~1"ROTOR POSI TI ON ENCODER FOR AN ELECTRI CAL MACHI NE'/ The present invention

relates to a rotor position encoder for an electrical
particular for a switched reluctance electrical
rel uctance machi ne conprises a stator

machi ne. A swi tched

machi ne, and in

El ectronically switched wi ndings are provided on the poles on the stator

and, in the case of a swtched reluctance notor, are energi zed[%ﬁseﬂrugnce

Al ternatively the systemcan be configured a
a switched rel uctance generator in which case the rotor is rotatedf3o]44%-
physically to generate a current in thé w ndings.

desi gn and operation of switched reluctance notors is well
di scussed, for
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to cause the rotor to rotate.
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. poles on the stator includes a common

curren

i enaddex dior sy refl egt siaadr mpohénei, nandg int pers iicyilax tfegue

a switched reluctance electrical machine.

A switched reluctance machine comprises a stator

including stator poles, and a rotor. Electronically

switched windings are provided on the poles on the stator
and, in the case of a switched reluctance motor, are
energized in sequence to cause the rotor to rotate.
Alternatively the system can be configured as a switched
reluctance generator in which case the rotor is rotated
physically to generate a current in the windings. The

general theory of design and operation of switched

reluctance motors 1is well known and discussed, for

example, in The Characteristics, Design and Applications
of Switched Reluctance Motors and Drives by Stephenson
and Blake, presented at the PCIM ‘93 Conference and

Exhibition at Nirnburg, Germany, June 21-24, 1993.

In summary, when a rotor pole is exactly aligned

with a stator pole, the machine is said to be in the
aligned position. When current is flowing in the

corresponding stator pole winding, there is no torque

because the rotor is in a position of maximum inductance

and hence minimum magnetic reluctance. If the rotor is

_rotated out of alignment (in either direction) then a
-_reétoring torque urges the rotor back into alignment when
current is flowing in the stator pole winding. The

stator and rotor are each provided with one or more pairs

of poles in opposed relation. Each opposing pair of

winding
corresponding to one phase. Various configurations are
commonly adopted in switched reluctance machines, for

example a three-phase arrangement in which the stator has
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i ncluding stator poles, and a rotor.
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because the rotor is in a position of maximum i nductance and hence mi ni num
magnetic reluctance. If the rotor is rotated out of ali.gnnent (in either.

direction) then a restoring torque urges the rotor back into alignment when
current is flowng in the stator pole w nding. The stator and rotor are
each provided with one or nore pairs of poles in opposed relation.  Each
opposing pair of poles on the stator includes a common w nding
correspondi ng to one phase. Various configurations are comonly adopted in
swi tched reluctance nmachines, for exanple a three-phase arrangenent in

whi ch the stator has 2 six poles (thfee opposed pairs) and the rotor has
faur poles (two opposed pairs). The timng of the switching of the currents
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windings is <controlled in relation to the relative

angular positions of the stator and rotor poles. " For
example as a rotor pole rotates'towards a phase winding,
the phase winding may be energized as the rotor pole
passes the minimum inductance position and de-energized
as the rotor reaches its maximum inductance position.

- At low speeds, the torque can be controlled by
adjusting the peak level of the winding current. At high
speeds, the peak level for the winding current is set at
a high safety level which is not normally reached. The
torque is adjusted by varying the angle within a phase
period where the phase current is switched on
positive volts on the winding) and off
volts on the winding). In either case,
angle may also be included (zeroc volts on the winding).
At intermediate speeds, a combination of the two
techniques is used so that the torque is controlled by
both the switch on/off angle and a peak current
(chopping) level. It will be appreciated that it is
necessary to be able to determine the angular position of

(for
(for negative
a free-wheel

the rotor in order to energise the windings at the

- correct moments. For example, the position of the rotor

relative to the stator can be determined using an encoder
comprising a slotted disc mounted on the fotor shaft in
conjunction with a suitable sensor arrangement. The
assembly is commoniy-known as a rotor position transducer
(RPT) . In one known system, three optical sensors are
provided which are switched by the rotation of the disc.
It has been shown that the combined RPT signals can be

used to determine.the rotor position to one sixth of a
phase period.



