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In general, a reluctance machine can be operated as

an electric motor in which torque is produced by the

- tendency of its movable part to move into a position
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- where the reluctance of a magnetic circuit is minimized,

i.e. the inductance of the exciting winding is maximized.

In one type of reluctance machine the energisation
of the phase windings occurs at a controlled frequency.
These machines may be operated as a motor or a generator.
They are geherally referred to as synchronous reluctance
motors. In a second type of reluctance machine,
circuitry is proVided for detecting the angular position
of the rotor and energizing the phase Windings as - a
function of the rotor’s position. This secornid type of
reluctance machine may also be a motor or a genérator and
such machines are generally khown as switched reluctance
machines.
to
reluctance machines operating as motors or generators.

Figure 1

-switched reluctance machines, including switched

shows the principal components of a
switched reluctance drive system 10 for a switched
The input DC
power supply 11 can be either a battery or rectified and

filtered AC mains.

reluctance machine operating as a motor.

The DC voltage provided by the power

- supply 11 is switched across the phase windings of the

motor 12 by a power converter 13 under the control of the
electronic control unit 14. The switching must be
correctly synchronized to the angle of rotation of the

rotor for proper operation of the drive 10. As such, a
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20 rel uctance machine may also be a notor or a generator and

such machi nes are generally known as swi tched rel uctance machi nes.
The present invention is generally applicable - to switched reluctance
machi nes, including sw tched rel'uctance machines operating as notors
or ‘generators. 25 Figure 1 shows, the principal conponents of
a switched reluctance drive system “10 for a sw.tched

rel uctance nmachi ne operating as a notor. The input DC power supply
11 can be elthefo@oiaatﬁc%:}tl% '@ekbbte A 1o ryplbhifhe r@?lc’;?é&s ttThe
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SHEETS 5 SG The rotor position detector 15 may take many forms. ‘

' ' In some- systems, the rotor position detector 15 can

-comprise a rotor position transducer that provides output

signals that change state each tiﬁe'the rotor rotates to

a position where a different switching arrangement of the

10 devices in the power converter 13 is required.' In other

systems, the rotor position detector 15 can comprise a

relative position encoder that provides a clock pulse (or

similar signal) each time the rotor rotates through a
preselected  angle.

15 'In systems where the rotor'positién detector 15

comprises a rotor position tfansducer, failure of the

rotor position transducer circuitry to properly provide
output signals representative of the angular position of
the rotor can seriously degrade the performaﬂ?e'or, in

- 20 ~the worst case, render the motor inoperable. . In some
circumstances, a controller 14 attempting to control a
machine based on faulty rotor position transducer outputs
could potentially damage both the machine and the
remainder of the control circuitry.

25 The importance of accurate signals from the rotor
position detector 15 may be explained. by reference to
Figures 2 and 3. Figures 2 and 3 explain the switching
of a reluctance machine operating as a motor.

~ Figure 2 generally shows a rotor pole 20 approaching

30 a stator pole 21 according to arrow 22. As illustrated
in Figure 2, a portion of a complete phase winding 23 is
wound around the stator polé 21. As discussed above,
when the portion of the phase winding 23 around stator
pole 21 is energised, a force will be exerted on the



rotor position detector 15 is typically enployed to supply signals
correspondi ng to the angul ar position of the rotor. The out put of
the rotor position detector 15 may al so be used to generate a speed
f eedback signal. 5 The rotor position detector 15 may take many
forws. In sone systens, the rotor’ pQ§ItI0n detector 15 can

conprise a rotor position transducer that provides output ' signal s
that change state each tine the rotor rotates to ©a position where a
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of a reluctance nachlne operating as a
controller 14 provides switching signals to turn ON both

switching devices 31 and 32. When the switching devices
31 and 32 are ON the phase winding is coupled to the DC
15 bus which causes an increasing magnetic flux to be
established in the motor. It is this magnetic flux
pulling on the rotor poles that produces the motor
torque. As the magnetic flux in the machine increases,
| electric current flows from the DC supply proviQed by the
20 DC bus through the switches 31 and 32 and tﬁrough‘the
phase winding 23. In some controllers, current feedback
is employed and the magnitude of the phase current is
controlled by chopping the current by switching one or
both of switching devices 31 and/or 32 on and off

25 rapidly. _

In many systems, the phase winding remains connected
to the DC bus 1lines (or connected with chopping if
chopping is employed) until the rotor rotates such that
it reaches what is referred to as the rotor "freewheeling

30 angle." When the rotor reaches an angular position
corresponding to the freewheeling angle (position 24 in
Figure 2) one of the switches, for example 31, is turned
OFF. Consequently, the current flowing through the phase
winding will continue to flow, but will now flow through



Figure 2 generally shows a rotor poale 20 approachi ng 30 a stator pole

21 according to arrow 22. As illustrated in Figure 2, a portion of

a conpl ete phase winding 23 is wound around the stator pole 21. As
- di scussed above, when the portion of the phase w nding 23 around

st a¥or . pole 21 is energised, a forcg will be exerted on the

3 rotor tending to pull rotor pole 20 into alignnment with

stator pole 21. Figure 3 generally shows the sw tching
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control ler 14 piowhies fywewtideldne ebaldstiont uhtiONchetFotor rotates to

an angular position known as the "turn-OFF" angle
(represented by position 25 in Figure 2). When the rotor
reaches the turn-OFF angle, both switches 31 and 32 are

.10 turned-OFF and the current in phase winding 23 begins to
flow through diodes 33 and 34. The diodes 33 and 34 then
apply the DC voltage from the DC bus in the opposite
‘sense, causing the Magnetic fiux (and therefore thé phase
current) in the machine to decrease.

15 The energisation of the phase windings in a switched
reluctance motor depends heavily on accurately detecting
the angular position of the rotor. If the rotor position
detector fails and the controller continues to energize
the phase windings, dangerously hlgh currents could build

20 up in the motor, potentially damaging the motok and the
controller. Moreover, when a drive system falls, it is

often necessary to test various control and motor

components to find the failed elements. It would be
beneficial to have an indicator that specifically
25 indicates that the failure of the motor was the result of

‘a rotor position detector failure so that unnecessary
testing and debugging is not attempted. While some
complicated rotor position detectors have some fault
1nd1cat1ng circuits, such encoders are relatively

- 30 expensive and require add1t10na1 hardware for proper
operation. Known position decoders do not provide a low

cost, compact rotor position detector that provides an
indication when the rotor position detector has failed.

In addition to problems with detecting sensor



swi tching devices 31 and 32. \When the sw tching devices _ 31 and 32
are :ON the phase winding is. coupled to the DC 15 bus whi ch causes an
increasing magnetic flux to be established in the notor. It is
this magnetic flux pulling on the rotor poles that produces the

not Br torque. As the magnetic flux ign the machine increases,
electric current flows fromthe DC supply provided by the 20 ~ DC bus

t hrough the switches 31 and 32 and through the phase wi nding 23. In
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of the rotor. In systems that do not use costly
10 electronic circuits or high speed microprocessors, it is

often difficult and expensive to process the large number
of digital pulses provided by the incremental encoder to
properly synchronize the energisation of the phase
windings with the angular position of the rotor.

15 - It is an object of the present invention to overcome
the disadvantages of known position detectors and to
provide a relatively inexpensive rotor position detector
that provides an indication when a fault has occurred
without the need for complex or expensive ?dditionai

20 circuitry. Moreover, the present invention pgovides-a
rotor position encoder including an incremental and an
absolute encoder and a method for efficiently controlling
phase energisation through the use of a repeating

~ incremental position signal that comprises digital pulses
- 25 of a number that is greater than the total number of
| changes of state that occur in the absolute encoder for
each revolution. The use of this repeating sighal from
the incremental encoder allows for- the construction of a
low cost, efficient motor controller. )

30 The present invention is defined in the independent .

claims. Preferred features of the invention are recited
.in the claims respectively dependent thereon.
The present invention extends to a low cost,
- efficient, control system that includes an improved rotor
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4 - only one of the swtches (fn t his exanple 32) and through

only one of the return diodes (in this exanple 34). . During the
freewheeling period there is little voltage differential across the
phase wi nding, and the flux 5 remai ns substantially constant. The

" notor system renains, in this freewgeeling condition until the rotor
rotates to an angul ar position known as the "turn-COFF" angle
(represented by position 25 in Figure 2). Wen the rotor reaches the

turn- OFF angl e, pbsibticni detest8i that 3Pnelwdd® one tssthasf Gdngvath thieing

current in phas Jalel eglns. t flew_ t hrough diodes 33 and 34.
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10 receives, from a first set of position sensors, position
signals which change state at a high resolution and, from
a second set of position sensors, position signals which .
change state at a lower resolution. The detection
circuit monitors a count for the position signals at the

15 high resolution between the states of the position
signals at the lower resolution and compares the count
with a predetermined value which represents an expected
count for the position signals at the high resolution
between the states of the lower resolution position

20 signals. Any significant difference between ehe sensed
count and the suggested count indicates an error in one
of the sensors. In this manner, a sensor failure
detection circuit in accordance with the present
invention can detect a sensor failure for a position

25 encoder of a switched reluctance m;chine. '

Other aspects and advantages of the present

invention will become apparent upon reading the following
detailed description of exemplary embodiments and upon
reference to the drawings in which:

30 Figure 1 shows the principal components of a
switched reluctance drive system; '

Figure 2 shows a rotor pole approaching a stator

pole and the commutation points for the portion of the
phase winding associated with the stator pole;



beneficial to have an indicator that specifically 25 I ndi cates that the

‘fail-ure of the notor was the result of a rotor position detector
failure so that unnecessary testing and debugging is not attenpted.
Wi | e sone conplicated rotor position detectors have sone fault
indFcating circuits, such encoders aregrelatively 30 expensi ve and
require additional hardware for proper operation. Known position
decoders do not provide a | ow cost, conpact rotor position detector

that provides an FiguredBcgehenaEMynshbesrDh@rswEBéhiﬂ@ et el oFy s

i . bl t ect _
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process dlgltalgélgnaksFlgure 2prOV|ded by an increnmental position encoder

such that_the hase energlsatlon occurs at the appropriate tines.
For, 5  exanpl e, HuEﬁoﬁnl JupExateanan ntrpreyed| copeiel osystem .and-

position encoder for controlling the operatlon of a
switched reluctance drive;

Figures 5a-5c¢ illustrate in greater detail the
construction of the encoder of Figure 4;

10 - Figures 6a-6b provide examples of circuitry that may
be used to implement the frequency multiplier of Figure
4; _

Figures 7a and 7b generally illustrate an example of
the circuitry that may be used to implement the angle

15 controller of Figure 4 and the signals transmitted to and
generated by the angle controller;

Figure 8 shows an example of one embodiment of the
sensor failure detection circuitry of the present
invention; ' ' .

20 Figure 9 shows an exemplary timing diagrah for the
sensor failure detection circuit of Figure 5 receiving
position signals from the position encoder of Figﬁres Sa-
5¢; _ |

Figure 10 generally shows another embodiment of a

25 sensor failure detection circuit in accordance with the
present invention; and

Figure 11 shows a general flow chart diagramming the
operation of the sensor failure detection circuit of
Figure 10.

