-

2 . one or nore phases. Position is calculated using

know edge of the variation in inductance of the machine as a function
of. angle and current. This characteristic can be stored as a
fl'ux-1inkage/ angl e/ current table and 5 is depicted graphically in
Figure 1. The storage of this data i n¥ol ves the use of a | arge nenory
array and/ or addi ti onal system overheads for interpolation of data
bet ween st ored points. 10 Sorre met hods ;nmake use of this data at.| ow
speeds where one "eRopPPHY" REATEHt cofOSHELOR t hE dOFATHY ?tﬁéntVﬁan

strategy for var neglelgedereltopedaidaion irChophidtince of tlatmathise
Il lustrated graphical ' '

Ly in.Figure 2 in whi.ch the. cu o
i nduct ance wavef 8Fn# §¥802ﬁ8ﬁn°8vgpgzelgnd CBﬁﬁ%%trnd§§ %n%%ggé?ﬁgg}8t+ﬁese
met hods usual |y ewmgal b stored disagnoShix- kidragefnaie fmlmeant ntable and
non-t or quegzpr odugt . {6t ase ' t +hi
ener gi sed > i&igggﬁF§e§r%%$§ﬁgé%%i rlgLﬁﬁﬁ Egp"a 32%??§§F§?gn§§eﬁ?§?
data involves the use of a large memory array and/or
additional system overheads for interpolation of data

between stored points.

10 Some methods make use of this data at low speeds where
"chopping®” current control is the dominant control
strategy for varying the developed torque. Chopping
control is illustrated graphically in Figure 2 in which
the current and inductance waveforms are shown over a

15 phase inductance period. These methods usually employ
diagnostic energisation pulses in non-torque-productive
phases (i.e. those phases which are not energised
directly from the power supply at a particular moment).

20 Other methods operate in the "single-pulse" mode of
energisation at higher speeds. This mode is iliustrated
in Figure 3 in which the current and inductance waveforms
are shown over a phase inductance period. These methods
monitor the operating voltages and currents of an active

25 phase without interfering with normal operation.

The control and operation of switched reluctance machines
genexrally are described in the paper "The
Characteristics, Design and Applications of Switched
30 Reluctance Motors and Drives"™ by J M Stephenson and R J
Blake delivered at the PCIM ’93 Conference and Exhibition
held in Nurnberg, Germany between 21 and 24 June 1993.
In that paper the "chopping" and "single-pulse" modes of
energisation of switched reluctance machines are



20 . G her nethods operate in the "single-pulse" node of

energi sation at higher speeds. This node is illustrated in Figure 3
i n, which the current and inductance wavef orns are shown over a phase
i nduct ance period. These net hods nonitor the operating voltages and
currents of an active 25 phase without imerfering with nornal

oper ati on. The control and operation of sw tched rel uctance

machi nes enerally are descri bed in t he paper "The
Characteristics, SdRe8nd Applications of Switched 30 Rel uct ance
Motors and Drives” by J M St ephenson and R J Bl ake delivered at the
PCIM ' 93 Confere c d |n uy nbey ny bet ween
21 and 24 June 1 sulI 4h‘%ﬁ ]p%{‘bé?pq Nb’r‘?fb"l%ntdha |R§f\$8958 se"

nodes of blyeNngmmngl ahd gwMmt sbeglhenebnclianwccﬁnabe ngénsartess
3 Sdescrh%%%r Position Detection in an S R Motor", published in

Proceedings of the European Power Electronics Conference,
Firenze, Italy, 1991, Vol.l, pp 390-393. A typical
higher speed method is described in International Patent
Application WO 91/02401.

10
Having to store a two-dimensional array of machine data
is an obvious disadvantage and so alternative methods
have been proposed which avoid the need for the majority
of angularly referenced information and instead store

15 data at one angle only. Such a method is described in
European Patent Application EP-A-0573198. This method
aims to sense the phase flux-linkage and current at a
predefined angle by adjusting the diagnostic point via
the calculated deviation away from the desired point.

20 Two one-dimensional tables are stored in the preferred
embodiment, one of flux-linkage versus current at a
referenced rotor angle (see Figure 4} and another of the
differential of flux-linkage with respect to rotor angle
versus current. By monitoring phase voltage and current,

25 the deviation away from a predicted angle can be
assessed, with the aid of the look-up tables, and system
operation can be adjusted accordingly. However, such
methods, although reducing the amount of information
which has to be stored, still have to detect or compute

30 the flux-linkage at a specific rotor angle.

It is an object of the present invention to provide a
generally applicable way of monitoring rotor position
without using a rotor position transducer while also



A nmethod suited to | owspeed operation is that proposed by N M
Mrungi and J M Stephenson in "Accurate Sensorless 5 Rot or Position
Detection in an S R Motor", published in Proceedi ngs of the European
Power El ectronics Conference, Firenze, Italy, 1991, Vol.1, pp