as the rotor reaches its maxi muminductance position. At |ow speeds, the
‘torque can be controlled by adjusting the peak | evel of the w nding
current. At high speeds, the peak |level for the winding current is set at a
hi gh safety |level which is not normally reached. The torque is adjusted by
varying the angle within a phase period where the phase current is swtched
on (for positive volts on the wnding) and off (for negative volts on the
wi ndi ng) . In either case, a free-wheel angle may al so be included (zero
volts on the winding). At internediate. speeds, a conbination of the two
-techniques is used so that the torque i3 controlled by both the switch
on/off angle and a peak current (chopping) |evel. It will be
appreciated that_it is necessary to be able to determ ne the angul ar
position of the ¥ot8P iYPRIAMAD t BrEABIEMEBLY ha'hhohii hgs dgscxtibesorimct
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be determ ned using an encoder conprising a slotted djsc nounted on the
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as effectively to comprise of marks (corresponding to the
teeth 1a) and spaces (corresponding to the gaps 1b
between the teeth) which are read by a sensor 2. As the
disc rotates in a given direction, a signal comprising a
plurality of pulses having rising and trailing edges
corresponding to the tooth edges will be produced. The
teeth la are spaced such that the rising edges are evenly
spaced, thus providing good timing markers for speed
measurement. The "coding" of the disc is arrived at by
providing teeth la of varying widths around the periphery
of the disc. 1In the embodiment shown, the trailing edges

‘are spaced either ¥ (narrow tooth) or ¥ (wide tooth) of

the distance between the rising edges, to represent

either a logic zero or a logic one respectively, thus
developing a code. Accordingly the coded signal produced
by the sensor can be compared with an internally stored
code in a controller to establish the absolute position
of the rotor relative to the stator.

While this system allows the benefit of using only
one sensor, the position of the rotor can only be
determined to a resolution level dependent upon the
spacing of the rising edges on the coded disc. The
spacing of the rising edges is linked to the number of

bits in the code and the number of times the code répeats

in a revolution of the rotor. The periodicity of the

code is equal to the phase period of the machine, i.e.
the period of the cyclical change in inductance of the

phase as the rotor rotates. Numerically, the phase

period is given by 360°/number of rotor poles. Within
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It has been shown that the conbined RPT signals can be used to determnne
“the rotor position to -one sixth of a phase peri od. 3 In an inproved
arrangenment, which is described in detail in EP-A-0630097 of Sw tched
Rel uctance Drives Limted, an RPT using a single sensor is provided in
conjunction wth a coded disc. Such a coded disc is shown in Fig. 1. The
perineter of the disc is toothed so as effectively to conprise of marks
(corresponding to the teeth la) and spaces (corresponding to the gaps
| b between the teeth) which are read by a sensor 2. As the disc rotates in
a given direction, a signal conprising4 plurality of pulses having rising
and trailing edges corresponding to the tooth edges will be produced. The
teeth la are spaced such that the rising edges are_evenly spaced, thus
provi di ng §bed tphasey perkeds fthe spuEne gur(éﬁémly wRaceddimiSing t he

disc is ar@dg%%Eﬁef&h@éoﬂhé'ﬂﬁmbéﬁt6f|%ﬂﬂé‘%H)HHEJd&&EhS around the
peri phery of “the dISC In the enbodi nent. shown, the trailing edges
The number of bits in the code sets the resolution

to which the rotor position may be determined. It is
desired, however, to provide a

resolution. In addition,

encoding logic.

higher 1level of
it is desired to streamline the

According to the invention there is provided a rotor

position encoder for an electrical machine including a

rotor and a stator, the encoder comprising a member,

defining a set of features, mountable to rotate with the
rotor, a sensor arranged to be influenced by the features
to produce a first cyclical sensor output signal at a
first resolution indicative of the position of the rotor
and a counter arranged to be enabled by a plurality of
points in each cycle of the first sensor output signal,
to produce a second, counter output signal at a second
higher resolution indicative of the incremental position

of the rotor within a cycle of the sensor output signal.