30 Similar reference characters indicate similar parts
‘throughout the several views of the drawings.

Illustrative embodiments of the invention are de-
scribed below as they might be implemented using the
sensor failure detection circuitry to effectively detect
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the signals from encoder 42, the controller 40 generates
switching signals (or firing signals) that determine the
switching state of the power switching devices (not
illustrated in Figure 4) that control energisation of the
phase windings. '

In the embodiment of Figure 4, the signals provided
by encoder 42 to the controller 40 comprise two sets: a

first set 42a and a second set 42b. The 51gnals that

comprlse the first set 42a are of a first resolutlon that
corresponds to the absolute position of the rotor in that
the signals from set 42a may be used to define the actual
rotor position within any span of 360 electrical degrees.
The signals that comprise the second set 42b are of a
second resolution that corresponds to the incremental
position in that the signals' that comprise set 42b
provide an integral number of pulses per revolution which

indicate the relative movement of the rotor but give no

indication of its absolute position. In the embodiment
of Figure 4, the resolution of the first set is less than
the resolution of the second set and the output signals
from encoder 42 that comprise the first and second sets

-42a-b comprise a series of digital pulses.

| on. extends
e rotqy 1?9“é|¥t°t°c¥oﬁ‘f~’rsé[t19§asﬁéﬁpfiﬁ§t4?nclI}He'%e%ﬁpf}ﬁﬁ)rt@/ed



6 - . posi ti on detector that |ncludes one set of sensors using
one~reso|ut|on and a second set. of- sensors using a second

resolution. |In accordance with one enbodi nent of the pr esent
invention, the first set is used to confirm 5 correct operation of the
second set. Each set of sensors i n ghe present invention nay
consi st of one or nore Sensors. I n accordance with one
enbodi nent of the present i nvention, a sensor failure detector is
provi ded that 10 rBtguves, Fa-obce a iflilnsttretie oﬁnpﬁgréaa?rseaéaaﬁl ?he
osition . ' ' e a g ol utjon Lom
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a second set of 305|t|0n Sensors
state at a | ower52e88¢} Eheencodere dferconpirdses a cupevane|50 nzmndts)exsscars

count for the posiajosisi gnal slét ahaeséé andh's% ?Jdﬁ% g}?}d\?ﬁb the
states of_ the position nal s at the [ower resoluti an
conpares the co ?rsPeCtlvﬁﬁyﬁeH ﬁ} Rt EHRTYie@e v Alue WhigwreRphbsamdt 2@
expected_ ‘illustrate cup-vane 50 in greater detail and show the
positioning of sensors 5la-c and 52a-b in accordance w1th
the present invention.
Referring to Figure 5b, cup-vane 50 comprises a dual
10 resolution cup-vane that includes two sets of teeth 53
and 56. The first set of teeth- 53 includes eight
projecting teeth 53a-h that define eight light blocking
regions corresponding to teeth 53a-h (referred to herein
~as "mark" regions) and eight light transmissive regions
15 54a-h ° (referred to as “space" regions). In the
embodiment of Figure 5, the teeth 53a-h are all of the
same width and are sized such that the angular extent of
the mark regions is substantially equal to the angular
extent of the space regions.
20 Figures 5b and 5c¢ illustrate how the first set of
teeth 53 may be used to provide a digital encoder of a
first resolution that provides signals indicative of the"
absolute position of the rotor relative to the stator. -
Referring to Figure 5b, three sensors 5la-51c are used in
25 conjunction with the cup-vane 50 to provide the first set
of digital signals. 1In the embodiment of Figures 5a-5Sc,
the three sensors 51la-5lc comprise slotted optical
sensors that are positioned substantially 15° degrees
apart as is illustrated in Figure 5c. The optical
30 sensors 5la-51c are further positioned such that they
> receive the eight teeth 53a-h. 1In operation, each of the
three sensors 5la-51b provides a digital signal of a
first logic level (e.g., logic "i") when one of the teeth
53a-h is in the slot associated with that sensor and



count for the position signals at the high resolution bet ween t he

states of the |lower resolution position 20 signals. Any significant
dirf ference between t he sensed count and the suggested count

i ndi cates an error in one . - of the sensors. In this manner, a
sensor failure detection circuit in pgcordance with the present

I nvention can detect a sensor failure for a position 25 encoder of a

swi t ched rel uctance machi ne. . Ot her aspects and advant ages of the
pr esent ipwevides aidigbesDneigmpbrehta Wsdbrdaddid tha,d10! (O ng |
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comut ation points for the portion of asé wndrng as _
wWith the St ator w’gde an indication of the absolute position7of the

rotor. _ _
Referring back to Figure 5b, it may be noted that

the cup-vane 50 also includes a second set of teeth 56.

In the embodiment of FigureSISa-Sc, the second set of

10 teeth 56 comprises one-hundred and twenty teeth of equal
width that are sized to provide one-hundred and twenty
light blocking regions (referred to as "mark" regions'")
and one-hundred twenty 1light transmissive regions
(referred to as "space" regions).

15 Figures 5b and 5c illustrate how the second set of
teeth 56 may be used to provide a digital encoder of a
second resolution that provides signals indicative of the
incremental position of the rotor. Referring to Figure
5b, two sensors 52a and 52b are used in éonjupption-with

20 the cup-vane 50 to provide the second set éf digit'al
signals. In the embodiment of  Figures 5a-5c, the two
sensors 52a-52b comprise slotted optical sensors that are
positionéd substantially 0.75° degrees apart as is
illustrated in Figure 5c. The optical sensors 52a-52b

25 ‘are further positioned to receive the one-hundred and
twenty teeth that comprise the second set of teeth 56.
The sensors 52a and 52b operate in a manner similar to
that of sensors 5la-51c described above. By.monitoring
the outputs of sensors 52a and 52b in the manner

30 described below it is possible to generate a digital

SR pulse each time the rotor rotates through a 0.75° high
resolution increment of rotation. The digital pulses

that are provided from this monitoring of sensors 52a and

52b constitute an example of a second set of signals of



Figure 3 generally shows the switching circuitry in a power

converter that controls the energisation of the portion of the phase
wt ndi ng associated with the stator .pole of Figure 2; 5

Figure 4 illustrates an inproved control system and, position
encdder for controlling the operation of a {4 - swi tched rel uctance
drive; Figures 5a-5c illustrate in greater detail the
construction of the encoder of Figure 4; 10 Fi gures 6a-6b provide

exanpl.es of circua eyohdatre@@dution. be used to i nplenent the frequency
mul tiplier of Figure gures 7a and _7b generally
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the angle 15 iddustakted dh mngures45ﬂukdfﬁsEEXHﬁﬁrhﬁyéﬁﬁIQt&ﬁ@ tﬁaﬁnd

one. enbodi ment | of PERPEesutt Yiflngion i, ppeliGeliE: bR SHHAR Y98 GRR e

pr esent 5 i eeafigurations of vands ,gusen@o:sehoaadanoemhﬁmrﬁ/ormsn of

di agram for the e | ur e c u FiLgu

r ecel vi ng PO iR BAREdLTE .  Bof RRAnkD0, TLhE hhnfllr"of Fosth per

5¢; Eegureuid B@n‘é‘f‘%ﬂlﬂi?de mcaﬂd lvhe ompibeirnend dbcatibn of

sensor failure dthectséxms&réCwlttﬂdﬁtacaeﬁéﬁﬂfﬁgwﬂﬁbr& hEhe copd GF° the

i nvention; and shows a geéeneral flow c dia rannlng

t he oper aPF&ReGE Pﬁge§gﬁ98r fﬂPFﬁP@eHetéEt%%nneFréﬁﬁ?néial that a

L 10 cup-vane be used or that the vane define light blocking
and light transmissive portions. Other types of vanes

and sensors could be used. For example, the vane could
be constructed of magnetic mark regions and non-magnetic
- space regions and the sensors could comprise Hall-effect
15 devices. Similarly the vane could comprise teeth of
ferromagnetic material and the sensors could each be a
form of reluctance sensor. Other means of deriving the
digital signals include regions of capacitance or
inductance that vary and a suitable sensor to detect the
20 changes. Also, llght reflectance variations 1nstead of
regions of varying light transmissivity could be used.
- It will be appreciated that the spacing of the sensors in
Figure 5c is such that their output signals follow a
particular sequence as the mark and space regions pass.
25 If there is insufficient space, for example; to array all
or both sensors in a limited angular'extent, it will be
apparent that each sensor may be located in its
respective position but positioned relative to
neighbouring sensors so that it is influenced by a
30 separate mark/space, but at the appropriate time. If
o it is considered that the mark regions have a pitch.
“¢ircle diameter (PCD) the position of one sensor on a PCD
can be varied by one or more mark/space pitches without
changing the timing of the waveforms produced by the



Figure 10. 30 . Simlar reference characters indicate simlar parts

t hreughout the several views of the draw ngs. . Il lTustrative
enbodi ments of the invention are de- scri bed bel ow as they m ght be
i npl enented using the - - sensor failure detection circuitry to

ef fectively detect 12 8 t he
failure of a sensor of a p05|t|on encoder of a swi tched rel uctance
drive system In the interest of clarity, not all features of an

actual inplenentsenswrsare Accordiwgly) bathe nptd@s&ntpEi:nfreﬁﬁibﬁn is Snot
In general, th te n S oved ..contr ol
system and  pod il cre oGS SpRRTIP SRR 1 inerratBE URS mIgRAE,
swi t ched rel uct &ecdc but aagc hapelys tol Ilehelat edcgdarsaltihati npFoguce a

Referring £ 21 LUK St siﬁﬁ'af%%@”&c @étsﬁésalﬁegkhohhﬁr 4%h
recei ves S|gnals correspondln e angu ar p05|t|on 0 e rotor
from rotoP p05| t8eh hHeEale egRIKs aregplution.

Referrlng to Flgure 4, the controller 40 of the
present invention receives the two sets of output signals
from encoder 42 and utilizes those signals to control the
switching of power devices to- control the_energisatibn of

10 the phase windings of a switched reluctance machine. It
may be noted that the second set of digital output
signals 42b from encoder 42 is provided to a ffequency
multiplier 44. Frequency multiplier 44 receives the
second set of signals of the second resolution from

15 encoder 42 and generates a high frequency clock signal
(HF clock) that is used by angle controller 46 to control
energisation of the phase windings of the machine.
Although mnot illustrated in Figure 4, embodiments are

" envisioned where frequency multiplier 44 reéceives the

20 first set of signals from encoder 42 and gener%tes the HF .
clock from the first set of signals.

- Figures 6a-6b provide examples of circuitry that may
be used to implement the 'frequency' multiplier 44 of

Figure 4. Figure 6a illustrates circuitry that may be
25 used when the second set of signals from encoder 42 is
provided to frequency multiplier 44. Figure 6b

illustrates circuitry that may be used when the first set

of signals 42a from encoder 42 is provided to frequency
multiplier 44.

30 : Referring to Figure 6a, the second set of digital

»oo signals 42b is applied to an increment detector 60 that

monitors the signals from sensors 52a and 52b and

produces a signal that changes state when the rotor has

rotated a predetermined high resolution increment of



the signals fromencoder 42, the controller 40 generates swi t chi ng
sigrals (or firing signals) that determ ne the switching state of

t he power switching devices (not 15 illustrated in Figure 4) that
control energisation of the phase wi ndi ngs. In the

enbodi mrent of Figure 4, the signals provideB by encoder 42 to the
controller 40 conprise two sets: a first set 42a and a second set

42b. The.signals that 20 conprise the first set 42a are of a first
resol ution that rotatiomorredporte tembddindrsol of eFpgerei 6n anf itrteremedmtr i n

t hat t he f fi h tum
rotor position wf%ﬂ?ﬁééﬁyggngﬁﬁ%?&%%gne¥%ctr|igﬁjﬁp(ﬁs (R6r) Sa@% e The
signal s that conpwfRett ﬁ€°§‘eé6‘ﬁa'e§'§ﬂt4ﬂ?t&0§°6’f 2153 a serésAd OrfesRiIthk- on .

t hat’ COVreSpondSpﬁDséQEWH&Feenﬁabm clock Ppaikk Oébffleéglk@ﬁdé h%oSlanqlfg{H hat
conpri se ovi,de an nunber of _pu er revol ution

t nte
whi ch i i nd|’6%?%1‘65£°?eﬂa{qw%e3£ntr9ﬁa‘&w r 8fort }b%t Gtex
i ndi cation of i tsenbesl wife pbscki polskes tflﬁ:tﬁﬂhﬁdréﬁéht3()ietedﬁofl lUr e.Ls4