390- 393. A typi cal hi gher speed nméthod i s described in

I nt er nati onal Patent Application WO 91/02401. 10 Having to
store a two-di nensional array of nachine data i s an obvious

di sadvant age andrsgugingrkhei sronBt hafisstored dakge been proposed which
avoid the need for the mgjority of angularly referenced information

and i nst ead store 15 data.,at one ang_,lI Such nethod i s
& afPEhed

described in e RrSSEn PRVEREIRBp ATO5Y ?LQ?CCGHﬁaéim%od
ains to sense thenahpeﬁdéhuxeﬂaﬂhege amck farrreht fadtares are preeddfdadeth

angl e by adjusti t Qe di ggnpstic.pgint via t he cal cul ated devi ation
away fromthe degﬁ?eaeB8P§gF92%iglgngn one-di nensi onal tables are stored
in the preferred enbodi nment , one of flux-linkage versus current at a

referenced rot or? ggl 4 gu }ﬁg{'&é aBH}Q@ﬁtOffxte@:Wheellng over a

differential of I nkage mnt pect to rotor angle ver sus
current. By nnnlpgrthgnpﬁéséh@oﬂpége angudarr @pverent, duriag qdvich ithe

away from a pregdigt e@ cBAHLE ofdBurbént is moRSESSSEd, ML ndiel bk 0k
t he | ook- ug t abl es, n syst.em

eration c e ted
accor di ngt Fﬁﬁﬁv c%ﬁﬁﬂ?d out JJHe%ﬁ%dgarEIPﬁoﬁgﬁ (9rﬁquﬁ5%ﬁﬁﬁnn
of information cycle. \Ahmlo:elm,t @nee mEivarienh]astliyl ladvars agecdet eotterval

compute 30 the flux;l}nkags ate A 13P85lHES BE8L 288 §¢ the rotor and

stator poles.

15 The skilled person will be aware that the phase
inductance cycle is the period of the variation of
inductance for the or each phase of a switched reluctance
machine, for example between maxima when the rotor poles
and the relevant respective stator poles are fully

20 aligned.

The skilled person will be aware of the concept of
freewheeling in a switched reluctance machine. It is
described in the PCIM ‘93 paper by Stephenson and Blake
25 referred to above. Briefly, freewheeling is when the
voltage across a phase winding of a switched reluctance
machine is set to zero for a period of time by
effectively providing a short-circuit path across the
ends of the winding. The current circulates around the
30 winding and the flux is virtually constant, since the
only voltage present to change it is the wvoltage drop
across the winding and the switching devices. The
concept of freewheeling should not be confused with
coasting in which there is no current in the winding and
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t he dependent cl ai ns. The i nvention uses phase

| ing over portion of the rotor angular ngvenent,
the rqte’e‘ttél%lf efangBeof TetP¥ erfet oo Anlor e @1 THIES own

Betucarried out in any part of the phase inductance

one particul arly advant ageous i nterval Is at or near

d position of the rotor and stator pol es.
The present invention can be put into practise in various

ways -some of which will now be described by way of
example with reference to the accompanying drawings in
which:

Figure 1 is a graphical representation of the two-
dimensional stored table of flux-linkage/angle/current

data used in prior art current monitoring systems;

Figure 2 shows a typical low-speed mode chopping current

waveform superimposed on the phase inductance profile;

Figure 3 shows a typical high-speed mode single-pulse
current waveform superimposed on the phase inductance

profile;

Figure 4 is a graph of a single dimension of stored data

according to another prior art system;

Figure 5 shows an asymmetric half-bridge switch circuit

for one phase of a switched reluctance machine;

Figure 6 shows a typical variation of change in current
with respect to rotor angle for a fixed freewheel period

for varying flux-linkage levels;

Figure 7 demonstrates a 2° period of freewheeling for a
switched reluctance machine about the fully aligned
position of a rotor pole with respect to a stator pole,
and the resulting variation of flux-linkage and current;



15 The skilled person wll be aware that the phase

i nductance cycle is the period of the variation of i nduct ance for
the or each phase of a switched rel uctance machi ne, for exanple
bet ween maxi ma when the rotor pol es and the rel evant respective
stator poles are fully 20 al i gned. & The skilled person will be
aware of the concept of freewheeling in a switched reluctance
machine. It is described in the PCIM'93 pa Ste henson an
Bl ake 25 r ef eFiG¥TE08aBROUWS 2 gshermtic fragrREet EﬁBSFéa fpeontro
vol tage across adihased tWikdorgorhtangWhehpées@htcinnertion; andachlne is
set to zero for a period of tinme by effectively providing a
short-circuit path across the ends of the winding. The current
circul ates aroun@:@h&esw shostandi narlanchttie dilageans ofi rfwdther cdesabht of

since the 2%1V0|ta% %&ﬁiggbaégrgggggeth%hg§eggﬁtv9h§@ﬂ€1950p

across the mﬁndlﬁb tching concept of
freewheel i ng shoul d not be confused with coasting in which there is

no current in thew nding;8dfed reluctance machine, the relationship
between flux-linkage ¥ and the current i can be expressed
by the equation

10 Y= 1i.L . {1)

where the inductance L is a function of angle 8 and
current i.
Differentiating equation (1) with respect to 6, the
following relationship is obtained

15 ay di dL
— = —.L + — .1 ... {2}
dé df de

Equation {2) can be rearranged to give the following

20 equation
dai 1 dy dL
— = == - — .1 .. {3)
dé L {dé deé

25

In freewheeling mode, the voltage across the phase

ay
30 winding will be low and — = 0, therefore equation
ds
(3) can be approximated to the equation
di dr. i
35 —_ = - =, — ... (4)
de dé L

40



5 the rotation of the rotor relies only on its own nmonent um

The present invention can be put into practise in various 5 ways sone of
Wwhich will now be described by way of exanple with reference to the
acconpanyi ng drawi ngs in whi ch: Figure 1 is a graphical
representation of the two- 10 di nensi ondl stored table of

fl u?-l I nkage/ angl e{:purrent ] data used in prior art current nonitoring
syst ens; i gure 2 _.sho a typic oW d nmode choppi ng curk
wavef or m super i m§‘8§eg SA*EHes \F,ili%ea é@ﬁcggn%%epfgff?‘&n%SrefatPfon%ug%r %ggt
shows a typical hi gﬂsgggd _node singl e-pul se current waveform

superi nposed on 2. {DLFF ®i*'nduct ance profile; 20 Figure 4 is a
graph of a_single di mirlsi an QfALstored dat a acggr(g'b ng to anot her

prior art gystem

i
where the constant of proportionality is —.
L
10

It follows from equation (5) that, if the change of
current (Ai) can be measured with suitable accuracy, this
will give an indication of the change of inductance of
the phase during the interval of measurement. If the
15 relationship between the rate of change of inductance and
the rotor position is already known, this allows a
calculation of rotor position to be made £rom the
measurement of Ai. The simplest method of implementing
this is to use a look-up table of AL against xrotor
20 position. However, since in general the inductance is
current dependent, this requires a table of AL as a

function of current.