As a result, the rotor position may be detected with a

high degree of accuracy.

Each feature may define a mark/space ratlo of one of
two or more predetermined values to influence the sensor,
and the transition between a space and a mark may define
a sensor edge, the counter being enabled at each sensor
edge. These rising sensor edges may be evenly spaced.
A first shift register may be arranged to receive a
value representative of the first output signal. A
second shift register may be arranged to receive an
"internally generated value for comparison with the value
representative of the first output signal in the first
shift register, to establish whether a valid signal has
been received.

The encoder may include means for combining a value



are spaced either [err] (narrow tooth) or [err] (w de tooth) of the
- di stance between the rising edges, to represent either a logic zero or a
l-ogi ¢ one respectively, thus devel oping a code. Accordingly the coded
signal produced by the sensor can be conpared with an internally stored
code in a controller to establish the absolute position of the rotor
relative to the stator. Wiile this systemallows the benefit of using only
one sensor, the position of the rotor can only be determned to a
resolution | evel dependent upon the spacing of the rising edges on the
coded di'sc. The spacing of the rising edges is linked to the nunber of
bits in the code and the nunber of tines the code repeats in a revol ution
of the rotor. The periodicity of the code is equal to the phase period of
t he machi neepresenthtiperiofl thet heixstc| pusputhasgnalh anduct avaduef the

hase as t e I e | en b
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of (evenl ycephingp Vediugy representative of the rotor position, for

example means for generating a first binary number

representative of the first output signal and a second
binary number representative of the second output signal-
and combining the first and second binary numbers to
provide a binary number representative of the rotor

position. The logic for processing the information may

thus be simplified. _

The encoder may be for a multi-phase electrical
machine in which the value representative of the first
output signal is selected dependent upon the machine
phase, and the value representative .of the second output
signal is common to all machine phases.

According to the invention there is further provided .,
a method of encoding the position of a rotor in an
electrical machine including a rotor and a stator wherein

a set of features rotates with the rotor and influences

a sensor, the sensor produces a first, cyclical sensor

output signal at a first resolution indicative of the

rotor position, and a counter is enabled by a plurality
of points in each cycle of the first,

sensor output
signal and produces a  second,

counter output signal
indicative of the incremental rotor position within a
cycle of the sensor output signal.

The first output signal may be demodulated to a
binary number, and the binary number may be inserted in
a shift register. The binary_number' in the first shift
register may be compared with an internally generated
binary number in a second shift register to establish the
validity of the binary number in the first shift

register.

A value representative of the first output signal



edges defines the nunber of bits in the code. The nunber of bits in the
*code sets the resolution to which the rotor position may be determ ned.

It is desired, however, to provide a higher |level of resolution. In
addition, it is desired to streanmline the encoding logic. According to the
i nvention there is provided a rotor position encoder for an electrical
machi ne including a rotor and a stator, the encoder conprising a nenber,
defining a set of features, nountable to rotate with the rotor, a sensor
arranged to be influenced by the features to produce a first cycllcal
sensor output signal at a first resolutPon indicative of the position of
the rotor and a counter arranged to be enabled by a plurality of points in

each cycle of the firs tp roduce a second, counter
out put si gnarYat?a §& gHéFH e%li!ﬁ ggHel n’a?B £5¢BEAE1VRe QfckbRent al
position ofsebemdﬁ(numpumlnsﬁgnamletof @mbuyﬁfmw%ouaamblﬁeanabalﬁ% a
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pr edet er m nedmb@IrueB\alyo bef |generateé seepoesenbdtie tofintitd of ikeitnween a
space and aouRipat A L1 Mha a second binary number may be generated
representative of the second output signal and the first
and second binary numbers may be combined to produce a
value representative of the rotor position. In a multi-
phase electrical machine a first binary number may be
generated for each of the phases and combined with a
second binary number common to all of the phases. The
combined value may be compared with a predetermined value
in an angle firing centroller and a phase winding in the
electrical machine may be energized or de-energized when
a match is made. |
According to the invention there is further provided
a method of controlling an electrical machine including
a stator having stator windings and a rotor, in which a
sensor senses a characteristic of features rotating with
the rotor as each feature passes the sensor, the
characteristic of the features differing for respective
features in a coded sequence and the sensor producing an
output signal corresponding to the coded sequence and
representative of the rotor position in which the outpﬁt
signal is converted by converting means to a coded block
representative of the rotor position and a plurality of
successive c¢ode blocks are combined in a predetermined
manner to produce a control signal for controlling