Second set and {HEPBLERUES SR Fesee Thbot BE pa cighl BuE SRS U & 1 he
‘first and secondAS@@sdingly. up-seduntoamp 6ls #eaediweisethef serjes abf plilgistsal -
' pulses derived from sensors 52a and 52b that consists of
10 a predetermined number of pulses for each complete
rotation of the rotor. The clock input of eight bit up-.
counter 61 is coupled to the system clock through. a + N
divider 63, where N is an integer, having the value 4 in
. this example. The system clock may have a frequency that
15 is very high with respect to the frequency of the digital
pulses that comprise the second set of digital signals
provided by encoder 42. - In operation, the up-counter 61
is' reset each time a rlslng or falllng edge of a pulse
occurs in the second set of dlgltal 31gnals provided by
20 - encoder 42. The up-counter 61 will then c&unt up in
' response to the divided system clock to provide a clocked
output that corresponds to the angulaf speed of the
rotor. For example, if the rotor is rotating at a first
speed (e.g., a relatively slow speed) the counter 61 will
25 be reset relatively infrequently and thus the maximum
count of counter 61 will be relatively high. If the
angular speed of the rotor increases to a second speed,
counter 61 will be reset on a more frequent basis and
thus the maximum output of counter 61 will relatively
30 low. In general, the output of counter 61 will be an
»o eight bit maximum count value that corresponds inversely
to the speed of the motor. The maximum output of the
counter 61 may be provided to the programmable divider 62

in response to a pulse in the second set of digital



9 : Figures 5a-5c illustrate in greater detail the

construction of encoder 42. In the enbodinent of Figures 5a-5c, the
‘encoder 42 conprises a cup-vane 50 and sensors 5l1a, 51b and 51c and
52a and 52b. Figure 5a provides a b5 perspective view of a cup-vane 50.
- Figures 5b and 5c illustrate cup-vang 50 in greater detail and show
t he positioning of sensors 5la-c and 52a-b in accordance wth

the present invention. Referring to Figure 5b, cup-vane 50

conprises a duaBigmalslpmnﬂidddohwcmmxxﬂmﬁ-mmat includes two sets of teeth
53 and 56. ﬂy@ f es e
projecting teeth 53a tha lﬁ'[ ﬁ% ée)ll%Jhrte%; | glﬁ'fp%btf ocﬁ up cgunt?@ 635n§‘S

cor respondi ng t dRRddiedd g3u- %h?rﬁpetrea tiophkér @ifh a Progr%mmahhekﬁlwagemns)
and ei ght I'ight g2, an@'i‘o%&*a\iﬁ\a'b@.@ eRYider 62 g@eﬁveg ?fseﬁfzgdclggk %ﬁput
"space" region I ment eth
53a-h are?al | O;Ei’ten SYSte"' CQ&F&‘ wi dfF a‘h"&P%ﬁ eskP-i-éGdsukfh thet ave wAddl ar
extent of reldogyrirgel ”i:gddyfamm‘alﬂl@s'fdﬂ\hdﬁ%% @zqga%stoﬁfhesaataahﬁa
extent of the sp ,QNs ur es n C i ate_ how
the first set of§§h réﬁﬁé@Ph 5% Rﬁ?vbgeﬁsﬁﬂ PERHOG ek, sdigpakathatc basr of
a first resdinequemdhathaptr ovsdas fxagndba iofdittat |f/ﬁe@ieﬁdﬂye of the
: abs.ol ute positiQyffait NEph?i8E &l aLike EPoER® S'3h0Tehe embodiment of
10 Figures 6a-6b, the programmable divider is of the type

where the output clock frequency is equal to the input

clock frequency divided by the number represented by the
eight-bit digitai word received at the Control input.
Accordingly, the programmable divider 62 provides a high

15 frequency digital clock signal (HF cloék) that has a
| frequency that varies proportionally with the frequency
- of the digital pulses that comprise the second set of
signals from encoder 42. Since the frequency of the
digital pulses that  comprise the second set of signals

20 from encoder 42 varies proportionally with thé speed of
the motor, the HF clock signal has a frequency that

varies proportionally with the speed of the motor.

Although not shown in Figures 6a-6b, in embodiments

where the frequency of the divided system clock is such

25 that -up-counter 61 would 1likely overflow between
successive clock pulses from encoder 42, | the number of

bits of the up-counter 61 may be increased accordingly.
Figure 6b illustrates circuitry for implementing

frequency multiplier 44 when the first set of signals 42a

30 from encoder 42 is provided to the frequehdy multipliexr
roo 44. The circuitry of Figure 6b operates in a manner
similar to that described above with respect to Figure 6a

with the exception that the counter 61 is reset each time

‘the rotor rotates through an increment of rotation as



Referring to Figure 5b, three sensors 5la-51c are used in 25 conj unct

with the cup-vane 50 to provide the first set of digital signals.
t he enbodi nent of Fi gures 5a-5c, the three sensors 5la-51c conpris

slotted opti cal

sensors that are positioned substantially 15[err]

degr ees apart as is illustrated in Fiagure 5c. The optical 30
sensors 5la-51c are further positioned such that they recei ve the
eight teeth 53a-h. In operation, each of the t hree sensors 5la-5

provi des a digi tréfbecprexd lof signals 4ddrst logic level (e.g., logic "1
when one of the teetlyogic oi33AiRry® 40 hBA1ELEL A850CLILRAIY HblNaky

sensor and
di gi tal signaltﬁrQY%@%%ﬁ@ ¢bg¢b pbulee ¢ach.time the paghels'comphvdmsimige

| ot i at ed ' te; |JWI B ‘ef
sl ot associ ated gdf INYhS[RRS Yt dte. When @H@t%/]zér%sé?r%ﬁg‘f}ﬁ%mﬁe

53a-h rotate past the sensors 5la-51c,

ot ieedn ithe cdiodn sesphutaesol pEs@oditaigh @2k h&rom

t oget her
rotor.

25
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provides

Senso

encoder 42 is unnecessary for a functioning motor drive.
In such embodiments a simple RPT, providing only one
pulse train, could be used. .

Referring back to Figure 4, the HF clock signal from
the frequency multiplier 44 is applied to an . angle
control circuit 46 and a chopping control circuit 47. In
general, the angle control circuit 46 and chopping
control circuit 47 respond to the HF clock and to the
signals from encoder 42 to provide switching signals. for
the power devices.- The chopping controller 47 may be

i on
In
e

1b
)

a

eth
rs

used at relatively low angular speeds when chopping -

methods are effective forlcontrolling the current in the
phase windings, and angle controller 46 may be employed
when the speed of the motor is relatively high and
chopping control is ineffective. 1In general,fthe angle
controller 46 and chopping controller 47 receive digital
rotor position signals derived from encoder 42 and
compare the rotor position signals from the encoder 42
with signals corresponding to turn-ON and turn-OFF angles
for the desired operating- conditions. - When the
appropriate controller determines that the rotor is at
the position corresponding to the turn-ON angle, a
switching signal is generated for the appropriate power
device to energize the appropriate phase winding. When
the rotor position signals defived from encoder 42
indicate that the rotor is at the position corresponding
to the turn-OFF angle, the appropriate controller
generates a switching signal to turn off the appropriate

switching device and de-energize the appropriate phase
s,



Referring back to Figure 5b, it may be noted that ' t he cup-vane 50

al se includes a second set of teeth 56. I n the enbodi ment of Figures
54-5c, the second set of 10 teeth 56 conprises one-hundred and twenty
teet h of equal width that are sized to provide one-hundred and
twenty |'i ght bl ocking regions (referyeed to as "mark" regions")

and one-hundred tvventy light transm ssive regions (referred to as
"space" regions). ' Figures 5b and 5c illustrate how the second
set of te'e?elhdﬁmrraylﬁaechmimgb qoriviale i@ diggid.alt encsudirafler 47

second resol uti opa{ hgdndFrHVd d&%ﬁﬁﬁ%'s}rq’r{ﬁsc%ét%é}{ dHe perlo% def:Lned

i ncremental position of the rotor ure

sensors 52a and BPH-he EUREON ﬁn@oﬁPEﬁCPFBnanﬁSZQP congypl (ﬁhﬁ\}%merw to
provi de the secoid tﬂ% pHadd @iinding. The§é9tf@él§n1 quds td¥e oLl FEsn afo

Fi gures 5g:- 5c, t e Sensqrs |se sl otted qptical
sensors that aret osd Skb&f’fll &ﬁ‘edﬂbeu %FHC?%?{? 7§t"éFF?‘ dfregéﬁc%ﬁf&?

i's i | lustdmieelsin Figure 5c. The opti caI sensors 52a 52b 25 are
further positioned torregelv one- hyndr. n th that
conprise the second s%lﬁqgfé'te&g%n% ot gl&?’ﬁ% g('en%%?st %Garéet rate
in a manner si MiPBF dpformationhds girowidest sb$la- Sintdwsicr Laed talbdee. 48 By |
fonitoring thi € i) 05 SE.'JEQO@ é&ésg[glqﬁﬁtié “réBEeEEflE%ggg%h?l e

descri bed bel ow | t 1s possible ener at
t he rotorl® ot at SC¥ERRTAEMAING. Iy eﬁ'f 8 agtgml Speed qfs dihe |m91'-<?lhcre¥ﬁ3rﬁh%f

rotation. The &hgbdahert!! 5@5 Figure ihathd cophovbiedal BRI S48 may
moni toring of senggrglggaa 6.‘Look u tabie tﬁggslllléfugegna eXrae 1neteOf gla?t?ecé)nd
set of S|gnals ofemp P P p
matrix in an EPROM containing appropriate turn-ON and
turn-OFF data for several - speed/torque-demand.
15 combinations. This turn-ON and turn-OFF data -lmay be
" empirically derived or calculated. Alternate'embodiments
are envisioned wherein the control law table 48 comprises
a sparse matrix and a microprocessor or ASIC is used to
calculate the appropriate turn-ON and turn-OFF angles in
20 real time. _ g
| Figure 7a generally illustrates an _exa'm.ple of the
- circuitry that may be used to implement the angle
controller 46 of Figure 4. As illustrated in Figure 7a,
angle controller 46 may comprise an eight-bit up counter
25 70 that receives as its Clock input the HF clock signals
discussed above in connection with Figure 6. As
indicated, the HF clock signal comprises a series of
clock pulses that occur at a frequency 'that is

proportional to the angular speed of the rotor. The
30 Reset input of up- counter 70 is coupled to the pulse
T train 51a.

Referring to Figure 7a, the eight-bit counter 70 is
reset each time an edge occurs in the pulse train 51la.
In the embodiment of Figure 7a, the up-counter 70 is
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a second resol ution. It should be noted that the particul ar

enceder 42 illustrated. in Figures 5a-5c is exenplary only and that
the present invention is applicable to other types and 5 configurations
of vanes, sensors and to other forns of. position encoders. For
exaipl e, the nunber of teeth per ~seticoul d be changed, as could the
nunber and | ocation of t he. sensors wi thout departing fromthe scope
of the present invention. Mreover, it is not essential that a 10

cup-vane be usedestet: iom esieh wisd ngefeidge | iadithonighc Kinngther embaiairdldggfgi
transm ssive porttlié)rt%untgxhefot %‘?Sbé’fré(é"%gs fal?ggg gﬂ ars Og aﬂr‘fr{

used. For exanpl t he vane coul 2onst riic gne
regi ons and nontR§yrAynter 70 igpxesetegitors ANt heosvespendingl o an

conpri se Hal l -efanmuu& postievi 1@ Sof aSlr@tbﬁ]@blté‘eré’Pd\:?O\ﬁfghgagﬁ@ggt%}
t eet h of rJona tic mater an € _sensors u
fgsnlof rgluctaﬁ rﬁﬁgm%?fﬂ%?enﬁgﬁSCSPnHEFl%QK}%rﬁQOCked with an HF

clock signal that varies in proportion to the speed of

the rotor, the running output of up-counter 70 will be a

digital word that increases ovef time, where the value of

the digital word corresponds to the position of the
10 rotor. This is illustrated generally by the Angle
' Control Ramp 81gna1 of Figure 7b. _

Referring to Figure 7b, the output of the up-counter
70 is represented by the Angle Control Ramp. As Figure
7b indicates, at a point in timé Tos counter 70 will

15 receive a rising edge of signal 5la. This rising edge
will reset counter 70 causing its output to drop to zero.
As discussed above, the occurrence of this rising edge
indicates that a rotor pole has reached an absolute
position relative to a stator pole. After counter 70 is

20 reset, its output will increase in responseféq each HF
clock pulse until ‘the next occurrence of a rising edge
from pulse train 5la at time T,. Because the HF clock
pulse occurs at a rate that is proportional to the speed
of the rotor, the output of the counter 70 will

25 correspond to the position of the rotor.