According to the invention in its preferred form, use is
25 made of the fact that, at the fully aligned position of
a rotor pole with respect to a stator pole, the rate of
change of inductance with angle is essentially zero
irrespective of the 1level of phase current. Thus,
according to eguation (5), the rate of change of phase
30 current will be zero when the freewheel period is
positioned around this fully aligned position. It
therefore follows that, if during the monitoring interval
Ai is discovered to be zero, the rotor position was
centred around the aligned ©position during the
35 measurement interwval. This allows operation of the
machine by predicting when the rotor will pass through
the aligned position and freewheeling around that



Figure 5 shows an asymmetric half-bridge switch circuit for one

phase of a switched reluctance nmachine; 25 Figure 6 shows a typica
vari ation of change in current with respect to rotor angle for a
fixed freewheel period for varying flux-Ilinkage |evels; 30

Figure 7 denpbnstrates a 2[err] period of fré&ewheeling for a swi t ched
rglﬁctance machi ne about the fully aligned position of a rotor pole
¥V: EX_{?ﬁEggte ;ﬁd%ag%%té%i; polxg, the predf‘cr:]éjiérrl]eisg eggrllgelc , th'{elnatAIJgQﬂiofl be

Figure 8 shows ﬁzéﬁbeﬁmiiﬁgd&m@rﬁﬁaéWHaﬁmlpdﬁﬂq@.a cDfif riddwever, tthewaiiis
I ncorporating the _present_inv .Qn;..an . s Fi tic
jl?zflroe?r]gg]g el gre iction, BHESH ghé;?%’%aa%rﬁcgh&@

: U
di agram of furt hdf ¥éda a control "syster incorpor
present inventi omagnitude of rate of change of current will indicate the
5 angular error and its direction and, therefore, the

correction required for the next cycle.

In practise, there is a finite reduction in flux-linkage
Yy over the measurement interval and so the position at

10 which there is no change in current will be slightly
offset from the fully aligned position. This can be
determined from equation (3) and is shown graphically by
the set of curves in Figure 6 for a typical switched
reluctance motor. In the graph the actual position of

15 zero rate of change of current is about 2%° before the
fully aligned position of the rotor with respect to the
stator pole.

Figure 5 shows a conventional, asymmetric half-bridge
20 converter circuit for a switched reluctance machine. A
phase winding W is serially connected between an upper
power switch S1 and a diode D1. The same winding W is
gimilarly serially connected between a lower power switch
S2 and its diode D2. By way of example of the
25 freewheeling referred to above, if the circuit of Figure
5 is used, current flowing through the winding W as a
consequence of closing the switches S1 and S2 can be made
to freewheel around the loop of S2 and D2 by opening Si.

30 The method of the invention will not interfere to any
substantial extent with the machine’s operation because
the required wonitoring interval is short. 1In any case,
it is beneficial to have a period of freewheeling in most

known switched reluctance systems, for reasons associated



In a swtched reluctance machine, the relationship bet ween

flux-Iinkage [err] and the current i can be expressed by the equation
10 [err] L 1) where the inductance L
is a function of angle [err] and current i. Differentiating
equation (1) with respect to [err], the 9 following relationship is
obt ai ned 15 [err] Equation (2) can be rearranged to

give the follow ng 20 equat i on n free eeliqg:node,

the vol tage acro¥dtPhBojRgsEongEOL aﬁ?%%é% mVW|?f{Eé*%ﬂf%Nl [FF]T-+on-
therefore equati g followd 3khaan g scappnoshtbded can tie éqpitmented35in
Lerr] either the'dhoéﬁ@ng or single-pulse modes of operation
where it is possible for a freewheeling interval to be
5 used. The invention could equally well be used in a
continuous current mode of operation of a switched

reluctance machine as is described in EP-A-0534761.

The method of the invention gives timing information
10 which is similar to that of a standard rotor position
transducer, i.e. an indication of rotor/stator alignment

is available once per phase inductance cycle.

Figure 7 illustrates the effect on the flux-linkage and
15 current of a 2° freewheel period positioned adjacent the
fully aligned position in a typical switched reluctance
drive. As can be seen, both current and flux remain
substantially constant for the duration of the freewheel
interval which, in this case, is between 88° and 3$0°,
20 where 90° indicates alignment between the rotor and

stator poles.

Figure 8 illustrates a drive system for a switched
reluctance motor. The system is shown in schematic block
25 diagram form. In this embodiment, the speed controller
10 receives a speed demand signal. This is compared with
a feedback signal on line 12 which will be described
below. The output of the speed controller 10 is a
comparison of the demanded and actual speed signals (i.e.
30 an error signal) and is supplied as the actuating input

to a firing controller 14.

As described above, there are various modes of operating

a switched reluctance wmachine. In each mode of



40 7 For a fixed snall

angle’[err] the following relationship is applicable: 5

lerr] _ _ ... (H) where the constant of
proportionality is [err] 10 It follows fromequation (5) that, if
the change of current [err] can be nd8sured with suitable accuracy,
this w Il give an indication of the change of inductance of

t he phase during the interval of neasurenent. If the

operation, a monitoring interval can be introduced,

during which the current is allowed to freewheel.