energization of the stator windings. The electrical

machine may be a multi-phase machine and the code blocks
may be combined in a predetermined manner dependent on
the phase to which the control signal is to be applied.

A simplified manner of control at low speeds is thus
provided.
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a sensor edge, the counter being enabled at each sensor edge. These rising
* sensor edges may be evenly spaced. A first shift register may be arranged
to receive a value representative of the first output signal. A second
shift register may be arranged to receive an internally generated val ue for
conparison with the value representative of the first output signal in the
first shift register, to establish whether a valid signal has been
recei ved. The encoder nmay include neans for conbining a value =~ 5
representative of the first output signal and a value representative of the
second out put signal to provide a conbitned val ue representative of the
rotor position, for exanple neans for generating a first binary nunber
representative of ‘the first qutput signal and a second binary number
representative oin® HRre&eBhd inyienkion ggan kBed RWnbiRrtagPrastirestimnd
second bi Naday iU &Sy S OsBieY bEe whiliNai il NUAGRT beeRegseibald ¥, Qfay he

rotor position. The loqi ¢ for_ processing.the informatjon
P ofoexamp e é&éh reference tog{he accompanying égggings in

which:

Fig. 1 shows a coded disc of a known type;

Fig. 2 shows schematically a typical three-phase
switched reluctance machine;

Fig. 3 shows an RPT output signal for a coded disc

and energisation regions for forward and
directions;

reverxrse

Fig. 4a shows demodulation of the RPT output signal;
Fig. 4b shows demodulation of the RPT high output
signal;

Fig. 4c shows demodulation of the RPT low output
signal;

Fig. 5 is a logic diagram for the cdde compare
system; |

Fig. 6 illustrates facet count control;

Fig. 7 illustrates the . RPT output signal,
corresponding angle ramps and current and inductance
waveforms; '

Fig. 8 is a block diagram showing RPT signal
decoding; )

Fig. 9 illustrates the RPT output signal and
corresponding positive and negative torque regions;

Fig. 10 1illustrates the RPT output signal and
corresponding reverse. motoring and generating current
waveforms; - |

Fig. 11 shows the mapped binary codes for operation
in each quadrént of operation of a machine, according to

_the present invention;

Fig. 12a shows the low bit tables for the binary
‘codes of Fig. 11;

Fig. 12b shows a simplified low bit table; and



thus be sinplified. The encoder may be for a multi-phase el ectrical machine
*in which the value representative of the first output signal is selected
dependent upon the machi ne phase, and the val ue representative of the
second out put signal is common to all machi ne phases. According to the
i nvention there is further provided a nethod of encoding the position of a
rotor in an electrical machine including a rotor and a stator wherein a set
of features rotates with the rotor and i nfluences a sensor, the sensor
produces a first, cyclical sensor output signal at a first resolution
i ndi cative of the rotor position, and & counter is enabled by a plurality
of points in each cycle of the first, sensor output signal and produces a
second, counter output signal indicative of the increnental rotor position
within a cycle BigthdXsepbevsohsutvaripus. wavefionms gempuatedgislr may be
denpdul at edeh@ 20RitR1Y JpERfio@nd the binary nunber nay be inserted in a
shift register. The binary nunber in the first shift register may be

conpared with an internally generated binary nunber in a second shift :
regi ster tpeegrdptivh (dE tieé i Dbdwingst he binary nunber in the first shift

The present invention relates to a rotor position
encoder scheme for a éwitched reluctanée machine having,
in the exewmplary embodiment, six stator poles 101 and
four rotor poles 102 as shown in Fig. 2. The arfangement
is thus a three-phase machine. A coded disc such as that
shown in Fig. 1 is mounted coaxially with the rotor and

a single sensor is provided for sensing the marks and

spaces defined by the coded disc teeth. The sensor may

be a Hall-effect sensor or an optical sensor or any other
type of sensor such as a _capacitance or inductance
sensor.

