc B, Electr Power Appl., Vol 127, No 3, pp
253-265, 1980.

It 1is also well known that to obtain the best
performance from an SR motor or generator the excitation
of its phases should be carefully timed in relation to
rotor position (see GB 1591346). This has previously

' necessitated the use of an incremental rotor position

transducer which has generally been a disc with teeth or
lines together with an optical or electromagnetic sensor
which is able to detect the instants the teeth or lines
cross prescribed positions. '

The incorporation of a rotor position transducer on
an SR motor creates additional electrical connections,
additional cost and a potential source of unreliability.
Various methods have therefore been proposed to eliminate
the rotor position transducer. As an alternative it is
possible to deduce rotor position by measurement and
examination of the current and flux-linkage in one or
more phases of the motor. This is commonly known as
sensorless rotor position measurement. Since phase
current generally needs to be measured in any case for
control purposes and flux-linkage can be inexpensively

or electromagnetic sensor which is able to detect

es
e



possible to deduce rotor position by neasurenent and 30 exam nation of
the current and flux-linkage in one or nore phases of the notor. This is
comyonly known as sensorless rotor position neasurenent. Since phase
current generally needs to be neasured in y case for control purposes and

- flux=1inkage can be inexpensively 2 obtarned from neasurenent of phase

vol t'age, sensorless rotor position neasurenent is commercially beneficial.
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. only appropriate for relatively low speed operation for

10 which the well known ’‘chopping’ mode of current control

applies and other methods are only appfopriate for

relatively high speed operation for whicﬁ-the well known
’single-pulse’ mode of current control applies.

A method which is more suited to lower speed

15 operation that is known (for example, N M Mvungi and J M

Stephenson "Accurate sensorless rotor position detection

in an SR motor" EPE Conf Proc 1991 Vol I pps 390-393)

involves the application of exploratory current pulses to

each phase winding at periods during which the phase is

20 not energised for torque production. To avoid a counter-

" productive torgque these pulses need to be small in

magnitude and, as a result, the measured flux is

influenced by currents in other phases. This can cause

error and corrections need to be made which require the

25 additional two-dimensional storage of mutual

magnetisation data.

A method by Hedlund (see W091/02401) which is more
suited to higher speed operation utilises the normal
phase currents for position measurement purposes.

30 However this method necessitates the continual sampling
of flux and current and comparison of flux witﬁ stored
values for a reference position. This may necessitate a
dedicated digital processor to perform the sensorless
position measurement.



in an SR notor" EPE Conf Proc 1991 Vol | pps 390-393) involves the
application of exploratory current pulses to each phase w nding at periods
during which the phase is 20 not energi sed for torque production. To
avdid a counter- productive torque these gulses need to be small in
magni tude and, as a result, the neasured flux is influenced by currents in
other phases. This can cause error and corrections need to be nmade which
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system for an electric machine with one or more phases,
comprises at least one current transducer arranged for

10 measurement of the current in a monitored phase winding,
means for deriving a measurement of the .magnetic flux
linking the monitored phase winding, and control means
operable to measure, for the monitored phése winding, the
current and flux simultaneously at a predicted position

15 for a reference rotor angular position, the angular error
between the predicted position and an actual reference
angular position being determined by a comparison of the
measured current and flux with the expected current and
flux at the actual reference position.

20 Other aspects and features of the invention are
defined in the accompanying claims.

The invention can be put into practice in various
ways one of which will now be described with reference to
the accompanying drawings, in which:

25 Figure 2 shows two typical reference rotor positions
for different modes of operation as related to the
inductance for a phase;

Figure 3 is a schematic diagram illustrating one
embodiment of the sensorless rotor position measurement

30 -system_of the invention;

Figure 4 is a graph of variations of a phase flux-
linkage with current for reference rotor positions;

Figure 5 is a graph of the variation with current of
the partial derivative of angle with respect to flux for



5 for the SR notor control to be used also for determ ning rotor
position. According to the invention a rotor position sensing systemfor an
electric machine with one or nore phases, conprises at |east one current
trahsducer arranged for 10 measurement qf the current in a nonitored
phase w nding, nmeans for deriving a neasureitent of the magnetic fl ux

" linking the nonitored phase wi nding, and control means operable to neasure,

for the nonitores ghose 1é feh-eice t het6H! peSit 8OA; f A sinul taneously at a
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and flux with the ec curren nd flux at the actual reference’
“position. 20 syé%éh(éﬁg?h%s% %%% %ﬁ‘features of the invention are
defined i ® the acconpbmytimg £ohlewinghe invention can be put into practice
in various ways one whi Ll w be i s Wk reference to the
accompanyi ng drawﬁnggé in ﬁﬁ?@%:éﬁgg PgégtigﬁgéEggghoms two typica
reference rotor posit¥ons FeRresentsent nplRseoflypel dnkageas related to