Referring back to Figufe 7a, the digital output from
counter 70, which corresponds to rotor position, may be
used to generate switching signals, or firing signals, to
control the power devices to energize or de-energize the

30 phase windings of interest. 1In particular, in Figure 7a,
b an eight-bit comparator 72 is used to sense when the
rotor has reached the turn-ON angle such that the
appropriate switching device can be turned on. As
illustrated in Figure 7a, comparator 72 receives at its



¥

digital signals include regions of capacitance or I nduct ance t hat
vary and a suitable sensor to detect the 20 changes. Al so, |ight

réfl ectance variations instead of regions of varying |ight '
transm ssivity could be used. It will be appreciated that the spacing
of fhe sensors in Figure.5c is such tdet their output signals follow
a particul ar sequence as the mark and space regi ons pass. 25 | f
there is insufficient space, for exanple, to array all or both
sensors in a |indtdapatgudnr edahtnbiti twerdl fomm contapparlem tlabﬂ.eeaasmd
sensor may be | oggt hénd e cLLMe Shtdl . . but. | 1]
relative g to ﬁﬁ%#gﬂ%%ﬁ?iﬁa ggésgggsggatﬁggﬂiPh:g&ﬁ%ﬁheﬁ%e %%égggo
separ at e nark/ sphte Yecsiesat atheleppPopinpue tihe. rupning outputi sfrom

consi dered that é¢bent@rk70e0i 0ASthaVemBoBileht of Figtiret!7 ,di HISEradsED)
t he positign of gge.sens can be varied by one or nore

r_on a,PCD . { |
mar k/ space’ pi t ché WPN&%FS a logifia Aighy PREPHE nivhgnEVethel by &f chiRut
~ produced by the exceeds its B input. Accordingly, &Be output of

comparator 72 will be a logic high ("1") whenever the
signal corresponding to the desired turn-ON angle exceeds
the running output of counter 70 and logic low ("0") at
10 all other times. This signal is inverted by an inverter
73 to provide a digital signal that is logic high
whenever the running output of counter 70 exceeds the.
signal representing the turn-ON angle.

In a similar manner comparator 74 receives at its A
15 input a digital word from control law table 48
' corresponding the desired turn-OFF angle and at its B
input the running output of counter 70. Like comparator
72, comparator 74 produces an output ‘signal that is'logic
high ("1") whenever the word at its A input exceeds the
20 word at its B input. Accordingly, comparaﬁ$r 74 will
produce a digital signal that is logic low (0) whenever
the output from counter 70 exceeds the signal

corresponding to the turn-OFF angle. _
The inverted output from comparator 72 and the
25 output from comparator 74 are both applied to AND gate
' 75. Accordingly, AND gate 75 will provide a digital
signal that is logic high only when the running output
from counter 70 is greater than'the signal representing
the turn-ON angle and less than the signal representing
30 the turn-OFF angle. This output signal from AND gate 75
.o can then be used to control the energisation of an
appropriate phase winding by circuitry not illustrated in
Figure 7a. The géneral operation of comparators 72 and
74 and AND gate 75 is illustrated in Figure 7b where the
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sensors. Accordingly, .the present invention is not limted to the
speeific encoder illustrated in Figures . 5a-5c but can apply to other
ehcoders that produce a first set of signals of a first resolution
~and a second 5 set of signals of a second resol ution.

Reférring to Figure 4, the controller 40 ofid he present invention
receives the two sets of output signals fromencoder 42 and utilizes
those signals to control the swi tching of power devices to control

t he energi sati oPwiput) fromhadNphfaten T8li mgpretentswia chexlies| oft puises
machi ne. It TR, t i;rg:q_. e di

signals 42b fronﬁ%ancodg?%f;q%%%rﬂg&tc to('siL ;é‘?#éq‘g"i%&fln o ke %c&q’ﬁler 44.
Frequency nul tiplier 2 ftheseyvskidded in tb@c@ﬁ‘é’— stk 1bf appypaiate; tihe

second resol uti Qﬁcénﬁﬂra AP cont¥EOEYstbh am p&@?ﬁr@tﬁ i3 Ha@id,” eSOk s
cl ock S|gqjal %ﬁ}ock thatt: I s_used g controller éiG to 4
control ré%ﬂt‘f O ERE ﬁ‘nag‘érvmlﬂﬁ RYESRELNEH BOKEC IGOPLicate

Al't hough not il Ic:m‘ttrm]e(furmﬁcgw esﬁcheaboﬂrmhée?iﬂg Such %Iadis.:ii@iﬁal f
where frequency 4.re Irst set of signa from

encoder 42 and gf'g}rﬁeérﬂ pédsgt“ha €ast Ycﬁggﬁéf FOnt RS Rt %‘{ Ff?fgq’s’?egﬁﬁ s.
Figures 6a-6b priwidgle bxarqsidas'xg)f apothert ropnpeatatory) withobe depdirtdng
i npl enent the frequeney ééraﬂ%era??. szoge ovﬁ]ghgghgpﬁeseﬂ_ glin?re@%:.on

il lustrates CII‘CUItI‘y t hat second se jnal s
~from encdder 42 Mareover, pFéguued 78 oillustuabes aquutriqdl | eircuiitry for

Figure 6b only Ut 530hgT eCiHdld I Y g‘ﬂgt J@bxﬂ%zyewglweaehggah&ﬁbeset
of signals 42a from encodef 427 s provi to fre
repeated for each phase of the motor and additional
circuitry (not illustrated) will generally be required to
change the edge which resets the angle control ramp from
15 being reset on a rising edge to being reset on a falling
edge when the drive moves from motoring to generating.
For example, the circuitry of Figure 7a could be repeated
-with up-counter 70 being reset from the pulse train from
either sensor 51b or 5lc. Technigques and c:.rcultry for
20 extending the controller of Figure 7a to mult:L -phase
motors will be apparent to those of ordinary skill in the
art having the benefit of this disclosure. Further, the .
‘control circuit of Figure 7a generally illustrates an
angle controller. The controller could be modified to
25 - include a chopping circuit, which compares the actual
current in the phase winding with a desired current
during the interval between the turn-ON and turn-OFF
angles, and chops the phase current whenever the actual
current meets or exceeds the desirea current.
30 The controller of Figure 4 allows for effective
.o _ control of a switched reluctance machine without costly
‘absolute = position encoders or costly processing
circuitry. Accordingly, the controller of the present
invention as represented by Figure 4 provides a low cost,
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mul ti-plier 44. 30 Ref erring to'Ffbure 6a, the second set of digita

signals 42b is applied to an increment detector 60 that nonitors the
signals fromsensors 52a and 52b and produces a signal that changes
state when the rotor has r ot at ed a predeterm ned high resol ution

i ncrenment of 20 .13 rotation.
In the enbodi mrent of Figure 6 an increnent detector 60 conprises an
exclusive OR (XOR) gate. The output fromincrenment detector 60 is a

series of clock efficienul smstrdikrsystaah. cl ock pul se corresponds to a high

5 resol ution incrgqe 5ﬁ?f%¢§9t?5 Bgaggdggs EREOﬁS&FtéHe}X Fﬁ$ serles of

cl ock pulses fromincre
input of an ei ghtow; cogf+ceenteroklier of Figwwmrdingihe systemtef G::he

receives the ser @séﬁt d'lglbte?altlon and PUli$£s Qf%%éf&iia%r Orqu%enﬁgfaoréga a%xnd

52b t hat on5|sts of a predeterm ned eac
conpl ete k- %ﬁ?% ERAt (RECYiARS . aTﬁbr%Fo%Rtlﬂﬁuﬁlgnangﬁﬁ Bi tfimst

_ resolutlon and a second set of signals of a second
resolution, allows for the use of a novel sensor failure
detection circuit to detect any failures of the sensor.
dev1ces 5la-c and 52a b.

10 In general, the sensor failure detection circuit of
the presenﬁ invention receives position signals at a
first resolution from a first set of at least one
position sensor and position signals at a second
resolution from a second set of at least one position

15 sensor. The detection circuit monitors the position
signals from the first set of at least one positibn
sensor and from the second set of at least one position
sensor and detects a position sensor failure by analysing
the relationship between the position signals at the

20 - first resolution and the position 31gnals at Ehe second
resolution.

Figure 8 shows an example of one embodiment of the
sensor failure detection circuitry of the present
inverition for one. direction of rotafion. As discussed

25 abové, the sensor failure detection circuit receives as
its inputs'the first set of outputs 42a from sensors 5la-
¢ of encoder 42 and the:second set of outputs 42b from
sensors 52a-b of encoder 42.

The sensor failure detection circuitry receives the

30 second set of outputs from sensors 52a-b of encoder 42 as

' two inputs to an increment detector 80, which determines

whether the xrotor has rotated a predetermined high

resolution increment of rotation. In this embodiment,
the increment detector 80 includes an XOR gate 82 which



counter 61 is coupled to the systemclock through a [err] N di vi der

63,- where N is an integer, having the value 4 in this exanple. The
system cl ock may have a frequency that 15 is very high with respect to
the frequency of the digital pul ses -t hat conprise the second set of

digital signals provi ded by encoder2#2. |n operation, the up-counter
61 : Is reset each tinme a rising or falling edge of a pul se

occurs in the second set of digital signals provided by 20 encoder 42.

The up-count er Prowiidest acputsenthalp ghanges statespecbetiwet hbedputpguts

system cl ock tObeﬂV@@%é%fQ(gﬂgﬂb 1nd1ca@@t9ﬂéttEﬁb GY RS RIS bPat 88

angul ar speed of _the . exanple the rotor I1s rotating at
a first §B€@&9beagpre$ert«9rat pighy W%Epéléﬁ'—)lqmelwm@?tsl Whel 25
be reset6rela}:b@tputn§& ﬁu%nfﬁﬁmanthéﬂﬁetQE SBSERE AN up/doﬁﬁugbuﬁter
count er Wi er |ve | angul ar

rotor inc easesego afgag%hﬁ %&ﬂﬂé# up- Aown(gﬂmﬂﬁgr 87 %gﬁpsbérgggeP%

‘nore frequent bammbeandf high reboluthenmincrementspaf nétabmohefoﬁlthell

relatively 30 roto?rw LN a6 er%duxéhressp d(.l?s tcH gxroé;sgﬁtteroplc%n{:egeﬁgn

ei ght bit nBX|nun1coun value Inv
speed of the notor. Theessgerhdusebuofuoubputheignals fromnsenSGIsnﬁgabb

provided to theopr QiFmDlf Uid dg1a62input inkB £ WORSE {60 2aBEbEEOL"

' 10 which determines the direction of rotation for the
rotor, and the output of the direction detector 84 is
provided to the up/down input of the up/down counter 83,
and controls the direction of counting. _

The sensor failure detection circuit. of Figure 8

15 determines whether there is a failure in _ény' of the
. sensors 5la-c or 52a-b by monitoring the number of high
resolution increments that occur between each change in
state of the low resolution sensors 5la-c. Accordingly,
in the embodiment of Figure 8 a decoder 85 is provided.

20 Decoder 85 of Figure 8 provides a digital pulse having a
duration that is defined by successive changes in state
of the outputs of sensors 5la-c. 'The output from
decoder 85 is provided as an input to a buffer 86 which
reflects the output from the decéder 85 at its Q output

25 and provides the complement of the output of decoder 85
at its Q output.

The Q output of buffer 86 is applied to the Reset
input of up/down counter 83 and is used to reset the
counter each time a change in the state of the outputs of

30 sensors 51a-c occurs that produces a logic high output
. from decoder 85. The counter will then count up (or
down) and will provide a running output representing the
accumulated number of high resolution increments of
-rotation for the rotor. Comparators 87 and 89 receive



14 - signal s provided by encoder 42. The eight-bit
digrtal output fromup-counter -61 is applied to the Control input of
a* programmabl e di vi der . 62. Programrabl e divider 62 receives as its

G ock input 5 the system cl ock. As those skilled in the art wll
recogm ze, programmabl e divider 62 is of sRandard construction and
provi des an out put clock signal that. has a frequency that is a
fraction of the frequency of the signal applied at its C ock. In

t he enbodi nent tdfe 1gunnipggecamtcafsom tdaundreryr 8Anwid gempase it ota he

type wher ¢l teitied | QL Ud LU Yeden l 50 £Qﬁgénpet high
cl ock frequency divi ded ay the nunber represented gh

t-

digital word red&SRdntaen facssmendis afpgotation fRé'c&fnﬁl rQLer ttll?ét are

progr ammbl e di wxgRict®d p}b@uwd@ﬁ @u&cgbs.l_ire clia{rﬁ;ﬁb@nﬁzﬂ dh@ tehtphesk of
t

| F | ock) _ that t ||
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set of sigpnale fermhnchmmﬂ:eroﬂz'lgur‘ﬁ 18ge Hhemef med.umersc;and 4t lamd 6
427Var1 5 pr oport BN L UE FnthStasanp b ectust B Kigh ncy R ok
signal has a fremesaiatidmt when wsensezsprbpartamedaldlb vmametlm@esqa@eahg)f
the notor. properly, causes increment detector 80 to generate a
~10 rising edge signal. Because the edge of a low-resolution-
pulse is not necessarily aligned with an edge of a high-
resolution pulse (in practice the alignment is determined
by the relative positions of the teeth of the vane 50 and
the sensors), the number of high-resolution pulses which