It will be seen from Fig. 1 that the teeth l1la are
arranged in a repeating pattern of six teeth which'may be
represented, treating the wide teeth as giving rise to a
signal "1", i.e. a long mark: space ratio, and the narrow
teeth as giving rise to a signal “0“,'i.e. a short mark:
space ratio, as the binary code:

110010.

The tooth pattefn progresses clockwise so as to give
rise to the above binary code when the disc rotates anti-
clockwise past a sensor 2.

The RPT signal from the coded disc can, for example,
be fed into an ASIC (application specific integrated
circuit) in which the control system is implemented. A
signal "1" is given for a long mark:space ratio between

two rising edges and a signal "O0" is given for a short
mark:space ratio. Each value is placed into a shift
register in turn so that a history of the received code
can be developed. The RPTIdisc is aligned with the rotor
to control the phase switching accurately. Where it is
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regi ster. A value representative of the first output signal 6 may be
*conmbi ned wit-h the value representative of the second output signal to
provi de a conbi ned val ue representative of the rotor position. A first
bi nary nunber may be generated representative of the first output signal
and a second binary nunber nmay be generated representative of the second
out put signal and the first and second bi nary nunbers may be conbined to
produce a val ue representative of the rotor position. In a multi- phase

el ectrical machine a first binary nunber may be generated for each of the
phases and conmbi ned with a second bi naBy nunber common to all of the

phases. The conbi ned val ue may be conpared with a predeterm ned value in an
angle firing controller and a phase winding in the electrical nachine may
‘be ener gi z@esbrede-epemsiackd theens dignal creoxrespendingortdi nyeversed

i nvention {Beagibh O W L8] defled sTRiAA] B RORLIP! LhOErRage! %Cs”' cal
machi ne '”Slﬂeéﬂ%t of which the ASIC can read the disc in the same
manner and receive the same pattern for both directions
of rotation by virtue of a simple operation.
The output of the single sensor is in the form of a
pulse width modulated signal as shown in Fig.

forward (anti-clockwise) and reverse
directions.

3 for
(clockwise) motor

The rising edges of the signal are assigned a number

from 0 to 5. The regions between successive rising edges

‘can similarly be numbered 0 to S5, where region 0 is

defined as being the region between rising edges 0 and 1,
and so forth. Within each region, the mark:space ratio

defines a 1 or a 0 for the binary code,
above.

as described

If it is required to operate the machine - in the

conventional chopping mode where each phase is energised

over 50% of its phase period, then adjacent sets of

regions define the appropriate excitation angles, as
shown in Fig. 3.

As mentioned above, the last six bits of the binary
code are stored in a shift register and it will be seen
from Table 1 below that the contents of the shift
register give a unique six-bit number designating the
current region. For example, if the binary code
currently corresponds to the region numbered 0 according

to the scheme discussed above, then the last six bits of

code will be 110010. A unique hexadecimal or decimal

number can thus be assighed to each region dependent on

the value of the received code. The positive torque

phase energization periods for each of phases A, B and C
in the forward and reverse motor configurations are also

shown (r1v designating phase energized and *“O¢



a stator having stator windings and a rotor, in which a sensor senses a
characteristic of features rotating wth the rotor as each feature passes
the sensor, the characteristic of the features differing for respective
features in a coded sequence and the sensor produci ng an out put signal
corresponding to the coded sequence and representative of the.rotor
position in which the output signal is converted by converting neans to a
coded bl ock representative of the rotor position and a plurality of
successi ve code bl ocks are conmbined in a predeterm ned manner to produce a
control signal for controlling energizati on of the stator w ndings. The
el ectrical machine nmay be a nulti-phase nachine and the code bl-ocks may be
conmbi ned in_a predeterm ned manner dependent on the phase to which the
control sigiesignaténgephppei de-enegigiged) ed manner of control at | ow