“ the inductance for a phasege§}ggéﬁt§ | S appssendhkgeltagramillustrating

jimpne enbodi nent of the sensorless rotor position neasurenent 30 system
" of the invention: ¥ represents phase volt-seconds
10 v represents direct source voltage

The reference rotor position 6, for a phase will be
different depending on whether the machine is motoring or
generating and on whether the speed is ébove or below
some threshold value. ) .

is If the speed is above the threshold (the "higher
speed mode") and the machine is motoring, the reference
position for a phase is preferably such that for this
position the phase inductance is increasing (shown
typically as position A in Figure 2). The reference

20 position for this case should also preferably be chosen
such that current will normally be present in the phase
at this position.

If the speed is above the threshold and the machine
is generating, the reference position for a phase is

25 preferably such that, for this position, the phase
inductance is decreasing (shown typically as position B
in Figure 2). The reference position for this case
should also be chosen such that current will normally be
present in the phase at this position.

30 If the speed is below the threshold (the "lower
speed mode") and the machine is motoring, the reference
'position for a phase will be preferably the same as
position B but may be another position in the falling
inductance region.



Figure 4 is a graph of variations of a phase flux- linkage with current for
reference rotor positions; Figure 5 is a graph of the variation with
cugqent'of the partial derivative of angle with respect to flux for 4 a
giyen reference rotor position; and Figureg is a schematic diagram

il fustrating another enbodi ment of the sensorless rotor position

measur eirent system of the invention. 5 In the followi ng: [err]
represents rotoprbhetspéeﬂeié]beloweﬁhesentéshold 2hasehé! muchinkage
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“Fhe phase IndUCtgﬂﬁgnééré grsfgﬁngaélsgactory sensorless rotor position
measurement using the higher speed reference position.
For some applications only the higher speed reference

10 position need be used, in which case the threshold speed
will be zero.

Speed may be measured by timing the iﬁferval between
measured rotor positions or by using known frequency to
voltage conversion techniques as for previous SR motor

15 control systems.

Figure 3 is a schematic diagram showing a particular
embodiment whereby rotor position can be measured. A
switched reluctance motor 1 has a number of phase
windings 2 which are energised by means of a power

20 switching circuit 3 containing semiconductor switches and
drawing power from (or returning power to) a direct
voltage source 4. The direct voltage source may be
obtained by rectifying an ac mains supply. The
semiconductor switches are turned on and off, debending

25 on the rotor position, according to previously known
strategies, by an electronic controller 5. To execute
these strategies the electronic controller requires
information on the phase currents and the rotor position
and speed.

30 The invention does not concern the form of direct
voltage source, the power switching circuit or the
control strategies, which have all been deécribed in
various publications, and these aspects will not be
further detailed.



--.general will b

typically as position Ain Figure 2). The reference 20 position for
this case should al so preferably be chosen such that current will normally
be ?oresent in the phase at this position. If the speed is above the .

t hrreshol d and the machine is generating, tlee reference position for a phase
s 25 preferably such that, for this position, the phase
indyctance is decreasing (shown typically as position Bin Figure 2). The
ref'erence position fiire t Meansms mesterdaryl stobhe ddtosemising tte aotent
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measurement signals are also provided to the electronic
controller and to the resettable integrators. Although

10 for the convenience of illustration Figqure 1 shows the

~current and voltage transducers in the box representing

the motor 1, in practice these transducers will Dbe
contained in the power switching circuit 3 so as to
minimise the number of connections to the motor.

15 A control signal interface 10 connects the
electronic controller with the digital processor and
control signals for initiating and resetting the
integrators 9 pass from the digital processor along lines
11. The digital processor may also include analogue to

20 digital converters to convert the measured values into
digital form if necessary.

Consider operation in the higher speed mode under
motoring conditions and suppose that, at a predicted
instant in time, the rotor position 8, is close to the

25 reference position 0, for a particular phase which for
convenience will be called phase 1. At the predicted
instant, measurements are made of the flux ¥, and current
i, for phase 1.

Figure 4 shows the variation of flux § with current

30 i for the reference rotor position 8, and from this
characteristic the expected flux ¥, for the measured
current i can be calculated. Flux ¥, is the flux which
would be measured if the predicted rotor position 8, was
identical to the reference position 6. '



commensurate with satisfactory sensorless rotor position neasurenment using
t he hi gher speed reference position. For sone applications only the higher
spegd reference 10 position need be used, in which case the threshold
speed will be zero. Speed nay be neasured by tinming the interval between
measured rotor positions or by using knownfrequency to vol t age conversi on
techni ques as for previous SR notor 15 control systens. Figure 3 is a
schematic di agram shpowi ng .a _payticul ar _enbodi nen ereby rotor _positi
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in flux ¥, is calculated by the digital processor as
i0 . Ay =9, - ¥, (1)

Figure 4 also shows the variation of flux ¥ with
current i for position 6, - A8, slightly before the
reference position, and for 8_+ A8, slightly after the
reference position. It will be seen that for a dgiven

a5 current, ¥ increases with 8 for the region of the
reference position for the case of the higher speed mode
under motoring conditions.