The output of the speed controller 10 is the demand

5 signal for the switch firing controller 14 that is
conventional in the art in as much as it controls
actuation of the switches of a power converter 16
according to the demand and the mode of control for the

speed of the motor. The speed and firing controllers 10

10 and 14 can be implemented around a Motorola 68HCll
microcontroller, according to known art. The firing
controller 14 output is modified according to the
invention to include, in each phase inductance cycle, the
regular wmonitoring commands for the switches of the

15 converter 16.

The output of the firing controller is used to control
actuation of the switches of the power converter 16,
which can be of the type shown in Figure 5, for each

20 phase of the machine.

Phase current sensing is performed via a conventional
current sensor 20 eg. a flux-nulling sensor as
manufactured by LEM HEME Ltd of Skelmersdale, Lancashire,
25 UK or by measuring the voltage developed across a series
resistor. In this invention it is the freewheel current
that the sensor is required to monitor. Thus, the sensor
must be located in an appropriate place where the
freewheel current will exist in a reliable and accessible
30 form, eg. at either end of winding W. Alternatively, the
current could be monitored either at the diode D2 or the
switch S2 used in the freewheel operation. The position
at or near the switch 82 is preferred, as it is usually

more accessible in practical implementations of switched
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15 relationship between the rate of change of inductance and t he
rotor position is already known, this allows a cal cul ation of rotor
position to be made fromthe measurenent of [err] The si npl est

i npl enenting this is to use a | ook-up table of AL agai nst
position. However, since in gehkral the inductance is
current dependent, this requires a table of AL as a functi on of

net hod of
rotor 20

current.

According to the invention in its preferred form use is

25 made of thsefuetanpatmaghingd-fully aligned position of a
rotor pole with respect to a stator pole, the rate of change of

I nductance with angle is essentially zero
of phase current.
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by predicting when the rotor will pass

t he allgned position and freewheeling around that

Whereas current is monitored in the phase winding, the
rate of change of current over a period must be measured
for a meaningful indication of rotor position. The
output of the sensor 20 indicative of current magnitude
is applied to a current change detector 22. This is
preferably implemented in the microprocessor which is
used to implement the speed control and firing control
functions described above. The implementation would, in
principle, store a first value of current after
freewheeling has commenced and store a second value of
current near the end of the freewheeling interval. The
rate of change of current is then computed by taking the
difference of those current values and dividing by the
time interval between them. In practice, it may be
beneficial to take the first reading immediately before
freewheeling commences, so as to avoid any transient
disturbance in the current value caused by the switching
action. The output of the detector 22 is a voltage
indicative of the rate of change of current with respect
to time over the monitoring interval. This is the basis
of the indication of the position of the rotor relative
to the stator. If the previous prediction of rotor
position was correct, the output of the detector will be
indicative of substantially zero current change during

the monitoring interval.



8 interval. If the prediction is correct, then [err] will be

zero durlng the freewheel period. |[If, however, there S an angul ar
error in the prediction, then the sign and the magni t ude of rate of
change of current will indicate the 5 angul ar error and its direction
and, therefore, the correction reqdkred for the next cycle.

In practise, there is a finite reduction in flux- Iinkage [err] over
t he neasurenent interval and so the position at 10 which there i s, no

change in currenfThgi | pubus| jQfht Ry detectonf petif éi?Ptlﬁgdf uFPy 2l FeERY

posi tion. Thi Sp%@lﬂaeor 24 tHgtenl negdormymequed i ehe( Actad iSatshovi

graphically b t of Fi f
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Cpat”%e of t curr _enE‘olrS abgiveR[ epekd, befher e:idn'ﬁ'lg prediéubty 24l |zgn@bqg©stp. on
0 e rotgr with respect.to th e ol
%Ventlgﬁﬁ 1C % he mohe taPF glig%hg%ﬁpgk the next Phgkg bE é?or

shows a co mvetri c vertet circuit
swi t ched rel uct ame:hmehl ne e.A from apmwm n@ls\ﬁﬁs§m§@ﬂ1| aPfy rotor

connected betweep, a1 Y| one g gURE SWyt Gly-edli ANdA dkodgadd - b-{zhetﬁérfe
wi nding Wis 5|n1 serially connected bet ween a | ower poper
switch predlctor for the next incidence of zero current change

in-the next phase to be energised.
10 |
The firing controller 16 includes a free-running timer
which is used to set the angular position of the switch
firing events. By deriving information from the rotor
position data the timer is reset for each phase according
15 to the firing control strategy which is part of the known
principles of switched reluctance motor control. For
a given speed, the timing predicter 24 makes a prediction
of the time at which the rotor will be aligned with the
stator. It is then able to decide the times during which
20 the power converter should be put into the freewheeling
mode, these times being selected so that the monitoring
interval is centred around the predicted point of
alignment. When the start of the monitoring interval
arrives, the firing controller 14 actuates the current
25 change detector 22 to read the output of the sensor 20
and the rate of change of current in the freewheeling
mode is then calculated for the monitoring interval. At
the end of the imposed freewheeling interval, the firing
controller resumes conventional control of the motor,

30 based on speed demand and the error signal.