15 occur during a low-resolution pulse will vary during
proper operation of the drive. In this embodiment, it
‘will wvary between 4 and 6. Comparator 87 compares the
‘digital words at its inputs and produces a logic high
output whenever the count from counter 83 is less than
20 the expected lower value (i.e. in this eﬁﬂodimént. 4
pulses). Similarly, comparator 89 produces a logic high
if the number of pulses is above the upper value (i.e. in

this embodiment 6 pulses) .
At the next state change of the first set of outputs
25 - from encoder 42 (i.e., the outputs from sensors 5la-c),
the output from detector 85 will drop to logic low and
triggers latches 88 and 90, which latch the output of the
Comparators 87 and 89 respectively. If the output of
- either Comparator 87 or 89 is logic high (indicating that
30  the number of high resolution pulses is outside the
. expected range than that expected, i.e., all sensors are
not operational), the logic high output from either
comparator 87 or 89 is latched into a latch 88 or 90 to
produce a fault signal. If the output of the countexr 83



Al t hough not shown in Figures 6a-6b, in_enbodinents where the
frequency of the divided systemclock is such 25 t hat up-counter 61
would likely overflow between successi ve clock pul ses from encoder
42, the nunber of bits of the up-counter 61 may be increased
accordingly. - Figure 6b illustratas circuitry for inplenenting
frequency nultiplier 44 when the first set of signals 42a 30 from
encoder 42 is provided to the frequency multiplier 44. The circuitry
of Figure 6b operstwkthin athenegpected range) atheocompardeersi B&daakdo s

W L respect 0 i diice a 181N 1LY IEEPUMAILA B IRIY U0 Ehel o

reset each tine he rotor otates t an | ncrenent rotation as
15 r ef Ilétﬁ‘é'éfso;ﬂesl%ls’g kogprovide a mg%b.!él@%f%&f the |

noni tor.s the si gﬁ’@{@f@&h@’l(tunctlorp{ﬁg/ ﬁ%ea:l%} ock pul se each tinme the
5|gnals c%ppr|5|ng set 42a change st at

the gircuitr ure
6b is - utilized FI9Hee i ghoYasallexemP %F¥etl?Fﬁgngli§Eamf Bﬁlti I

sensor failure detection circuit of Figure 5 receiving

position signals from the position encoder of Figures 5a-

c for a .22.5° angular rotation of the rotor, and thus a

-22.5° rotation of cup-vane 50. Signal 52a represents the

10 position signal from position sensor 52a of encoder 42,

and signal 52b represents the poéition signal from

position sensor 52b. The signal below 52a and 52b

represents the output of XOR gate 82. The outputs from

_ the sensors 5l1la, 51 and Slc are illustrated below those

15 of 52a, 52b and the output of XOR gate 82. In the

particular embodiment described above, the signals from

sensors 52a and 52b have a higher resoclution than the
signals from sensors 5la-51c. As can be seen £from .

the timing diagram of Figure 9, the first state change

20 . for the outputs of sensors 5la-5lc occurs atﬁa point- P,

- where the output from sensor 51a'chahges from a logic low

‘level to a logic high level. The state change will cause

the output from decoder 85 to go from logic low to logic

high and, as' illustrated in Figure 9, will
25 - correspondingly cause the Q output of buffer 86 to go
from logic low to logic high. This will reset the

counter 83 as shown by the Counter Output 1listing in
Figure 9. At this time, because the output of the
counter 83 is less than the lower value expected, the
30 output of the Comparator 87 will be logic high. '
r _ After the reset signél resets the counter 83 at
point P,, the counter is clocked by the output of XOR gate
82, thereby counting the number of high resolution
increments of rotation from the reset. At the point where



encocder 42 is unnecessary for a functioning notor drive. I n such
enbodi nents a sinple RPT, providing only one pul se train, could be
used. Referring back to Figure 4, the HF clock signal from 10
the frequency multiplier 44 is applied to an angle control circuit
46 and a chopping control circuit 47. In 24  general, the angle control
circuit 46 and choppi ng control circuit 47 respond to the HF cl ock
and to the signals fromencoder 42 to provide switching signals for
15 t he power tdevicoanter BRehatoppiaivedfiowt Iadodky pvdpese its outipud at

relatively |ow gpayl ate SpERES aWaeri;}fehocﬁPéﬁgt _of . thiPt @th‘oﬁfﬁcwi‘ii for
controlling the current .in the ~ phase wi ndings, and angle controller.
46 may be enpl oWPP to 1lagieh ke speed of the notor is relatively high and

20 t lfhopggng gonth r @t iss ﬁdl@{tf @lq};l &ﬁzgheknsﬁsﬂéa'éha?bléeoéﬂﬁhc% fotr the
controller an C | contro [ recelrv Igl.ta r ot or
posi tion §ignal§“H§?ﬁ§£d£€r%ﬁ?%ﬁﬁ%dg}aAE gﬁﬁn the éhﬁﬁﬁﬁu%ﬁtﬁﬁn?BFoplc

Positkﬁn sggPaIdnbpsnﬁﬂﬁmeﬂugihnhﬂﬁh_to %Fgﬂwtlpwignatsthmerpennndim@d()
urn- an urns -5 Ao r esire eraki

condi tions. @ %: en_ ??e@?ffer é%p%?%%%i%&ef%%}lgr% e?ggeggﬁmcrr\lgggtehat

the rotor is at in the @heuppstt pfnbudfessBendiatrheas tiiee tonbp@ efigithe a

Swi tching si gna'cdngaa&%&%rat 89 fed h%&%p%ggéggtfa p%}(&ﬁrpr?\é ide 4EVirGR11O

energi ze the appro e or position

riate phase w ndin i
signals 1ferived®ignadm é)?é'&ﬁar indxhis examplgi c e thiakt time itheooutpudt
the position cordespadedgparator 89 G8eat uf i@ﬁ&vﬂﬂ'@hetm?téﬁﬁﬂoﬁ‘w{ﬂﬂe

controll er enerates _.a sw tchi i gn to turn off the appropriate
_ sié%é& is a logic low T%&%é%é%ng proper operat%onP%f %he

sensors.

The waveforms from point P, through P, illustrate how
15 the circuitry of Figure 8 may be used to detect a -sensor
failure. In the example of Figure 9, it is assumed that
sensor 52b has failed such that its output is always a
logic low. At the point P, the next state change of the
outputs of sensofs 5la-c¢ occurs and the counter 83 is
20 reset. As before the counter is clocked with@the output
of XOR gate 82. In this example, because the output of
sensor 52b is dlways logié low, the output of XOR gate 82
will track the output of sensor 52a. Accordingly, by the
time the next state change in the outputs of sensors 5l1la-
25 ¢ occurs at point P,, and the output of comparator 87 is
latched to the fault signal, the counter 83 will have
received less than four clock pulses. As such the output
of counter 83 will be less than the expected lower value
and the logic high output from comparator 87 will be

30 latched to the fault signal indicating a sensor fault.
ro Controller circuitry (not shown) can monitor the
output of the sensor failure detection circuiéry to
determine when a sensor failure has occurred. Upon the
occurrence of a sensor failure,'the controller circuitry



swi tehi ng devi ce and de-energize the approprate phase

16 - wi nding. If chopping control is used, the controller 47
may generate chopping signals between the period defined by the
turn-ON and turn-OFF angles to control the current in the phase
wi ndi ng. These techniques are wel | -known t @S5 ‘those skilled in the
technol ogy of switched reluctance - drives. : In the
enbodi ment of Figure 4, the turn-ON and turn- "OFF information is

provided by a cém@%t Ftompperkiae of thet@drivencewileehatoi an pupdddary

signal s represeydddit {difi scﬁé}ﬁélueoﬂe”ﬁéﬁfé‘ﬁﬂ tb6méct gabesSpeed ghulie
notor. In the _. enbodl nent of Figure 4, the control Taw table 48 may

conpri se a IookqﬁF?QﬁﬂQPtqﬁﬁ Y4fed udes a pre i nt er pol at ed matrix in

an EPRFNIcontaining aﬁMHﬁﬁKﬂﬁtEhéUéﬂaﬁﬂléndbove addifdbsdd a daliduref dn
severa ur n- CN

d/
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enbodi ment s circuit of Flgure 8 that a failure in any of the other

sensors 5la-c and 52a will also produce a fault signal
indicating that a sensor failure has occurred.

Further, although the embodiment of Figure 8

10 illustrates the sensor failure detection circuit as

comprising discrete and separate components, embodiments

are envisioned where tﬁe circuitry utilizes the same

circuitry used in other parts of the circuit. For

example, it is possible to combine the controller of

15 Figure 4 with the sensor failure detection circuitry of

Figure 8 such that the same circuitry is used for

increment detectors 61 and 80. Still further, alternate

.embodiments of the present invention are envisioned in

" which a properly programmed microprocessor is used to

20 perform the general functions performed by the circuitry
' of Figure 8. Figures 10 and 11 illustrate one such
embodiment . ' '

Figure 10 generally shows another embodiment of a

sensor failure detection circuit, in which a programmed

25 microproCessof or microcontroller 126 receives a first
set of position signals 128 of a first resolution and a

second set of position signals 130 of a second
resolution. The circuitry 126 monitors the sets of input

signals 130 and 128 and provides a Fault signal on line

30 132 upon the occurrence of a position sensor failure.
» The sensor failure detection circuit 126 may include an
Application Specific Integrated Circuit (ASIC) which
determines whether the relationship between the position

signals 128 and 130 is consistent with normal position



are envi sioned wherein the control |aw table 48 conprises a sparse

matfix and a m croprocessor or ASICis used to cal cul ate the
appropriate turn-ON and turn-OFF angles in 20 real tine.

Figure 7a generally illustrates an exanple of the circuitry that may
be used to inplenent the angle contrpgler 46 of Figure 4. As
illustrated in Figure 7a, angle controller 46 may conprise an
eight-bit up counter 25 70 that receives as its Clock input the HF cl ock
si gnal s . desnsszectopemioni n  Abbeenat bvelwj t lthehi gensort. failhse

pdcaed,  thedkEebkagh SkablipOTREECsaR SELERIET o mipEbPkosRlbECS

t hat occur I’OpOI’t [ on e an
speed of the romnnlngTﬁppsoprlaResmftm amfd apyc sbotrege7pequiredpfet to

the pul se sEB%&Bg5$ﬁd comparing tﬁ@fgééiaﬂoﬁosf%QQ%Q Ef?mt@ﬁeeéggk bi t
counter 70 is et each tinme an edge occurs | e pul'se trarn 5la.
In the enBodi meRE BPSFFQGPeS?&SOFﬁe up-counter 70 is

i7 Figure 11 shows a general flow chart diagramming the
'operation of the sensor failure detection circuit 126.

At step 134, the detection circuit 126 determines whether.

the position signals 130 from the second set of position

10 sensors 52a-52b indicate that the rotor has moved a high
resolution increment. When the position signals 130

indicate such movement, the detection circuit 126 next

determines whether the rotor is moving forward or reverse.

at step 136. If the rotor is moving in reverse, a COUNT.

15 variable is reduced by one at step 138, and if the rotor
is moving forward, the COUNT variable is incremented by
one at step 140. Next, at step 142, the detection -

circuit 126 determines, from the position signals 128
from the first set of position sensors 5la-c, whether a
20 change of state has occurred in the position signals 128.
- If not, the detection circuit 126 returns to step 134.
If so;, at step 144, the detection circuit 126 compares
the value stored in the COUNT variable with an expected
value representing the number of increments indicated by .
25 the position signals 130 between a change of state of the
'position signals 128.  1If COUNT is outside the expected
range, then a position sensor failure has occurred. But
if COUNT is within the expected range, then the COUNT
variable is reset at step 148, and the detection circuit
30 126 returns to step 134.