speeds is thus provided. 7 The present
practice in v e et
Region Received Code
' “ ' 0 110010
|| 1. 100101 2S 37
“ 2 ' 001011 oB 11
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, TABLE 1
The manner in which the sensor signal is decoded is
described with reference to Figs. 4a, 4b and 4c. The

sensor signal includes equally spaced rising edges,

referred to herein as RPT_R. The RPT signal 4 is input

to an up/down counter 5 of known construction which can
be arranged to count up whilst the RPT signal 4 is high
and then down whilst the RPT signal is low or vice versa.
Assuming that the'up/down counter S counts up whilst the
RPT signal 4 is high, then where the signal high is
~ longer than the signal low the counter will not reach
zero before the next rising edge is received (Fig. 4b).
If the signal high period is shorter than the signal low



of exanple with reference to the acconpanying drawings in which: Fig. 1
* shows a coded disc of a known type; ‘Fig. 2 shows schematically a typical

t hr ee- phase switched rel uctance nachine; Fig. 3 shows an RPT out put signal
for a coded disc and energisation regions for forward and reverse
directions; Fig. 4a shows denodul ati on of the RPT output signal; Fig. 4b
shows denodul ati on of the RPT high output signal; Fig. 4c shows
denodul ati on of the RPT |low output signal; Fig. 5 is a logic diagramfor
the code conpare system Fig. 6 illustrates facet count control; Fig. 7
Il lustrates the RPT output signalyj corresponding angl e ranps and
current and inductance waveforms; Fig. 8 is a block diagram show ng RPT
signal decoding; Fig. 9 illustrates the RPT output signal and
correspondpagipdsi ttihee ecountepawild ther gue £egoomlt, the next rising

edge (Fig. 4c¢).

The counter also includes an output terminal, TC,

which represents the terminal count.
art,

As known in the
TC remains low while the counter is counting up
until the maximum count of the counter

is reached,
whereupon TC goes high.

Conversely, if the counter is
counting down, TC stays low until the counter reaches

zero, whereupon TC goes high. It will be seen from Fig.

4b and 4c that TC will therefore only go high if the

mark:space ratio of the sensor signal between rising

edges is less than'l. The inverse of the TC therefore

gives the appropriate binary digit for that part of the
sensor signal. The decoded signal is then input to a six
bit shift register (described below) which shifts one bit
to the right at each rising edge of the sensor signal.

Referring now to Fig. 5, the word in the shift
register 10 is compared with an internally generated word
to determine the rotor position.

The output of the sensor, processed as described
above, is fed into the six bit shift register 10. The
shift register 10 shifts right one place on each RPT
signal rising edge RPT;R. The contents of the shift
register at any one time form a unique word known as a
DECODE. There are six DECODES, each of which corresponds
to one of the six possible regions shown in Table 1
above, only one of which can be present at any time.

An internally generated code is maintained on a

second shift register 11. Once again the internally

generated code is shifted right one place on each RPT
rising edge RPT_.R, under normal operation. The contents
of shift register 11 ét any one time also form a unique
word, known as a CODE. - There are six CODES, each of

which corresponds to a valid DECODE in shift register 10.