Figure 5 shows the variation of the change of flux
with rotor angle (368/d¢y) with current i for the reference

20 rotor position 8_ and from this characteristic the value
(d6/9%), can be determined for the measured current i..

The angular difference A8 between the predicted
position 6, and the reference position 6, can then be
calculated by the digital processor as

23 - A8 = { 28 } - Ay TE3
day . '

In order to determine the angular difference between
the predicted position (at which the measurements of flux
and current are made) and the reference position, it is

30 therefore also a feature of this embodiment to store in
the digital processor for the reference position values
of partial derivative d8/3% (or its inverse dy/d8) for a

set of values of phase current i.
Since the reference position 8, is known, the true



various publications, and these aspects will not be further detail ed. 6
The . means necessary for determning the rotor position conprise a

di gj-tal processor 6, one or nore current transducers 7 for providing the
digital processor with a neasurenent of phase current(s), and one or nore 5
vol tage  transducers 8 and resettabl& electronic integrators 9 for
providing the digital processor with a neasurenent of phase flux
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for the conveiadralasied |fnpnm rAfl iam Flgure 1 shows the current and vol t age
transducers in theebo& gepresgnting the notor 1, in practice these

transducers will be®ont&ined in the power switching circuit 3 so as to
m nimi se the numbertf EYRREELRoAIME tPe thE: fiextstotor posikion, fan)
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the measured val uespgd Nk9) phases are used for measurement the next
rotor reference position will be that for phase 2 (or

10 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)° - A8 and, by dividing
this angle by the speed, the time required to reach this
next position can be estimated.

15 ' If only phase 1 is used for measurement, the next
rotor reference pbsition'will be after a rotation of
(360/p)* - A® and, by dividing this angle by the speed,
the time required to reach this position can be
estimated. |

20 . The predicted time to the next reference position is
then cpunted out using a high frequency clock by known
means and at the instant such time has elapsed a further
measurement of flux $, and current in is made for the
corresponding phase. Due to changes in speed, and

25 tolerances in stored data and calculations, the predicted
position. 8, will not be identical to the reference
position 8,. The angular difference 6, - 8, can again be
calculated using equations (1) and (2) and the procedure
outlined above. _

30 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
incremental indication of rotor position as a direct
replacement for existing optical or electromagnetic rotor



digital formif necessary. Consider operation in the higher speed node
under notoring conditions and suppose that, at a predicted instant in tineg,
thezfotor position O is close to the 25 reference position [err] for a
particul ar phase which for convenience will be called phase 1. At the
predicted instant, neasurenments are nade & the flux [err] and current

[errs] for phase 1. Figure 4 shows the variation of flux [err] with current
30 i for the reference rotor position [err] and fromthis '

char act eri st i P EPT@REC¥Pux [err] for the measured current [err] can

be cal cul ated. Fl uxrhé&rgtocadihe fortndicdsevss thikhereapee@dopérabon
predicted rotor position [er 5 was |Qf£chaJ to the reference $05|t|on
[err] 7 In'Bt Fﬁg‘éa[%ﬁa?: e /F9NALGAMS o P SARE MssArsarihedent

[err] it is thaseforexeeptathat thet valueshad MBIy osisdwnt ein nFidperdi git a
processqr, for, 4 refer | ti ue fl J.er for as of
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array of val ugsod St1S8IUB! ef- Fighte 3.1 feregesbeiyren t8esPRASHE EMatlyX
[err] and tmaé%‘éﬁ?éf position A (with 1respect to the maximum
inductance position) then only one set of values for each

10 of Figures 4 and 5 need to be stored in the digital
processor and the sign change for regenerating conditions
appropriately taken into account in the calculations.

3 However, if positions A and B are essentially different
then a set of values for both Figure 4 and Fiqure 5 for

is both motoring and regenerating conditions will need to be

stored. '

For the lower speed mode when the well known current
chopping control is operative it is not appropriate to
utilise the main excitation current for the phase for

20 rotor position measurement purposes. In this case
exploratory current pulses are injected at such times as
the phase is not normally energised.