.o Further alternative embodiments are envisioned that
use two incremental encoders with different resolutions
or two absolute encoders with different resolutions.
Moreover, although the above embodiments of the'present



reset on each rising edge; al t hough i n other enbodi nents t he counter

70 ey be reset on a falling edge. Because the counter 70 is reset
at a point corresponding to an absol ute position of a rotor pole
relative to a stator 5 pol e, and because the counter 70 is clocked with
an HF clock signal that varies in pggportion to the speed of

the rotor, the running output of up-counter .70 will be .a digital
word that increases over time, where the value of - the digital word

correslolondz tot Eﬁheeae&bhl onindfludee B 1logilodt Qflrcuirt)]{"llszarhs AstQStbﬁt ed
enera e (0] |
g@ferrlné tg F|8&F5035009ﬁ5°5utg3958fSFquEB & uﬁb@ art 15? Bnpgrstand

represented by thatAnheepfeséntdl imeeptids danybeeperformeﬁbbwndlpabperlyat a
point in tinme Tlerr n |s ng edae . of S|gnal
5la. This risih§°§%88&85 e r%gpﬁtkgéé? éoungggc}g auggﬁﬁ cfgg ugpup

drop to zBro. ~analogAgidicudti¥yed above, the occurrence of this rising edge
indicates that a rOtQﬂtﬂ%h%hh%%é*%ﬂvgﬂifﬂh5ﬁ§§ﬂﬁgéh descrlﬂgé'ihOEerms

relative to a stator po After counter. 70 1s 20 reset, Its out%ﬁ
will increase i REr §§Eaﬁ¥eme6héaeﬁ Hrhe skilled Rexsan sdlinkie awRgenshat

occurrence of athe5|élﬂné9d991nc1plesf I Bpbe8L LbA raa‘i.lab@t appTRed to a

Because the HF ¢l ,ock Se occurs at a rate roportiogal to
The speed | LiGE&T PARION (RSP FOoPdAL. ERIRG TOFAF] FRSEDLe,

correspomd to tlnheposknmedofpéf@omotm1 be - aware Rﬁiaﬁtprlawgrbaubteﬁce
rotor posi tion, ey ne TSP Whel Bther LypeBlBE Eeftiifg nacHIERL SBR PR i ng
signals, to 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 herein is intended to embrace the
15 moving member of a linear motor as well. |
Accordingly, the ' principles of the present
- invention, which have been discidsed by way of the above
examples and discussion, can be implemented using various
circuit types and arrangements.  Those skllled in the
20 art will readily recognize that these and varlous other
modifications and changes may be made to the present.
-in#ention without strictly following the .exemplary
application illustrated and described herein and without
departing from the scope of the present invention, which
25 is set forth in the following claims.



control the power devices to energize or de-energize the 30 = phase

wi ndings of interest. In particular, in Figure 7a, an eight-bit
conparator 72 is used to sense when the rotor has reached the
turn-ON angl e such that the appropriate swtching device can be

turhed on. As illustrated in Figumpg 7a coﬁﬁé?ate+\12‘nggL!E§ at
Its '

i nput an
-eight-bit word fromcontrol |aw table 48 corre MMAMM sired
~turn-ON poi nt. QIREMSY Or 72 receives at its B mm
out put from counter 70. In the enbodi nent of Figure 74, %ONpam tor
72 provides a logic high output whenever its A.input exceeds its B

i nput . Accorﬁingh@ p¢$ﬁ£imngnmncher for canpuaaﬁabléz\MdMudnanne

logic high ("1"), er&&mi Si T
turn-ON angl e excee S Iﬁglrghnlng oJ?pu 1&?89%ﬂ ? gﬁé dggogfgglow

("0") at H alndigirerarragged t9 Produrs ¢gtpw:/e5tleaaa)% @t i ayvdrirat
73 to provide a gigbldidh 9Rdd t Hateédoh@ideti 8% indicia arranged to

produce second output signals at a second resolution,
first sensor means arranged to be influenced by relative
movement between the first sensor means and the first set
10 of indicia to produce the first output signals which are
indicative of the movement, second sensor means arranged
to be influenced by relative movement between the second
sensor means and the second set of indicia to produce the
'second output signals which are -indicativé of the
15  movement, and analysing means for comparing the first and
second outputs to determine whether there is an error in

either the first or second output from the sensor means.

2. An encoder as claimed in claim 1 in which the first

20 and second sets 6f_indicia are arranged to ingluence the
first and second sensor means to produce digital outputs-'
in accordance with the respective first and second
resolutions.

25 - 3. An encoder as claimed in claim 1 or.2 in which the
analysing means includes counter means operable to count
the transitions of the. first output signals in the
interval between transitions of the second cutput signals
and means for indicating an error condition if the count

30 of the said transitions of the first output signals is

» ' *  outside a predétermined range.

4. An encoder as claimed in claim 3 in which the
indicating means include threshold means responsive to

This Sheet Has Been Replaced
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whenever the running output of counter 70 exceeds t he——————si gnal
representl ng the turn-ON angl e. In a. si m | ar manner conpar at or

74. receives at its A 15 |nput a digital word I)lllmmnuml Il”g“l
tabl.e 48 correspondi ng the desired turn-OFF ang

|nput the running output of counter 70. Lilk® conparator

conparator 74 produces an output signal that is logic =~ hi gh (" 1")

. whenever the word at its A input exceeds the 20 word at its B input.
Accordingly, corj® a®etpyd wifl [the couptedubeiagdiahdwd si preldetieamiired

l ogic | ow (0) wWhgpRMer the output from counter 70 exceeds the
signal - corresponding to the turn-OFF angl e. The inverted
~output fromconparator 72 and the 25 out put from corrparator 74 are both

applied to AND gate An encdder . éﬁc@l‘é'lﬂl@by 1116‘%}9%5 Ba¥ld Preyi de 3

di gi tal that_js |o when the running out put

from counter 70 "Y}g'c& dierfin ’?q‘T‘Fi ?%‘b?%eﬁ??ﬂﬁ are arrgrgedyrie ON
angl e and | ess theninfimeigdlby e:p-reéiﬁtﬁ%tbdm a¥) the by rdRfrangl e, This
out put signal from AND gate 75 - can then be used to control the

energi sati on of an appropriate phase winding by circuitry not
illustrated in 6. ArFi gneeden. aShelgémedalimpaipt 660 clhiammiar @b 06s if2

and 74 angh AP G 18 TdddIRRH 98 W Trtdger Bt id Bt the

10 second resolution.

7. An encodef'as claimed in any preceding claim in
which the first and second sensor means are arranged such
that changes in the second 'signal outputs are

15 'substantially coincident with selected ones of the first
signal outputs.

8. An encoder as claimed in any of claims 1 to 7 in
which the first and second indicia on the member comprise

20 - first and -second teeth, the first and secohd sensors
being responsive to the passage thereof.

9. An encoder as claimed in claim 8 in which the
sensors are optical sensors, the first and second teeth
25 defining light blocking and light transmissive regions.

10. A rotor position encoder as claimed in any of claims

1 to 9 wherein the first sensor means comprise two

position sensors and wherein the second sensor means
30 comprise three position sensors.

11. A rotor p081t10n encoder as claimed in claim 11 in
which the 1ncrement detector comprises an exclusive OR
gate.
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19 .. output fromAND Gate 75 represents a series of pul ses t hat
can*be used to control energisation of the nmachine.

skilled in the art will appreciate, the - exenplagi [of0)

ntrol system of
Figure 7a is basic, and does 5 not include circui mﬂ l lﬂlng
more conplicated control functions, suych as fre g
addi ti onal - functions nay be easily added to the circuit of gure 7a
(e.g. by adding another conparator) w thout departing fromthe spirit

andt SC|0pe of tPewr esxrﬁoudwwswionlgnfzodu&rsgvela;rrﬁé&tirre a}ﬁyt Iplﬂéwdlaiges
control circuitr i ngl e phas e circuitr

general |y be glajr'@péﬁ?éﬂd?'ﬁg ﬁcﬁﬁﬁ%p‘iﬂul{j‘rﬁi Nt of SSREY %d&%ﬁ dzer
circuitry (not |¢mtpmt91edhewﬂbbogemegﬁﬂqrdningﬂnuftmbtodecodercmmgnanhe
edge whi ch resetéh%PecﬁQQ & %Q% ol JEHH’ r%&hﬁ%l?ﬁegia ré§e£h8”fi£§é””9

edge to being reset on a i've Moves fro
not ori ng ti)genewwlpwg SlgnalsFor exanple the circuitry of Figure 7a coul d

be repeat ed Wit Bn UDA SRMERE JEE RIS dRisiled rﬂH"xfell"elﬂié e lldbrdd Om

ei ther sensor 51b or 51c., Techniques and circuitry for extendi ng the
control l er of FiQuFRUYa Flgnatg i - ihgs eincremeppy %t%'tFCPrbé?ed}ﬁa"a?F%ﬂgt@

t hose of ordi naryeédshaldé&béi@r signalathaltavhfigeBesbapefupo®fa idiahging
di scl osure. Further, t
staté o the second set of signals;

10 ‘a counter coupled to receive the first and second _
output signals, wherein the counter is reset in response
to a change in state of the first signal and wherein the
output - of the counter is"incrementally changed in
response to a change in state o6f the second output

15 signal;

a first comparator coupled to receive the output of
the counter and a. signal corresponding a lower
predetermined value, the fifst comparator producing an
output that has a first state when the output of the

- 20 counter is less than the lower predetermined %alue; and
means for monitoring the output of the first

comparator and indicating a failure of the rotor position

encoder when the output of the first comparator is at a

first state when a change in state of the first set of

25 signals occurs.

13. A rotor position encoder as claimed in claim 12,

further comprising a second comparator coupled to receive

the output of the counter and a signal correéponding to

30 an upper predetermined value, the second comparator

»o producing an output that has a first state when the

output of. the counter is greater than the upper
predetermined'value. '

f~_~_*“‘~“\§ﬁﬁ;‘~\~
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control circuit of Figure 7a generally illustrates an angl e

~controller. The controller could be nodified to 2 I ncl ude a choppi ng
ctrcuit, which conpares the actual current ?ﬁhfﬁe*BHEEE“VThdrﬁg W th
a desired current - during the interval betvveer]

turn- OFF ~angl es, and chops the phasglcurren't mm% m

current neets or exceeds the desired current. ‘ er

Figure 4 allows for effective cont rol of a swi t ched reluctance

nmachi ne wit hout 1@aast lay rotor poiisdidi Qandwaxt i) cleimediels cDaim ¢aSthy

[ it Al di th troll f the
et onas repPaghn e qEas Fae MPandbrtita, ey atsdu” of "Ené" F3E3
20 _ ef f icompratratont iokleyet means for monitorinaquddid icartput pifothei ng
the relatively g fdo%'de%mgafator Lfl&’ fr?&i%atfx?rgta{ ‘)![alfi z%f JE Welefic P@?

system of the nvention an t e uSe o
encoder t Rat prome@estfeﬁf@u%PUEepfofelé:’llfgﬁml thef farfsr.rgomparator or the

second comparator is at the first state when a change in
the state of the first output signals occurs.

15. A rotor position encoder as claimed in claim 12, 13

10 or 14 in which the output of the counter is incremented
in response to a change in state of the second output
signal. |

16. A rotor position encoder as claimed in claim 12, 13,
15 14 or 15 in which the means for monitoring the output of
the comparator comprises a latch that receives the output
of the comparator, wherein the latch is triggered in
response to a change in state of the first output signal.

]
20
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resolution and a second set of signals of a second resol ution,

al lows for the use of a novel sensor failure detection circuit to
detect any failures of the sensor devi ces 5la-c and 52a-b. 10

I n general, the sensor failure detection circuit of - t he present

i nvention receives position signals at a 32 first resolution froma
first set of at I|east one position sensor and position
signals at a second resolution froma second set of at |east one
position 15 sensor. The detection circuit nonitors the position
signals fromthe first set of at |east %%%TERE&t'O” sensor and from
the -second set of at |east one position sensor and detects a '
position sensor failure by anal ysi n@OSITION ENGODERati onship between the
position signals al Wheafsor rhilake BeghUtion diddulie RS 140BoRigAdhs at

t he second resol utiqn. igure. 8 shows an exanp Pe .one
embodi ment of t [g&coder, %s‘t‘ﬁ‘n?%‘?liﬁbl‘a%?e@ﬁ'—%ﬁté?‘i‘cﬁ?-FF‘}lﬁf rﬁﬁélﬁﬂégent

invention for ook eEiret B8btrefait OIb.asiA?oriE iﬁiﬁ.&:&@rﬁ%enso&bﬁ‘éﬁath%
sensor failure detection,.circuit receiv uts thﬁe rst

set of outputs FFHSIERLdange sta e 3 c oplgﬁcaﬁﬁp W5 18Rd 3 e *$€8bnd
set of outputs 42bsécamd set ofseamsoﬂ.eaéﬁaolneofpcsmdm dénsor pOSltlonThe
sensor failure {ai uitry recej\yes e 3 S of
Sutoots 1 om conEeD Wl ¢ ChBhokC UM 40%a%dquer “FEGRTLEER 0! en

i ncrement det ectdateRi;iorhi chrdaeibr mormed;oring a whethbr fDIre tb@opd&:a;tlon

rotated a predetgraffigd QEdRne high' §3¥HUEIRH NGEEHES, Stat@eAtdPNehe N
t his enbodi nent,

position signals at -the lower resolution and comparing
the count with a predetermined range which represents an
expected count for the position signals at thé high
resolution between the states of the position signals at
the lower resolution.