If the rate of change of current assessed by the detector
22 is substantially zero, the timing predictor has no

need to adjust its ongoing estimates of the aligned



S2 and its diode D2. By way of exanple of the 25 freewheel i ng

referred to above, if the circuit of Figure 5 is used, current
Tlowi ng through the winding Was a consequence of closing the
switches S1 and S2 can be nmade to freewheel around the | oop of S2
and D2 by opening SI1. 30 The nethod of3the invention will not
interfere to any substantial extent with the machi ne's operation
because the required nonitoring interval is short. In any case,

it is beneficialpeaihdon dogerdasth aphagseewhdd ithe | fehpetor indicrigsn 2
swi tched rel uct apgeeSyst eMharddfd beaseRsrassod At edgative slope and a
9 w th noi se control and tlnun1eff|Q|en of oper a
follows that thiBFRERLPETMRER Bee mitherPredd ot pOSltg?’E‘H%"Lr acr!]‘rfegrlf?ﬁfbtpl ng
?;e;\ﬂgle?. P]ul ?ﬁtwa\d/ef;o@f e@&ﬂlyatbpran amoux\i\ﬂilefelatedstposhleblnetg&ﬂrtwie of
be used i nsg eaﬁﬁﬁ?lﬂg %éa%er '%(?él% | n§§ %goln%%g g)%a% c% \)cl]§| |
rel uct ance nachlnheapreﬁldesdrmmaiUMmdﬂbﬂ\iEEQHMHnt was too late The
variation in change of current about zero can, therefore,
be used as a simple linear scaling for correcting the
estimate of the time at which alignment will occur.
10
For successful operation, this method requires the
machine to be rotating and have current in at least one
phase winding. At standstill, this wmethod cannot be
directly applied, but other known methods of starting the
15 machine can be used, eg. open-loop stepping, diagnostic
pulses, etc, all as known to those familiar with the art.

Figure 9 illustrates an alternative implementation of the
current change detector 22 using analogue components; the
20 firing controller 14; and the half of the power converter
16 used for freewheeling constituted by the switch S2 and
the diode D2. In this embodiment the freewheeling
current is derived from the voltage developed across a
small resistor 28, eg. <10Q, in series with the switch of
25 the freewheeling circuit. The voltage across the
resistor is directly proportional to the current in the
winding and is monitored by first and second sample-and-
hold circuits 30 and 32 providing outputs to a summing
junction 34. The difference between the sample-and-hold
30 outputs is scaled in a scaler 36 and applied to the
timing predictor 24. The first sample-and-hold circuit
is actuated by the timing predictor 24 at the start of
the chosen freewheel interval. The second sample-and-

hold circuit is actuated at the end of the monitoring



The nmethod of the invention gives timng information 10 which is
simlar to that of a standard rotor position transducer, i.e. an
indication of rotor/stator alignnent is avail abl e once per phase

i nduct ance cycl e. Figure 7 illustrates the effect on the
flux-1inkage and 15 current of a 2[err] reewheel period positioned
adj acent the fully aligned position in a typical swtched rel uctance
drive. As can be seen, .both current and flux remain substantial ly
constant for the ‘dFSH%n of the freewheel interval which, in this
case, is between 88[err] and 90[err], 20 where 90[err] indicates
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descri bed e ofiame WY otibput the t RELEPRRY ESAVFERPER fRRGRIDE 1S
conparison of the e@ angenetdabrspeesysayret fedt .. e 0f30ourseanwhtiler
signal) and is suppli.ed as  the.actuating i.nput . 0 a firing. .
control | er 14. the lnveﬂzl(ﬁ’é’s&rsi 85055g98,£)?h"é‘7]eat§r°é1 \tyé)r FS%?%%g%tS ed
operating reluctance machines, the skilled person will be aware
10 that a switched reluctance machine can be constructed as

a linear motor. The moving member of a linear motor is
referred to in the art as a rotor. The term "rotor" used
here is intended to embrace the moving member of a linear

motor as well.

15
Accordingly, while the invention has been described in
connection with the illustrated embodiments discussed
above, those skilled in the art will recognise that many
variations may be made without departing from the present
20 invention. The above description of the several

embodiments is made by way of example and not for
purposes of limitation. The present invention is
intended to be limited only by the spirit and scope of

the following claims.



a switched reluctance nachine. In each node of .
10 operation, a nonitoring interval can be int rOdemmlu" " uunl
during which the current is allowed to freewheel. Thes .

speed controller 10 is the demand 5 signal for the switch firing
controller 14 that s conventional %% the art in as nuch as it
controls actuation of the switches of a power converter 16

according to the demand and the node of control for the speed of the
notor. The speed and firing controllers 1&HEMS and 14 can be i npl enent ed
around a Modtorola 68HC | m crocontrol ler, according to known art.

Tventi on to i nclbide, An S2ERC3nact | AHESRAES0y ST CR ndbobition e tny, @
moni t ori ng conmarkERlyetrande madhigieesooprilséngsa staoowerd erotkd, which is
5 moveable relative to the stator, and at least one phase
winding mounted on the stator, the method comprising:
moving the rotor relative to the stator;
energising the phase winding by actuating switch
means to control the current in the winding;

10 freewheeling in each phase inductance cycle so that
current in the winding recirculates for an interval at an
estimate of a predetermined position of the rotor at
which the rate of change of phase current is at a
predicted magnitude;

15 ' monitoring the phase current during freewheeling;

comparing the monitored rate of change of phase
current with that predicted at the predetermined
position; and

deriving the position of the rotor relative to the

20 predetermined position from the difference between the
actual and predicted rates of change of phase current.

2. A method as claimed in claim 1 in which the interval
is coincident with a period of substantially no change in

25 current as the rotor moves.

3. A method as claimed in c¢laim 1 or 2, including
sampling the current at or near the start and at or near
the end of the freewheeling interval.

30
4. A method as claimed in claim 3 including calculating
the rate of change of current from the change of current
over the period of sampling.