Consider the case of lower speed motoring.. The
rotor reference position for a phase is now taken to be

y 25 position B (i.e. the same or approximately the same
' positibh as for higher speed generating). As for the
higher speed cases the next rotor reference position is

predicted on a phase by phase basis. On arriving at the

predicted position a short duration voltage pulse is

30 applied to the phase by the power switching circuit and

- the flux and current are measured at the termination of

the voltage pulse. The instruction for executing the

voltage pulse is supplied to the electronic controller S

by the digital processor 6 using the control interfacé 10



flux [err] is calculated by the digital processor as 10 [err]
Figure 4 also shows the variation of flux [err] with current i for position

[err] - [err], slightly before the reference position, and for [err] +
[erT], slightly after the reference positipgp. It will be seen that for a
gi ven 15 current, J[err] increases with Terr] for the region of the

ref grence position for the case of the higher speed node under notoring
condi tions. Fi gstiewh ShoRbguihe warITﬁeOmlﬁfeféﬁcéhﬁéﬁﬁeéﬁ thaxpyethictegor
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the digital processor a I'n order to determ ne the
angul ar B ff er ehegtaptnibntine Eh%dﬂ%@éﬂrﬁﬁgntﬁoﬁreaﬁaﬁﬁrch t he
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the reference pOSiti@ﬂe[fﬁ&én%fo#nf!“thépgfgfgeapplicable to all speeds
10 of operation whether the machine is motoring or
regenerating. _

Various arrangemerits may be used for the measurement
of flux. Any known form of flux transducer could be
used. However the measurement is preferably by means of

is analogue or digital electronic resettable integrators
(which integrate the phase voltage with respect to time
t), together with means for compensating for the
resistive voltage in the phase winding.

The integrator executes the equation:

20 ' t,
| ¥ = f (v - 1iR) at (3)
to
where v is the phase voltage
i is the phase current
25 R is the phase resistance

. €, is the instant of measurement
The integrator start time t, is arranged to be the
instant of application of voltage to the phase each time
the phase is energised (for the higher speed mode) or
30 each time an exploratory pulse is applied (for the lower
speed mode). At time t, the current i is zero. The
digital processor 1is informed of the instant of
application of the voltage to the phase by the electronic

controller using the control interface (10) shown in



rotor position at the predicted instant in tinme may be cal culated from
[err} as [err] The expected tine to the next rotor position can 5 t hen
- be gstimated using the known val ue of notor speed. Under accelerating or
decel erati ng conditions a correction nmay need to be nmade to the notor
speed. If all phases are used for neasuren@d the next rotor reference

position wll be that for phase 2 (or 10 what ever is the next phase in
t he sequence). _For an_n- phase notor with p rotor poles the angle of
rotation to thi E1g8E®t3on will be (360/np) - [err] and, by dividing this

angl e by the speed, the mmg’x%muf edst q-erseé%;hb hltﬁxe.neaigmeaut IBFodeds e
estimated. 15 asurenent, the next

r ot or referenceaﬁsﬁrt?%ﬁhm??beg ?ﬂ@? an gﬁQNP%£§(360/p) - [err] and
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to changes in sgeg éteg This may represent only a short part of the
time interval between successive predicted positions and
10 for the remaining time the digital processor will be
idle. It is therefore possible to utilise the existing
electronic controller 5 in Figure 3 also to fulfil the
role of the digital processor 6 in Figure 3 and thereby
avoid the need for a separate digital processor for the
is purpose of rotor position measurement. The use of a
single processor/controller is an advantage of the
invention, and the corresponding system is shown

schematically in Figure 6.
In applications for which the direct source voltage
20 v, (see Figure 3) is relatively large compared to the
voltage drdp across the semiconductor switches in the
power switching circuit, the direct source voltage may be
measured and integrated in place of the individual phase
voltage. This has the advantage that only one voltage
25 need be measured. However, in this case for the higher
speed mode of operation it is necessary for the reférence
position to be in advance of the commutation position for
the phase. This can be arranged by suitable choice of

the reference position.

30 The flux is then measured as:
tlﬂ
¥, = J (v, - iR) dt (4)
e

o
As an alternative to using separate electronic



25 tol erances in stored data and cal cul ations, the predicted position

[err] will not be identical to the reference position Or. The angul ar
difference [err] - [err] can again be calcul ated using equations (1) and
(2)" and the procedure outlined above. 30 132 The process of predicting

rotor positions on a phase by phase basis and measuring the true rotor
position at each measurenent instant is repeated to provide an increnental
i ndi cati on of rbhbegpatorsen thea digitalr eprecessot f mayexbet i ngedpt byal
or el ectromagne ePeELLLEN C og. t ase
of hi gher speedﬁgggégiggﬂgu% eraigégge?ggﬁig Z P?F§%2 99%&%82 b Qﬂﬂ%
described aboveoBx@eptephby shep\hasis. ofTPéﬁrPa§h§hﬁ ﬂhSngan§a9e5that

will be negatiNg digAidhar gi-@éé'ss&PS'lE' V@bsﬁ&ﬁtléfﬁycﬁh%%%&ﬂ' %uld

typi cal reference rotor_ position shown as position B i'h Figure 2
position B i s sPRfidt FPcRPI ¢ Sppatate BBéFtlon A (with respect to the
maxi num.i nduct ance pH8wkvep) th@&o&ﬁbﬁdpne tiké ofsu@bugs fcvo 10 is of