Th1s Sheet Has Been R
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the increment detector 80 includes an XOR gate 82 which

21 - provi des a pul se that changes state each tine the outputs

from sensors 52a-b indi.cate that the rotor has rotated t hrough a
predeterm ned high resolution increnent. The out put signal from XOR
gate 82 clocks an up/down counter 5 1 In this manner up-down counter
83 keeps track of the nunber of. LiZﬁ zgsolution i ncrenments of
rotation for the ' rotor that have occurred since the reset of counter
83. _ The second set of output signals from sensors 52a-b - of
encoder 42 are also input into a direction detector 10 84, which
determ nes the direction of rotation for the rotor, and the out put
-of the direction detector 84 is provi ded to the up/down input of the
up/ down counter 83, ' and controls the direction of counting.

The sensor failure detection circuit of Figure 8 15 det er m nes whet her
there is a failure in any of the © sensors 5la-c or 52a-b by
nonitoring the nunber of high

| [10

; 13 12
SUPPLY Vs .
]
POWER | [ |
CONVERTER — | MoTOR 3
' " L1
11 ) N\
15
CURRENT
SPELD
=1  CONTROL o
pus | POSITION
14

FIG. 1



resol ution increnents that occur between each change in state of the "

| owr resol uti on sensors 5la-c. Accordingly, in the enbodi nent of
Figure 8 a decoder 85'is provided. 20 - Decoder 85 of. Figure 8 provides a
digital pulse having a duration that is defined by successive
chahges in state of the outputi%opy sors 5la-c. The out put
from. decoder 85 is provided as 4n iﬁgﬂt to a buffer 86 which
reflects the output fromthe decoder 85 at its Q output 25 and provi des -
t he conpl enent of the output of decoder 85 at its Q output.

The Q output of buffer 86 is applied to the Reset " input of up/down
counter 83 and is used to reset the counter each tinme a change in
the state of the outputs of 30 sggsors 5 %-c occurs that produces a

l ogi c high out put fron1decoder\§§. .The opunter will then count up
(or - down) and will provide ar in put repmgsenting the

accunul at ed nunber of high resolutiao of rotation for the

rotor. Conparators 87 and 89 reg

22
22\/ -




t he running count fromcounter 83 and conpare it to pr edet er m ned

val ues representing a range of high resolution increments of rotation
for the rotor that are expect ed between successive changes in the

out puts of 5 sensors 5la-c when all sensors are operating properly.

In the enbodi nent of Figure 8, these values are 4 and 6. These val ues
are selected because each high incregen ?2 resol ution, when sensors
52a and 52b are operating proper Yy, I€auses i ncrenment detector 80 to
generate a 10 rising edge signal. Because the edge of a |lowresol ution
pul se i s not necessarily aligned with an edge of a high- resol ution
pul se (in practice the alignnent is determ ned by the relative
positions of the teeth of the vane 50 and t he sensors), the nunber of
hi gh-resol ution pul ses which 15 occur during a lowresolution pulse wll
vary during proper operation of the drive. |In this enbodinent, it
will vary between 4 and 6. Conparator 87 conpares the digital words
at its inputs-and produces a l.ogic high out put whenever the count
fromcounter- 83 is |ess than 20 t he expected |ower value (i.e. in this
enbodi nent 4 pul ses). Simlarly, - conparator 89 produces a |ogic high
if the nunmber of pulses is above the upper value (i.e. in "this

enbodi ment 6 pul ses). At the next state change of the first set
of outputs 25. fromencoder 42 (i.e., the outputs fromsensors 5la-c),

t he out put fromdetector 85 will drop to logic | ow and triggers

| at ches 88 and 90, which latch the output of the

7
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Conparators 87 and 89 respectively. [If the output of ei t her
Conparator 87 or 89 is logic high (indicating that 30 t he nunber of high
resol ution pul ses is outside the expected range than that expected,
i.e.. all sensors are not operational), the logic high output from
ei t her conparator 87 or 89 is latched into a latch 88 or 90 to
produce a fault signal. If the output lpf AR counter 83

23 is within the expected range, the conparators 87 and 89

both produce a logic |low signal which is |latched onto the | at ches 88
and 90 to provide a signal indicating that the sensors are
functioning properly. 5 ‘Figure 9 shows an exenplary timng di agram
for the sensor failure detection circuit of Figure 5 receiving '
position signals fromthe position encoder of Figures 5a- c for a
22.5[err] angular rotation of the rotor, and thus a 22. 5[ err]
rotation of cup-vane 50. Signal 52a represents the 10 posi tion signal
fromposition sensor 52a of encoder 42, -

FIG. 5a



and signal 52b represents the position signal from position sensor
52b.”  The signal bel ow 52a and 52b represents the output of XCR
gate 82. The outputs from t he sensors -5l1a, 51 and 51c are.
illustrated bel ow t hose 15 of 52a, 52b and the output of XOR gate 82.
“In the particul ar .enbodi ment scribed above, the signals from
sensors 52a and 52b have a higher re Iﬁﬁﬂ n than the . signals from
sensors 51la-51c. As can be seen from the tim ng diagram of
Figure 9, the first state change 20 for the outputs of sensors 5la-51c
occurs at a point Plerr] where the output from sensor 5la changes
froma logic | ow |l evel to a logic high level. The state change w ||
cause t he output from decoder 85 to go fromlogic lowto |logic

hi gh and, as illustrated in Fi gure 9, wll 25

correspondi ngly cause the Q output of buffer 86 to go fromlogic | ow
to logic high. This wll reset the - counter 83 as shown by the
Count er CQut put Iistédu;i n Figure 9. At this tinme, because the

out put of the counter 83 is less t the | ower val ue expected, the -
30 out put of the nparator 87 wll b dgi ¢ hi gh. After
the reset signal resetS the counter 83_3a point Plerr], the counter
is clocked by the output of XOR oA b St 13 her eby - g%Ptlng t he
nunber of high resolution ¥ Hcrenments o @ ? on f the reset. At
t he poi nt where '

L’:.«/52b |

FIG. 5b



24 ' the counter 83 has.recéived four clock pulses, its output

will “be four and the output. of the Conparator 87 will : drop to logic
| ow. At a point P[err], another state change occurs for the 5
out puts of sensors 5la-c when the output;of sensor 5l1c drops from

| ogic high to logic low. At this p0|nt the Q output of buffer 86
drops to l'ogic | ow and the change (f he Q out put of buffer 86

| at ches the output of the Cbnpara or 87 into the Latch 88 to provide
- a fault 10 signal. Since, in this exanple, at that time the output

of the Conparator 87 is a logic low, the | atched FAULT signal is a

| ogic | ow indicating proper operation of the . sensors. -

. The waveforns frompoint Plerr] through P3 illustrate how 15 t he
circuitry of Figure 8 may be used to detect a sensor - failure. In the
exanmple of Figure 9, it is assuned that sensor 52b has failed such ~
that its output is always a - |l ogic low. At the point P3 the next
state change of the out puts of sensors 5la-c occurs and the counter
83 is 20 reset. As before the counter is clocked with the output

of XOR gate 82. In this exanple, because the output of -

42
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sensor 52b is afmays |l ogic I ow, the output of XOR gate 82 wll track

t he *out put of sensor 52a. Accordingly, by the - tinme the next state
change in the outputs of sensors 5la- 25 c occurs at point P3, and the
~output of conparator 87 is | atched to the fault signal, the counter
83 will have received | ess thapg} 12 cl ock pul ses. As such the
out put of counter 83 wll l’'eds tHkan t he expected | ower val ue
and the | ogic high output fron1conparator 87 will be 30 | at ched to the
fault signal indicating a sensor fault. - Controller circuitry
(not shown) can nonitor the out put of the sensor failure detection
circuitry to det erm ne mhenésggiﬁfor failure has occurred Upon t he
occurrence of a sensor failure, th oller circuitry
25 can stop ? eration of thEL@EKve, switch to an auxiliary
posi tioning scheme of” performsonme tyge of fault ______ gggggglgp feature.
Al t hough the exanplé'ébove “addréesses q faiTurein :
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5 sensor 52b, it may be noted froman analysis of the
Figure 8 that a failure in any of the other
will also produce a fault signal
occurred. Further, although the enbodi ment of Figure 8 10

i-ll'ustrates the sensor failure detection
di screte and separate conponents,
the circuitry utilizes the sane

it

circuit. For exanpl e,

enﬂodyﬁg

"8 such that the same circuitry is used for

80. Still further, alternate
envi sioned in

Fi gure 8. (FROMy

“Fi-gure 10 WMJABLH&B)ShOWS anot hey enbad

circuit

8 ity %%mp

as

present:

circuit of
sensors 5la-c and 52a
i ndicating that a sensor failure has

conpri sing
are envi si oned where
itry used in other parts of the
is possible to conbine the controller of
15 Figure 4 with the sensor failure detection circuitry of
incre
enbodi nents of th
whi ch rerproperty -programred-mMTroprocessor 14 used to
20 perf@NTﬂNﬁL@ &ner al ifunctions performed bv
0o and 11 illustratp

he circuitry
£3b

sensor fiailure

odlnent

of

Fi gure
t detectors 61 and _
i nvention are

detection Crrcurt, rrn whigh a progranmne or or
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a first resolution and a ! second Ser © fn sigpals 130 of a
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det erm nes whet her the rel ationship between the position signals 128
and 130 is consistent with normal position

26 ' sensor operation. Alternatively, the sensor failure
deteetion circuit 126 can include a m croprocessor runni ng
appropriate software and any stora e{/evgired for storing and
conparing the position signals fro he'Sets 5 of position sensors.
Figure 11 shows a general flow chart diagramm ng the operation of
the sensor failure detection circuit 126. At step 134, the detection
circuit 126 determ nes whet her the position signals 130 fromthe
second set of position 10 sensors 52a-52b indicate that the rotor has
noved a high resol ution increnent. When the position signals 130
i ndi cate such novenent, the detection circuit 126 next det er mi nes
whet her the rotor is noving forward or reverse at step 136. If the
rotor is noving in reverse, a COUNT 15 variable is reduced by one at
step 138, and if the rotokg '
=2
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I S nmoving formard, t he COUNT variable is incremented by one at step

140% Next, at step 142, the detection - - circuit 126 determ nes,
fromthe position signals 128 fromthe first set of position sensors -
5la-c, whether a 20 change of state has occurred in the position

signals 128. If not, the detectloﬂ]C|gﬁ£|t 126 returns to step 134.

If so, at step 144, the detectlon circui yé onpar es t he val ue
stored in the COUNT variable with an expected val ue representing the

nunmber of increments indicafed by 25
change of state of the .position
aiposition

the position signals 130 between a
Lgnal s 128 f COUNT i s. outside the
ai Jurle has occuryed. But

expected range, th

if COUNT is witRGILHR EOExggted rang COUNT vatiable is

reset at step CHPNFEER §Bhe& fetiectip 126 returhsjto step
envi ed| t hat

134. Further & ern. '
use two i ncremental encoder$- = X
absol ute encoders with dlfferent resolutlons E Mor eover, glthough t he

above enbodi nents of the prei}ZE’- ; _
27 | .
| | s LALLM
~104 . :
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invention include a logic circuit, an ASIC.or a

m croprocessor, those skilled in the art will understand that the
present invention can be perfornmed by a praoperly pr ogr amred

m crocontroller, a specific logic circuit, or 5 analog circuitry.

Al 't hough the invention has been described in terns of rotary

machi nes, the skilled person will be awﬁre g?at t he sanme principl es

- of operation can be applied to a Iidg position encoder to equal
effect. For exanple, 10 the skilled person will be aware that a

rel uct ance - machine (as with other types of electric machine) can be
constructed as a |linear notor. The noving nenber of a | i near not or
is referred to in the art as a rotor. The term"rotor"” used herein is
i ntended to enbrace the 15 novi ng nenber of a linear notor as well.
Accordingly, the principles of . the present i nvention, which

- have been disclosed by way of the above ~ exanpl es and di scussi on, can
be i npl emented using various circuit types and arrangenents. Those
skilled in the 20 art will readily recognize that these and vari ous

ot her modi fi cations and changes may be made to the present ,
invention wthout strictly following the exenplary application
illustrated and described herein and w t hout -departing fromthe scope
of the present invention, which 25 is set forth in the follow ng

cl ai ns.