The output of the firing controller is used to control
the switches of the power converter 16, whi ch can bummm'ﬂ"u ﬂ”“l,

shown in Figure 5 for each 20 phase of the machi ne

current sensing is perforned via a conventi onal ‘current sensor
eg. a flux-nulling sensor as mandPact ur ed by LEM HEME Ltd of
Skel nmer sdal e, Lancashlre UK or by neasuring the voltage devel oped
across a series st I .t.his i vent | |t s $he fye L
current t Rat tﬁ‘e v |s drﬂiea‘qltﬂr{l re q}O&erl(r%[pt ar. d’ § & %eﬂs{we]ﬁg%?h

must be | ocated rcheaaxappttoprfl &he phtervaheie thwersely depeedmél ogukhent

will exist in a gshigble %B@eﬂ%%%s%Ebkﬁe3Qotor form eg. at either end of
wi nding W Alternatively, the current could be nonitored either at

t he diode D2 or the svmtch S2 used in the freewheel operation. The

position g5 at. OrAanéEhbHeaé\/\bliﬁlﬂm&a i8 fcef rcﬁciuw 1 kol 5 wauahliyh

nore accessible i racti cal | enent a ons
ﬁepdﬁ%ference etween Eh

8 predlcted rates of
change of current is used to modlfy the estimate for a

subsequent phase cycle.

10 7. A method as claimed in c¢laim 6 in which the machine
is a wmulti-phase machine having a phase energisation
sequence, the difference between the actual and predicted
rates being used to modify the estimate for the next
phase in the sequence.

15
8. A method as claimed in any of claims 1 to 7,
including monitoring the freewheeling current at the

switch means carrying the freewheeling current.

20 9. A method as claimed in any of claims 1 to 7,
including monitoring the freewheeling current at the

phase winding.

10. A rotor position indicator for a reluctance machine
25 having a rotor, a stator and at least one phase winding,
the indicator comprising:
a current monitoring device for deriving a signal
indicative of phase current in the phase winding;
switch means actuatable to configure a freewheel
30 circuit in which current recirculates through the
winding;
timing means for actuating the switch wmeans to
configure the freewheel «circuit for an interval
coincident with a predicted range of rotor position, and



rel uctance machi nes. If, however, it is required (fo mr I""II“MII“III
control reasons) 5 to cause the recirculating current to HI m r
feed

hal f of the half-bridge converter of Figure 5 the sensof ¢ ' eeds *
to be placed adjacent the phase w nding W 10 Whereas current is
nmonitored in the phase w nding, the thte of change of current over a
period nust be neasured for a nmeaningful indication of rotor

posi tion. The ; t n i ngj ' f re

magni t ude ff)g asﬁﬁfz’:itég]% o%e cgg?%ﬁt %8%5%3‘5 et g@%%% . tﬁHTﬁ%rs%tel soﬁ5
preferably inpl efBangg PR ensrantr dpr bbesibEewrath is used to

i mpl ement the speed cepkpakadBe hesh8IF&PHIMaring thelf gPEHEBREqdRSEE bed
above. The inplenentation would, i r|n0|51e, store a first val ue

n .
of current afterchange of BB@fgefPREERESWEEANERR dtPafidred grate SecthPdRl ue

of 20 Surrenton@éfitveea ek ffrdie Mademwheediegtivkesfathe diference
rate of change o£$§urrengﬂis t hen coqguted bxftakin di.fference

of those current Faed HRd %?5?%ﬁrﬁf ?ftﬁﬂ?l 1on an i%ggigf%$$%fe et 0eRh

t hem I n practpositibnmay be beneficial to take the first reading
I medi ately before 25 freewheel i ng comences, so as to avoid any

transi ent di sturbance in the current val ue caused by the sw tching
11. An indicator as claimed in claim 10 in which the

10 timing means are responsive to a signal indicative of the
speed of movement of the rotor to vary the period in

inverse relation thereto.

12. An indicator as claimed in claim 11 in which the
15 timing means are responsive to the difference value to
adjust the actuation of the switch means in a subsequent

phase cycle.

13. A system for wmonitoring rotor position in a
20 reluctance machine, comprising a rotor, a stator, at
least one phase winding, switch means operable to
configure the phase winding in a freewheel circuit in
which a freewheel current recirculates in the winding, a
current monitoring device for deriving a signal
25 indicative of freewheel current, timing means for
actuating the switch means into the freewheel
configuration for an interval at an estimate of a
predicted position of the rotor at which the rate of
change of current has a predicted value, means for
30 deriving a measurement of the rate of change of current
from the monitoring means in the interval, and means for
calculating the position of the rotor relative to the
predetermined position from a comparison of the actual

and predicted rates of change of current.



action. The output of the detector 22 is a voltage Jeren |
the rate of change of current with respect to tine OH @ ’n U]i””",
monitoring interval. This is the basis 30 of the indica L s

position of the rotor relative to the stator. I f the previous
prediction of rotor position was corréct, the output of the detector
w il be I ndi cative of substantially zero current change during

the nonitoring interval. . . . . , 12

The output of a Qe‘lt'ec?bbr SYSUel BB i P8 i £gai™ 13 5y 4 tPRat
i s responsive to itlemcluals rateanfed to beharmgienaifdenitr rveitth der peetiofir o

t he nonitored cur spPe timng predictor 24 is
able to 5 pre tlalnjq{oacarf%é] th"q? ett‘ﬂ:e next phase of the
machi ne, i.e. from a correct ed assessnent of rotor position in one

phase, a prediction i g MGy dd6cilaimed PLEEEAOR {970t Ny ”%twh%hd%ﬂ%e
of zero current change I.n the next phase to be energised
means for deriving a measurement of the rate of change of
current include sampling means for sampling the current
at or near the start and at or near the end of the
interval.
10
16. A system as claimed in any of claims 13 to 15 in
which the timing means are operable to modify the
estimate for a subsequent phase cycle in response to the
difference between the actual and predicted rates of

15 change of current.