' d o) d
Change for 1 ogoRBPALPRY AR FONECARbr opPia: b IBaKERPPREBAACKBER - L% e

-cal cul ati ons. resistive voltage iR, various approximations may be made.
For example:

10 V. = (v = kKiR) (t - t) (5)
where kX is a constant, typically k = 0.5, such that:
. :

m
ki (t, = t,) = f iat
to
15 : As a further embodiment, in the case where the
supply voltage v, is relatively 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 represented by
20 Figures 4 and 5.

' In this case the values of phase flux linkage ¢ for
a particular current i and particular rotor position 6
stored in the digital processor as represented by Figures
4 and 5 are replaced by values of the volt-second

25 integral ¥’ required to create the phase current i for
the rotor position 8 as given by

fvdt

30 In testing the machine to establish the table of
values of ¥’ and 98/3¢%’, v may, for convenience, be held

tl

constant (provided v 1is relatively 1large) and is
preferably equal to v,.
The rotor position measurement procedure is the same



However, if positions A and B are essentially different then a set of .
val ues for both Figure 4 and Figure 5 for 15 both notoring and
"regenerating conditions will need to be stored. For the | ower speed node
when the well known current chopping cont{QI is operative it is not
appropriate to utilise the main excitatiomcurrent for the phase for 20

roter position measurement purposes. In this case exploratory current
pul ses are injgstefr@day &bsétiBad abn [ERLP 1iéa895nn9&ﬁ% Y tRAR $need.
Consi der the case of | ower speed notoring. e rotor reference position for

a phase is noWeaReFedo HEu¥s ¥, andsi eppeched | fBuX hbsampdor Partial
approxi mat el y déeieapbveo$80)09) aaréoreplabed wREY GereT ahhBg) (a0 /8% /hor

the higher speed_cases the next rotor referen tion'is predicted on a
phase by phaseze%%l%?%?lfﬁ{l%fri{hﬁfge a? ¢hé e&é@(ggsbosﬁ'?oﬁ’ Pt as

durati or® vol t adespuisedi §xr@d the sppredddatat heptresentedtby Pdyares 4
switching circihd angng h‘%gléféxtﬁ@dffﬁ%rfm & qnéga%ﬂ.légd%gt the term nation
the

of the voltage pul se. e Instruction ®or executing vol tage pul se is
supplied to the el e¥i’rorfi c Ygoktgot 1Y) 5 by the digital (#locessor 6 using

the control interfaggud€ions1(9), (4), (5) and (6) represent different

methods of eValuating the phase flux linkage for the

p:] purpose of identifying rotor position and thus represent
different implementations of the invention.

In the case of equations (5) and (6) fhe resettable
electronic integrators are not required. The measured
supply voltage v, is provided directly to the digital

is processor. The phase flux ¥, ,6 (or ¥_,’) is then computed
using'equations (5) or (6) by the digital processor.

The various embodiments of the invention described
above are all based on the measurement of flux ¥, and
current i at a predicted rotor position, the loock-up of

20 the expected flux y, for the measured current im
corresponding to the reference rotor position, and the
calculation of the difference A8 between the reference
rotor position and the predicted rotor position according
to the equation: '

25 46 = { 28 - (¥, — ¥,) (7)

. a¥ |, _ :

Equation (7) is the combination of the previous
equations (1) and (2).

As a further set of embodiments, still based on the

- 30 measurement of flux y, and current i as is the subject of
this invention, the expected current ie for the measured
flux ¥, corresponding to the reference rotor position can
be looked up from the:rcharacteristic shown in Figure 4
and used to calculate the true rotor position, instead of



shown in Figure 3. The difference between the predicted rotor position
[err] and the rotor reference position [err] is calculated on the sane
basi:s "as descri bed above. The true rotor position is thereby established
at each 5 instant in tinme the neasurenents are nmade. The case of | ower
speed regenerating is the sane as for | owd speed notoring except that the
reference rotor position is typically position A rather than position B.