126
| -
1 | 132
‘ 130~\ ____KZ:_..EAULT

FIG. 10



- there is an e Gt

28 CLAI VEB: - 1. A position encoder for a variable

rel uct ance machi ne, conprising a nenber having a first set of 5
indicia arranged to produce first output signals at a first
resokution and a second set of indicia arranged to produce second

out put. signals at a second resol ution, first sensor neans arranged to
be influenced by relative novenei]{ Véﬂ@ben the first sensor neans and
the first set 10 of indicia to produce the first output signals which

. are i ndi cati ve of the novenent, second sensor neans arranged

to be influenced by relative novenent between the second . sensor
means and the second set of indicia to p~eduee the second out put
signals which are indicative of the 15 | gTARTejent, and anal ysi ng neans for
conparing the first and second o gl gnhal s to determ ne whet her

< < $-86-0436—04 Pu-t—s-l-g-naJs_f.rom

t he sensor neans.

DOES

' SECOND SET

INDICATE INCREMENTAL

- MOVEMENT
?

NO

13 140
6 IS /4
ROTATION
- FORWARD OR ccgl}’,\'}'TT ¢
REVERSE +
' ?

COUNT=0 | 1'38_\ REV.

COUNT=COUNT-1

HAS THERE
BEEN A CHANGE OF
STATES IN FIRST SET
OF POSITION
SENgORS

NO




=second s

second s

t he respF
encoder a
|ncludesi

second o
t he count
outside a

’5§Hgﬁgf med>®n claim1 in which the first 0677 2%,
g% CHAPR P38 PA et ¢ influence the first and
‘ﬁ‘é

ns ‘F85P od&b@a grtaf outputs in accordance with
B S aﬂd—seebﬁ@@ﬂ ----- resol utions. 25 3. An

43 Abairaid it +E3%d-mia B8ged-i-nfwhi cl t he ~anal ysing neans
count er neans operable to cofint the transitions of the
QDATEIQFGRBCIHFEh ............... i nferval between transitions of the
Eg9stemsdi v newaacnédorraﬁmﬁatﬂw i f

rn1ned rgﬂ% LRESLY P95 0La! "BebhlSl OUEPUL e nals tiy

predng

REPLACEMENT SHeEHEctronics requlred to rapidly process digital signals

provided by an incremental position encoder such that the

5 phase energisation occurs at the appropriate times. .For.

10

15

20

.25

30

example, in known systems, an incremental position
encoder may be used that provides a relatively large
number of digital clock pulses each complete revolution
of the rotor. In systems that do not use costly
electronic circuits or high speed microprocessors, it is
often difficult and expensive to process the large number
of digital pulses provided by the incremental encoder to
properly synchronize the energisation of the phase
windings with the angular position of. the rotor.
| It is an object of the preseht invention to overcome -
the disadvantages of known position detectors and to
provide a relatively inexpensive rotor position detector
that provides an indication when a fault has occurred
without the need for complex or expensive additional
circuitry. Mbreover, the present invention provides a
rotor positlon encoder including an incremental and an
absolute encoder. A method for efficiently controlling
| phase energisation can use a repeating incremental
' position signal that comprises digital pulses of a
pumber that is greater than the total number of changes
of state that occur in the absolute encoder for each
revolution. - The use of this repeatlng signal from
the incremental encoder allows for the comstruction of a
low cost, efficient motor controller.

The ptesent invention is defined in the independent

- claims. Preferred features of the invention are recited
.in the claims respectively dependent thereon.

The present invention extends to a low cost,

efficient, control system that includes an improved rotor

'REPLACEMENT SHEET
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4. An encoder as clainmed in claim3 in which the I ndi cati ng neans

i ncl ude threshold neans responsive to the output of the counter
bei ng above a predeterm ned val ue. 5 5. An encoder as
claimed in any of claims 1 to 4 in 28 whi ch—the—fi+rst_and second sensor
means are arranged to be influenced byjthe nmenber as the nenber

r ot at es. 10

resol uti on.

which the fi rstcmgﬁsbufinoﬁn?gdg; ?f]t glggir rTEmcjl 'I[,:qJMlcm,ﬂimllM,m,Lgcinhn

7. An encoder as clainmed in any preteding claimin 15

which the first and second sensor nmeans are arranged such ‘ t hat
changes i-n the. seBongosdtutipnt ewmicgdalrs faire a varisabdist antelldtyance

R s A ekt

8. An encoder
5

10

15

20

25

30

indicia arranged to produce first output signals at a
first resolution and a second set of indicia arranged to
produce second output signals at a second resolution,
first sensor means arranged to be influenced by relative
movement between the first sensor wmeans and the first set
of indicia to produce the first output signals which are
indicative of the movement, second sensor means arranged
to be influenced by relative movement between the second
sensor means and the second set of indicia to produce the

- second output signals which are indicative of the

movement , and analysing means for comparing the first and
second output signals to determine whether there is an
error in either the first or second output signals from
the sensor means. ' '

2. An encoder as claimed in ¢laim 1 in which the first
and second sets of indicia are afranged to influence the
first and second sensor means to produce digital outputs
in accordance with the respective first and second
resolutions. |

3. An encoder as claimed in claim 1 or 2 in which the
analysing means includes couhter means operable to count
the transitions of the first output signals in the
interval between transitions of the second output signals
and means for indicating an error condition if the count
of the said transitions of the first output signals is
outside a predetermined range.
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which the first and second indicia on the nenber conprise———first and

: second teeth,

passage t hereof. 25 9. An encoder as clained mJﬂmllrmm"mmm"m t he
sensors are optical sensors, the first gnd second t eat ,
light blocking and light transm ssive regions. ° An ®ncoder as
clained in any of clains 1 to 9 30 wherein the first sensor nmeans

conprise two positi OfAn encode@NS@ES ARG me@r ¢hn & 1ik €30Ndn S/AHYH MeaesS

conpri se

11. An encoder

coupled to recem&%tbﬁtputsbfommltcountersib@ﬁ.&lgs alidwe dgcpietdegemtiakidng a
first decoder

first 5

10

15

. 20

25

30

outp

the first and second sensors bei ng responsive to the

th £e position sensocs. : . 30
‘ﬁ’é&? i AS3R§ ﬁPEéBéFn&*Ll‘I%f}ﬂld means, ¥ gEPARSAVeellder

‘ggg t hat changes state upon a changing state of the
|gnals

5. An encoder as claimed in any of claims 1 to 4 in
which the first and second sensor means are arranged to
be influenced by the member as the member rotates.

6. An encoder as claimed in any of claims 1 to 5 in
which the first resolution is an integer multiple of the
second resolution.

7. An encoder as claimed in any preceding claim in
which the first and second sensor means are arranged such
that changes in the second output signals are
substantially coincident with selected ones of the first
output signals.

8. An encoder as claimed in any of claims 1 to 7 in

~ which the first and second indicia on the member comprise

first and second teeth, the first and second sensors
being responsive to the passage thereof.

9.  An encoder as claimed in claim 8 in which the

- sensors are optical sensors, the first and second teeth

defining light blocking and light transmissive regions.

10. An encoder as claimed in any of claims 1 to 9
whérein the £first sensor means comprise two position
sensors and wherein the second sensor means comprise
three position sensors.
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an increment detector coupled to receive the second_*_____gnggL_rglgnaIs
: the increnment detector generating a second detector signal that
changes state upon a changing state of the.sﬁmmnm als; 10
a counter coupled to receive the first3gnd second ﬂ“ﬂ"ﬁ“mal s,
wherein the counter is reset in response a*chande i*n state of the

first output signals and wherei n the out put of the counter is
incrementally 11. changedcoderesasnselabmadchimgeany Sgbﬁé@e@inghec}?at.mnd

output of - ° Pfbluding.p desoler SRuria R SHer WY e i 2 SE Sl
predet er mi ned vagugnalhe thlestdennm agemepaoing i agfa,nrslt decasigmpusighal
has a first statgy efc‘:hta'?@e%‘“f%’&té)fuﬁgﬁ g0 charfgﬁ.lﬁg erde ! 8ES E}%ﬁ“fi?&t

| ower predeterm ned val ue; nonitoring the output
of the firXkt OUtEBﬁ'pﬁF-ﬁﬂéﬂ-sand indicating a failure of the rotor

posi tion enCOdeénV\"ﬂﬁBréiﬂénEUa@t'éceﬁrt 88u lééttéof@ééﬁé”thé 8tcénd
first state when a change, |nftateo the first out ghal,s
occurs. 19utpiteBigRalss dhg nddonemant Hde eFﬁ%lSﬁ“Fﬁétlng a

i ncrenent det ECtQécﬁﬁdeeSéetdﬂ @i@:haislﬁ&fatﬂﬁlﬁaigés st3te updd. a Shangiagder
as clained in sing a second conpar at or

coupl ed to recei ﬁgagﬁec’flghe 85?88& §PEt ﬁg 86%?%? *and a si gnal

correspontd®dng to an a counter coupled to receive the first and second
output signals, wherein the counter is reset in response
to a change in state of the first output signals and
wherein the output of the counter is incrementally
changed in response to a change in state of the second
15 output signal;

a first comparator coupled to receive the output of
the counter and a signal corresponding a lower
predetermined value, the first comparator producing an
output that has a first state when the output of the

20 counter is less than the lower predetermined wvalue; and
means for monitoring the output of the first
comparator and indicating a failure of the rotor position
encoder when the output of the first comparator is at a
first state when a change in state of the first output

25 signals occurs.

12. An encoder as claimed in claim 11 in which the
increment detector comprises an exclusive OR gate.

30 13. An encoder as claimed in claim 12, further
comprising a second comparator coupled to receive the
output of the counter and a signal corresponding to an
upper predetermined value, the second comparator
producing an output that has a first state when the

REPLACEMENT SHEET
DATE: tjn JUL 1998




upper predetermned value, the second conparator ~ produci ng an

« output that has a first state when the 31
output of the counter is greater than )’Hmugm;"uulll! I“Ledet erm ned
val ue. 14. An encoder as claingd in clai e neans

for monitoring the output of the first conparator include means for
noni toring the output of the second conparator and indicating a
failure of the eoubget woén the owquiter is ofgwddter tikafirshecouppest or

or the second cogpgéggg%méaFguyaé at the first state when a change in the

state of the 10 | u'&nals occurs. 15. An encoder as

claimed in claim1l, 12, 13 or 14 in whi ch the output of the counter

's incremented ify.  an ehE83HEPSEs!8121603"EE dh AF 19 WH1SHS EHA"HeQHLPUL
5 for monitoring the output of the first comparator include

means for monitoring the output of the second comparator

and indicating a failure of the encoder when the output

of either the first comparator or the second comparator

is at the first state when a change in the state of the
10 first output signals occurs.

- 15. An encoder as claimed in claim 11, 12, 13 or 14 in
which the output of the counter is incremented in
response - to a change in state of the second output

15 signals.

16. An encoder as claimed in c¢laim 11, 12, 13, 14 or 15
in which the means for monitoring the output of the
comparator comprises a latch that receives the output of

20 the comparator, wherein the latch is triggered in
response to a change in state of the first output
signals. '

DATE :

REPLACEMENT SHEET

10 JUL 1908




. T A %ot794-7
15 signal s. 16. An encoder as clalned in claimll, 42, 13, 14

cor 15 I n which the nmeans for.nonitoring the output of the
conpar at or conprises a |latch that .receives the output of 20 14

conparator, wherein the latch is trlgggred in , resp
changé in state of the first output gnal s. /'

 ABSTRACT "\
POSITION ENCODER
A sensor failure detection circuit for a pos

encoder, the sensor failure detection circuit receiving.
from a first set of at least one pésition sensor position

signals which change state at a high resolution and from

a second set of at least one position sensor position

signals which change state at a lower resolution, the
detection circuit monitoring a count for the position

signals at the high resolution between states of the

position signals at the lower resolution and comparing

the count with a predetermined range which represents an

expected count for the position signals at the high

resolution between the states of the'position signals at

the lower resolution. :

Figure 8
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