17. A system as claimed in claim 16 in which the machine
is a multi-phase machine having a phase sequence wherein
the timing means are operable to modify the estimate for
20 the next phase in the sequence in response to the

difference between the actual and predicted rates.



The firing controller 16 includes a free-running timer which is used
to set the angular position of the switch firing events. By deriving
information fromthe rotor position data the tiner is reset for each
phase accordi ng 15 to the firing control strategy which is part of the
known principles of switched reluctané@ notor control. For

a given speed, the timng predicter 24 nmakes a prediction of the tine
at which the rotor will be aligned with - stator. It is then able
to decide the times during which 20 r converter should be put
into the freewheeling SENSORSESShBOFORI FOSIHEONOMSRIEQRENGSO t hat t he

noni tori ng interval is cen h ted point of
alignnent. Wen the start of the —#§%§§§grfﬁ0k Eht t§ arrives, the
firing controller 14 actuates the current 25 change detector 22 to read
the output 50f the sgNSAq 28 monltofilsr:l(illgI heot it ep851 €@ 98n0fa CHET8BEahBet hE

freewheel i ng node is then calculated for the nonitoring interval. At
the end of the |ﬁﬁ%@%ﬁ?efr§@mﬁ§éﬁﬁﬁg QQEQﬁ“FdPJKIhéh@|r¥%EF of ~chagger offer

resunes conventi @adres@ntdtol aObaB:I&QcEIQer ,p&.(ht atbagrdcRN capeedtrdeimngnhand

the error signal If the r gg c of current, .assessed by, the
det ect or winding, & AFEEY FORHS I nd SRR S L
need to adj ust |b&ummymeg;w&ﬂhnalﬁgnménthefMagmnxbr and a stator pole

10 such that the rate of change of current is predicted to

be zero. The magnitude and polarity of any wvariation
from the predicted rate of change indicates a rotor
position removed from the actual rotor position and
whether it is in advance of, or retreated from, the

15 predicted position.



13 position for each phase. If the detector indicates a

rate of change of current of negative slope and a particul ar
fragni tude, the predicted position of alignment ; was too early by an
amount related to the magnitude of 5 the rate of change of current. |If

" the slope is positive, the predicted position of alignnment was too
l'ate. The variation in change of/Turrent about zero can, therefore,
be used as a sinple linear scaling for correcting the esti mate of
the tine at which alignment will occur. 10 For successful operation,
this method requires the machi ne to be rotating and have current in
at | east one phase wnding. LAt standstilT, . tThrs nethod cannol Dbe
directly applijed, but;other Known nethods of: starting the 15 nmgchi ne
can be used, ¢g. open:|oop st:epping, :di agnostic « pul ses, etc,r all as
known to thosq famliar with.the art. . __Figute 9 illustrates an
alternative infplenmentation of the - Nange ‘detector 22 using’

. anal ogue conp¢nents; the 20 : firif and the hal f 'of the

- power convert ¢r » 16 used fq uted- by the.switch
S2 and the diode D2. . | eewheel i ng

.......................................................

‘current is deffived fromthe v ( \ s :

Rotor =An gle

Fig. 1



smal |l resistor 28, eg. <10[err], in series with the switch of 25 t he

freewheeling circuit. The voltage across the resistor is
directly proportional to the current in the wi nding and is nonitored
by first and second sanpl e-and- hold circuits 30 and 32 providing
:out puts to a summ ng junction 34.,K The difference between the

.sanpl e-and- hol d 30 outputs is scal &% n a scal er 36 and applied to the
.timng predictor 24. The first sanple-and-hold circuit is actuated
by the timng predictor 24 at the start of t he chosen freewheel
interval. Thg-seeend——sanpte—anrd——————hol-d—6i+etit—s—actuated-at—-the
end of the noiitoring 14

i nterval. The above exanpl es address the dhe ajhogrM of D™Ne

i nvention - when the switched reluctance machine is/arranged\fo run %
as a notor. The present inventioR can also be used in the sqQnme way
when the swi tdhed reluctange nachfRe is ummi g & affgeneratoN to
equal effect. |Of course, ﬁﬁil ‘

1

Inductance /.

Rotor ‘An gle

Fig. 2



the invention is described in relation to rotary swtched rel uct ance

machi nes, the skilled person will be aware 10 that a switched
. feluctance machi ne can be constructed as a linear notor. The noving
"menber of a linear notor is referred to in the art as a rotor. The
term"rotor" used here is intended to enbrace the noving nmenber of a
i near notor as well. 15 3Gcordingly, while the invention has
been described in connection with the illustrated enbodi nents
di scussed above, those skilled in the art will recognise that many
vari ati ons gy i—t—red depart+e oft+he—presen v ~rrvention.
The above description of the severa enbodi nents i s made by ypay
of exanple and not for purposes of limtation. The present
invention s intended to be limted only by the spirit and scope|of
the follow ng cl ai ns. 15
CLAI V5
L
1
' 3t
=i =
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Pmanf

| Rotor 'An gle

Fig. 3



1. A nethod of nonitoring rotor position in a reluctance
machi ne conprising a stator, a rotor, whichis 5 noveabl e relative to
‘the stator, and at |east one phase wi ndi ng nounted on the stator,
t he net hod conpri si ng: noving the rotor relative to the stator;
energi sing the phase wi nding by actuating switch means to control
the current in the w nding; 10 44 eewheeling in each phase
i nduct ance cycl e so that : current in the winding recirculates for an
interval at an estimte of a predeterm ned position of the rotor at
which the rate of change of phase current 1s at a predicted
magni t ude; 1, noni toring the phase current during freewheeling;
conparing the nonitored rate of change of phase current with that
predi cted atfthe predeterm ned position; and deriw
the positionf of the rotor relative to the 20 pr edet eLm position
fromthe diffference between the actual and Icted rates of chahge
of phase curjent. 2. A nmethod as claimed in claim1l in which the
i nterval is coincident with a period substantially no change ih
25 currgnt as the rotor noves. 3. A nethod as clained in
claim1 or 2, including sanpl i the current at or near the start
and at or hear the end of t freewheeling interval.