The invention is lhergﬁore %gggiﬁagae t% al| speeds 10 of operat,ion

whether the MHitHi%he*PEseX PHNGLUSr ¥ecfBRe Mpasired SusFeakgdaent s

may be used forIn Hehieasasenent of fl ux. Any known form of fl ux

transducer could be ysed. Ho(y@er thﬁ mea ugement S prefera?é}q. by nmeans of
r [

15 anal ogue or diglfé! elect rjoni c' ‘mMeseftabl e i ntegrators ch
integrate the phase voltage @itH gespect to tine t), together with means

! phas Wt | | ther with
or comegisat ing { o {68! p4) ves Wid AWrdMAly SPoeguitighngy) The

i ntegrator executes the equation; 2( .. to"where
v i s the phase vdiQGgehese emBodpments it isr therefore necessary to

R is the phassoresirptancdigita)l prodesBori f6iathe Ofe fFEASHEENESEition
' values of the partial derivative 26/9i (or its inverse
di/d8) for a set of values of flux ¥ (rather than storing
10 values of d6/0¢ for a set of values of current i as shown

in Figure 5). .

The alternative calculation defined by equation (8)
is particularly relevant for the lower speed mode of
operation for which exploratory pulses of voltage are

15 applied to the phase windings as described above. Since
these pulées may be of fixed time duration and the phase
voltage may be substantially the same as the supply
voltage, the "measured" flux t_\will be substantially the
same for each voltage pulse. It is therefore possible,

20 if the supply voltage remains substantially the same, to
store only one value for d8/9i (or di/d8) corresponding
to this particular value of ¥ for the reference rotor
position.



The integrator start time [err] is arranged to be the instant of
application of voltage to the phase each tinme the phase is energised (for

t he..hi gher speed node) or 30 each time an expLoLaLgLy—puLse—+s—appl|ed

(for the |ower speed node). At time [err] the current i is zero.

digital processor is inforned of the instant of apﬂl“ﬁﬂl“j"lﬁu im voltage
t o the phase by the electronic controller 38ing t higilid ce (10)
shown in Figure 3. The integrator is reset by the |g|tal processor

after each flux reaglng has been made. The digital processor is only
required to st -5 termnate the integration process and to
execute the cal cul ations follomﬁng the current and fl ux nmeasurenent which

ble th ty rot ition to b t Thi s ,
Fepresent ony % shart TEEPE o7 RELPPraaRia, o PYEEeRectPs Labose  detric
predi ct ed posi thagisimgWitth one far e rphases ngconpeis ing dayi 1aaspr esgssor

Il b dl I ! t el ct oni c
controrl & & i LI A At 6P (A EHShoRE, 30 k880 o6

controll & 5 in Figure 3 e ro e o0
in Figure 3 and“%’ffé?%y“hﬂm“&?ﬂﬁ'@%cphﬁe W Sngbngi eln%ﬁwtmrpdenmsng for

the 15 purpesanddsurmentdst i HRATE f8efux 1 TNCING S Ronitored
phase winding, and control means operable to measure, for
~the monitored phase winding, the current and flux
10 simultaneously at a predicted position for a reference
rotor angular position, the angular errdf between the
predicted position and an actual reference angular
position being determined by a comparison of the measured
current and flux with the expected current and flux at
p i} the actual reference position.

2. A system as claimed in claim 1, including means
operable to calculate the time before the rotor reaches
the next rotor reference angular position and to enable

20 the control means to repeat the said measurements at the
next predicted reference angular position.

3. A system as claimed in claim 1 or 2 in which the
control means include a digital processor.

25
4. A system as claimed in claim 1, 2 or 3 in which the
reference rotor angular position of the monitored phase
winding coincides with an angular position at which the
monitored phase inductance is increasing or decreasing.
30

5. A system as claimed in any of claims 1 to 4, in
which the means for deriving a measurement of flux
comprise integrator means for receiving input signals
related to the current through and the voltage across the



singl e processor/controller is an advantage of the invention, and the
correspondi ng systemis shown schematically in Figure 6. In applications
for, which the direct source voltage 20 - [err] (see Figure 3) is

relatively large conpared to the voltage qrop acros ' or

switthes in the power switching circuit, the di-rectﬂ!mmﬂm”ﬂﬂmg[!tﬁy be
neasured and integrated in place of the individual phase wol mage. I s has
the advant age h5Rit8Pkd PRASEO W GHEL ip. need be measured. However, in

this case for the higher speed node of operation it is necessary for the
reference position to be in advance of the commutation position for the

ggase. Thi sTﬁ@nf lt)eAarsryaermdth hy &!ﬂidigﬁdé QhOiaQ?r obft h&aii?%erle?ﬁé B?Siiﬂ on.
e, U X S en asurea as: err an altern Ive usi ng
separate el ccrtBiFh the:HORRFE RS T408<i AT P e ed b e d by
nul tipl y8 ng t heredietiosupplyoxdthphaddle valgagdthy thevngnazrangedbytst ep
basis. This h r&bfdg'%@qﬁﬁ%égédtQ@koﬁh%ﬂﬁéﬂéﬂjgBé?ﬁf@ﬁOBa%Ed on the
to be a .

substantial ly usg and wou . need t; separate un
product of the difference in measured and predicted flux

and the rate of change of rotor angle with respect to
flux. '

7. A system as claimed in claim 6 in which the control
means are arranged to store a look-up table of values of
the partial derivative of the rotor angle with respect to
flux for each of a set of values of monitored phase
15 .current, or of rotor angle with respect to current for
each of a set of values of monitored phase flux linkage.