F|g 10 illustrates the RPT output signal and correspondi ng reverse

- notoring and generating current waveforms; Fig. 11 shows the mapped blnary
codes for operation in each quadrant of operation of a machine, according
to the present invention; Fig. 12a shows the low bit tables for the binary
codes of Fig. 11; Fig. 12b shows a sinplified low bit table; and 8 Fig.
13 shows the various waveforns generated for head control operation.
Description of the Drawings The present invention relates to a rotor
position encoder scheme for a sw tched reluctance machine having, in the
exenpl ary enbodi ment, six stator pole51%01 and four rotor poles 102 as
showmn in Fig.. 2. The arrangenment is thus a three-phase machine. A coded

di sc such g sho Fi 1 is nounted oaxlall with the rotor and a
el oo BBe" Bl s B At 80 ark, T AR d it the "appropriate

bits of the DECODE to determine if the CODE and DECODE

are equal. This comparison is carried out by comparators

12a to 12f, one for each bit of the respective shift

registers 10,11. The outputs of the comparators 12a to

12f input to a gate 13 which in turn outputs a logic 1 if
all six bits correspond. If the CODE and DECODE do not
match then the code shift register 11 can be reloaded
with the latest DECODE using the parallel load input, 18.

Fig. 5 also shows OR gates 14,15 and LOCKl1l and LOCK2
signals 16,17. During normal operations, LOCK1l and LOCK2
are low. Their use will be described below.

The loading of the CODE shift register 11 is shown
in more detail in Table 2.
signal

In the absence of a shift
(initiated by the ‘signal rising edge RPT R) or a
‘parallel load signal (initiated by the relbading of the
correct DECODE in the case of a mis-match) the shift

register continues to hold its existing state until a

suitable command is received. . If a parallel load signal

is received in the case of a mis-match, the appropriate

DECODE is reloaded. When a shift pulse is received on an

RPT rising edge RPT_R, the CODE shift register 11 shifts
one place to the right. Where a shift signal and a
parallel load signal are both received, the parallel load
signal overrides and the CODE shift reglster 11 is
reloaded with the correct DECODE.

TABLE 2

| SHIFT PARALLEL LOAD SECTION OUTPUT
| 0 0 '_ Stay in the same conditién.
0 1 : Re-load with the appropriate DECODE..
1 o shift right one place. ]
“ 1 1 Re-load with the appropriate DECODE. ||



spaces'defined by the coded disc teeth. The sensor may be a Hall-effect

»sensor or an optical sensor or any other type of sensor-such as a

capaci tance or inductance sensor. It will be seen fromFig. 1 that the

teeth la are arranged in a repeating pattern of six teeth which may be
represented, treating the wide teeth as giving rise to a signal "1", i.e. a
| ong mark: space ratio, and the narrow teeth as giving rise to a signal

11011, i.e. a short nmark: space ratio, as the binary code: 110010. The
tooth pattern progresses clockwi se so as to give rise to the above binary
code when the disc rotates anti- clockvi se past a sensor 2. The RPT signal
fromthe coded disc can, for exanple, be fed into an ASIC (application
specific integrated circuit) in which the control systemis inplenented. A
signal "1" is gibenvidt P orRpeRr Ehddacdheat syshere8fscRdbedsi Ggnedges
and a signahtdipréti Stlge Vadvieterit SBEN ttH@r kode@ edidti and paeluval ue is
pl aced into,a sgift regl ster ia.t%%EISQ that a istogg of éhgyaec i ved code
can be devBl8PRYS THRIERT Hisc lioked hRd Whe nPPRSS oPBF 1P t F&€ t he
phase sw tmachynaccurRirilyer Whehe slystem described gives rise to a '
resolution equivalent to the period between two rising

edges on the _coded. disc signal. ' The system can be

further improved, allowing a yet higher degree of
resolution, by introducing "facet control". In a
simplified system, interpolation of the position of a
rotor for a given phase can be derived from the count
value of an up counter set to count between zero and a
maximum value within one phase period, the counter being

reset at the beginning of each period. The count may be

viewed as an angle ramp which is read off to establish
the position of the rotor at an intermediate point. The
rate of counting is set at the beginning of each phase
period such that, if the rotor continues to rotate at the
constant velocity detected at the beginning of the
period, the counter will reach its maximum value at the
end of the period.