)

Flux-linka

Current

Fig. 4



30 4. A nmethod as clainmed in claim3 including cal cul ating

. the rate of change of current fromthe change of current over the

; period of sanpling. 16 5.

. Anethod as clained in claim1, 2, 3 or 4 in which the extent of the
interval is inversely dependent on the . speed of novenent of the
rotor. 5 6. A met hod as cl ai ned 349 any of claims 1 to 5 in which
the difference between the actual and predicted rates of change of
current is used to nodify the estinate for a subsequent phase cycl e.
10 7. A nmethod as claimed in claim6 in which the machi ne is a

-mul ti-phase machi ne havi ng a ghase energi sati on sequence| the
di fference between the actual |and predicted rates being yised to
nodify the estimate for the ngxt

DI /(/31
W
L J
@
S2 D2

Fig. 5
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phase in the sequence. 15 8. A. nethod as clained in any of clains
l1to 7, i ncluding nonitoring the freewheeling current at the

switch means carrying the freewheeling current. 20 9. A nmethod as
clainmed in any of clains 1 to 7, including nonitoring the
freewheeling current at the phase, wi ndi ng. 10. A rotor
position indicator for a reluctance ma&fi%ne 25 having a rotor, a stator
and at | east one phase w nding, t he indi cator conpri sing:

a current nonitoring device for deriving a signal i ndi cative of
phase current in the phase w nding; sw tch neans actuatable to
configure a frosemwheet—36 eHett-t—trr—whi-ech—current—rectrcutates

t hrough the wi ndi ng; timng nmeans for actuating the
switch nmeans to -configure the freewheel <circuit for a
“interval 0 jeoi-Aei-cent—ii—t-—a—p+rcai-ct-eeH+araa——- POt S-St A=

?g-___, 72 74 ~765 .78 . .80 82 Q47 68 o
—’_-___‘________..__.—-——
_u—’/
st

DeltaI (A)

R

2.5 4
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Rotor Angle (Degrees)
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@

17 for sanpling the phase current to neasure the rate of

change of current in the interval; - conpar at or neans for
conparing the predicted rate of change of phase current with the
nmeasured rate of change 5 to derive a difference val ue indicative of
the difference bet ween the actual rotor position and the predicted
r ot or posi tion. 11. An ing9cator as clainmed in claim10 in
whi ch the 10 timng means are responsive to a signal indicative of the
speed of novenent of the rotor to vary the period in i nverse.

rel ati on tRegreto— I 2—AR kﬁdkeafe%—a$—e#aﬁned—k?—ekaﬁfp&é—imsmhich
the 15 ti+ing ans qre responsijve tg the difference Yalue o]

adj ust the a¢tuatjpn of 'the switchfnmeans}in a subséquent | phasg¢ cycl e.
13. A systemlfog/n nLLoHing rlotor positifon inla 20 reluctarkce naghine,
conpri sing ajw0tor aNtatorl, at | ea$t ond phasé wi ndi ng, $wistch
means oper abl | confligurejthe phase winding in @ fregwheel [circuit
in whitch -a - w@eer-qurtqn--recﬂrquaﬁes-iq-the-vﬁndiqg;-a-

-ﬁ"ﬁb

Curre_pt (A)
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Rotor Angle (Degrees)

Fig. 7



current nonitoring device for deriVing a signal 25 i ndi cative of

freewheel current, timng neans for actuating the swtch

means into the fr eewheel configuration for an interval at an
estimte of a predi cted position of the rotor at which the rate of’
change of current has a predicted value, neans for 30 deriving a
measurenent of the rate of change of c@A%nt fromthe nonitoring
nmeans in the interval, and neans for calculating the position of the
rotor relative to the predeterm ned position froma conpari son of

t he actual and predicted rates of change of current.

18 14. A systemas clainmed in claim13 in which the

interval is SFERE]Pd to be coincident with a period of substantial ly
no change qsfﬁvnﬁggﬁp A systemas clainmed in claim13 or 14 in
whi ch the s for der|V|ng a neasurenent of the rate of change of

current incl udefarrpcdog nmeans fC]r4 sanpl i ng the{qgrrent 20

7
SPEED FIRING POWER .| MOTOR
CONTROL ICONTROL CONVERTER| V \

1277 <4 | (22 |
¥ /
TIMING DELTA I

PREDICTOR DETECTOR

Fig. 8



at or f&r the start and at or near the end of the interval. 10

+ 16. A systemas clained in any of clains 13 to 15 in whi ch the timng
nmeans are operable to nodify the estimate for a subsequent phase
cycle in response to the di fference between the actual and predicted
rates of 15 change of current. ' 17. A systemas clainmed in claim
16 in which the machi ne "is a mR£?-phase machi ne having a phase
sequence wherein the timng nmeans are operable to nodify the estimte
for 20 the next phase in the sequence in response to the

di fference between the actual and predicted rates.

Y LR I N

P4

TIMER FIRING 2
PREDICTOR CONTROL | D2

/I\ N

K 30 28
fa >/ J %
16 J S/H

34 .
T /

S/H

I

32

/

Fig. 9