8. A system as claimed in any of claims 1 to 7 in which
the control means are operable to predict the moment at

20 which a following reference angular position will be
passed based on timing the rotor at a measured speed from
the determined actual reference angular position.

9. A system as claimed in any of claims 1 to 8,

25 including voltage generating means controlled by the
control means for inducing a voltage pulse across the
monitored phase at the predicted rotor angle position,
the control means being arranged to measure the current
in the monitored phase winding and the flux linking the

30 monitored phase winding upon termination of the voltage
pulse.

10. A electric reluctance machine controller including
a position sensing system as claimed in any of claims 1



However, provi ded t he supply vol t age is substantially constant
and | arge conpared with the resistive voltage iR various approxi mations
may, be made. For exanple: 10 [err] where k-

typlcally k = 0.5, such that: [err] 15 As a furth

in the case V\/nere the supply voltage [errizis rel atljmmn !ﬁl@ Hﬁ‘e
with the resistive voltage i R, the need to conpensat ve
-vol tage drop may be avoi ded by using a nodified val ue For the flux in the
stored data reppedented by 20. Figures 4 and 5. In this case the val ues
of phase flux linkage [err] for a particular current i and particular rotor
position [err] stored in the digital processor as represented by Figures 4
and 5 are repl kked bf“?f‘é‘l‘%@%fs?%‘él%IF eRI;MLDon of 3 FeprITekative
required to cre@t eat hetitame Cohreah | didctdiac r ohachPagi,t i ahd erm¢tasa
given by _[err In testing the machine to establish the table of
~val ues A [errToﬁﬂﬁlfé??] v may, for convenience, be held constant
(provided v is rel areastyihgr gele armhmsen: ettbhraigh eguahohbtpeed] . pHase

r ot or positionwfgngéeggnEhgrﬁg@ﬂaag;is t he sane

measuring the flux linking the monitored phase

winding simultaneously with the measurement of the
10 current at a predicted position for a reference angular
position; and '
determining the error between the predicted position
and an actual reference angular position by a comparison
of the measured current and flux with the expected
15 current and flux at the actual reference position.



110

13 as already described in this application except that the neasured f1lux
[err] and expected flux and partial derivative [err] are replaced
by [err] and [err] respectively, where [err] and [err] _are obtained as
5~ described fromthe stored data reprggented by Fij i
whére the flux [err] is measured as [err] Equations ( ﬂ%%‘
represent different methods of evaluating the phase fl
purpose of i deABSTRAQD rotor position and thus represent different
i npl enentations of the invention. In the case of equations (5) and (6) the
resettable electronlc |ntegrators are not reqU|red The neasured supply
vol tage [err] BENS E8 < BITEC ASUREMENT E TR
phase fl ux [ergicﬁgﬁggerr]) is then conputed u5|ng equatlons (5) or (6) by
the digital processor. The various enbodi nents of the invention described
above ar® all based on the measurenment of flux [err] and current [err] at a
predi cted rotor posntlgansbmeb@okrunoef gesmlohheme@m@xm;tflsygtéx@rr]
for the neasured_.curr ? Rg & grresg 2 ng 33 2&e ref.er ence rotor
position, and FHBPEAF88|3t 3151 RECSRPERFe 82 XBISR keShives rahtRe
rotor positionfapn cherenddi (i)ldandt fluposensorsact®dse) ngf the current

and flux associated with a phase winding of the machine.

10 The measurement of the current and flux is enabled at a
predicted reference rotor position. The measurements are
compared with stored values of current and flux and an
error between the actual and the predicted reference
position calculated. The calculated rotor position can

15 then be used to predict the instant the rotor will reach
the next reference position.

—_—_—
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to the equation: 25 [err] Equation (7) is the conbination of the
‘previous equations (1) and (2). As a further set of enbodi nments, stil
based on the 30 nmeasurenment of flux [err] and current [err] as is the.
Subj ect of this invention, the expected current i for the nmeasured fl ux
[exr] corresponding to the reference rotor position can be | ooked up from

thecharacteristic shown in Figure nd used to calculate the true rotor
position, instead of 14 using t expected flux for the neasured
current i In this case: [err] 5 Equation (8) is the corollary of

equation (7). For these enbodinents it is therefore necessary to store in
the digital processor for the reference position values of the partial
derivative [err] (or igb inverse [err]) for a set of values of flux [err]
(rather than storing values of [err] for a set of values of current
i as shown in Figure|5). The alternative cal cul ati on_defi ned by equation
(8) is particularly rlel evant for - -the | ower speed=fRod® of ,

FIG.1.




gperation for which exploratory pul ses of voltage are 15 applied to the
phase w ndi ngs as descri bed above. Since these pulses nay be of fixed tine
dyration and the phase voltage may be substantially the same as the supply
voltage the "measured"” flux [err] wll be substantlally t he sane for each
_voltage pulse. It is therefore possible, I f the supply voltage
rerai ns substantially the sane, to stgaﬁ onIy one value for [err] (or
[err]) corresponding to this parti.cul ‘4alue of [err] for the reference
rotor position. - 15 CLAIMS: 1. A rotor position sensing systemfor an
el ectric machine with one or nore phases, conprising at |east one 5

current transducer arranged for neasurenent of the current in a
moni t ored phase wi nding, neans for deriving a nmeasurenment of the magnetic
flux linking the nonitored phase wi nding, and control neans operable to
measure, for the Rg&ﬁd phis mnnding, the current and flux 10

si mul t aneousl y at Tu ct edfp |tion for a reference rotor angul ar

position, the ang{ %gﬂﬁ' %E bt ween the predicted position and an act ual

reference angul ari|p bej ng determ ned by a conparison of the neasured
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current and flux with the expected current and flux at 15 t he actual

‘reference position. 2. A systemas clainmed in claim1l1, including neans
operable to calculate the tine before the rotor reaches the next rotor
reference angul ar position and to enable 20 the control neans to repeat

ttie sai d neasurenents at the next predicted reference angul ar position. 3.
Agystemas clainmed in claiml or 2 i$ dhich the control means include a
digital processor. 25 4. A systemas' clained in claim1, 2 or 3 in which
the reference rotor angular position of the nonitored phase w ndi ng
coincides wth an angul ar position at which the nonitored phase inductance
i's increasing or decreasing. 30 5. A systemas clained in any of clains 1
to 4, in which the maar\@for deriving a nmeasurenent of flux conprise
integrator neans for AeYeiving input signals related teé’t‘+ urrent through
and the vol tage acros$ the noni t ored phase w ndi ng. >d. A system as
clainmed in any of q)aims 1 to 5 in which the contLol~ mBaps store a machi ne
current and flux 5'€ prediction al gorithn} e al i ésbei ng arranged
to

>

FIG.S.



provi de a nmeasured rotor angul ar position based on the product of the
difference in neasured and predicted flux and the rate of change of rotor
~angke with respect to flux. 10 7. A systemas claimed in claim6 in which
the .control nmeans are arranged to store a | ook-up table of values of the
parfial_derivative of the rotor angle wth respect to flux for each of a
set of val ues of nonitored phase ]£3¢¢ current, or of rotor angle with
‘respect . to current for each of a set of values of nonitored phase fl ux
| i nkage. 8. A systemas clainmed in any of clainms 1 to 7 in which the
control neans are operable to predict the nonent at 20 whi ch a
foll ow ng referepnce at—position wll be passed based on timng the
rotor at a neasuenggﬁjd friomt he determ ned actual reference angul ar
position. 9. as darfmed in any of clains 1 to 8, 25
i ncludi ng vol tag no means controlled by the control neans for
i nducing a voIt.oegmﬂRﬁEacr-ss the nonitored phase at the predicted rotor
angl e position, pans being arranged to nmeasure the current in
t he nonitored phaSg w ndl ng and the flux |Iinking the 30 noni t ored phase
wi ndi ng upon term ?tion F‘ the voltage pulse. 10. A electric reluctance.
machi ne controll er Wg%fd' g a position sensing systemas clainmed in any of
iclainms 1

\ ] F | |
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ito 9. 11. A nethod of sensing the position of a rotor relative to a
~stafor—on an electric machine, the method 5 lsing.
t He clrrent t hrough a nonitored phase w ndi ng of t he
flux linking the nonitored phase w ndi ng si&8ul t'aneol
nmeasur enent of the 10 current at a predicted pog

angul ar positioni ang getern1n|ng the error between predl cled |
and an actual r angul ar position by a conparison of the neasured

current and flux with the expected 15 - current and flux at the actual
reference positiggRsorrEgs ROTOR _POSITION MEASUREMENT IN _ELECTRIC
| _ MACHINES o
S

A sensorless rotor position measurement systenm
comprises a digital. processor (6) which receives signals
from current (7) and flux sensors (8,9) of the current
and flux associated with a phase winding of the machine.

10  The measurement of the current and flux is enabled at a
predicted reference rotor position. The measurements are
compared with stored values of current and flux and an
error between the actual and the predicted reference
position calculated. The calculated rotor position can

15 then be used to predict the instant the rotor will reach
the next reference poéition.
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