The idea of facet control is that the standard angle
ramp, which was originally reset at the end of a phaée
period, and allowed to free run in between, is subdivided
into facets. The problem of the free running angle ramp,
in which the speed of the ramp is dependent on the speed
of the rotor at the start of the cycle, is that by the
end of the electrical cycle the speed of the rotor
have changed and the ramp may have run too fast
overshot the desired end point,

may
and
or may have run too
slowly and undershot . This introduces errors in the
angle control system and could poéition the firing angles
in the wrong place. '

As shown in Fig. 6, facet control overcomes this by,

at the end of each sub-section or "facet" of the ramp,



9 desired to read the signal corresponding to reversed rotation of the
-disc, the signal is nerely inverted, as a result of which the ASIC can read
the disc in the sanme nanner and receive the sane pattern for both
directions of rotation by virtue of a sinple operation. The output of the
single sensor is in the formof a pulse w dth nodul ated signal as shown in
Fig. 3 for forward (anti-cl ockw se) and reverse (cl ockw se) notor
directions. The rising edges of the signal are assigned a nunber fromO to
S. The regi ons between successive rising edges can simlarly be nunbered O
to 5, where region 0 is defined as belhb the region between rising edges O
and 1, and so forth. Wthin each region, the nark space ratio defines a 1
or a 0 for the hi.nary code, as descrlbed above. is required to

operat e t h&SREHHING | khenLsbent aadhl Eﬁoﬁﬁ% ﬁﬁ&@ vt e SEATE igithse i s
ener gi sed ewairh0[ eThesef iirdivikRsel pehbedert el #E€Ntomblisied to

produce one ramp. The single-head system is ideal for

this type of control because of the equally spaced rising

edges of the RPT'signal. Each rising edge provides a

counter reset giving 6 facets per phase period.
shows a simplified view of 3 facets.
Fig.

Fig. 6
As can be seen from
6, although within individual facets the ramp rate

may be too fast or too slow because of the variations in
~ the rotor speed, because the ramp is corrected at each

facet a higher degree of accuracy can be provided for the
angle control system.

Referring now to Fig. 7, where aspects of control of
the system are shown in more detail:

(a) shows the RPT output .signal and the
corresponding binary codes;

(b) shows the signal broken up into six unique
regions each equal to one bit of the repeating RPT code;
(c) shows the angle ramps for each of phases A, B

and C. As an example, one cycle of phase A is broken up

into six facets. For reasons discussed in more detail

below, the up counter is arranged to count to a maximum

value N=192, each of the facets then corresponding to a

count of N/6 = 32. The angle count is shown in the

figure expressed in hexadecimal.

(d) Illustrates one,posslble'scheme for applying

current to the phase A windings. 1In the example shown,

the simple case in which current is applied in the second
half of the cycle is shown.

profile is shown at (e).

The corresponding inductance
It will be seen that current is
applied when the system is at a point of minimum

inductance and switched off at the point of maximum

inductance. A more sophisticated approach to excitation

of the phase will be described below.



regions define the appropriate excitation angles, as shown in Fig. 3. As

- mentioned above, the last six bits of the binary code are stored in a shift
register and it will be seen from Table 1 below that the contents of the
shift register give a unique six-bit nunber designating the current

regi on. For exanmple, if the binary code currently corresponds to
the regi on nunbered 0 according to the schene di scussed above, then the

| ast six bits of code will be 110010. A uni que hexadeci mal or deci nal
nunber can thus be assigned to each regi on dependent on the value of the
recei ved code. The positive torque pA&se energization periods for each of

phases A, B and Cin the forward and reverse notor configurations are al so

shown ("1" designating phase energized and "0" 10 designating

phase de-energiz ;l ARy 6 shecshge Pl enepgization gEE angle 11

0010 ramp waveform80fdr forwardsOg8nérflting, as?8pposed to3€he

forwards motoring configuration shown in (c) to (e).

In this system the following information
available: -

1.

is

The position of the rotor can be derived at a first
resolution by examining the signal from the coded
disc and establishing the position to within a
region; and |

The position can be derived from the angle count
within a facet to provide a higher resolution
indicative of the incremental position of the rotor.
Fig. 8 is a block diagram showing a preferred method
of combining the information and transferring it to a
suitable firing control system.

RPT information is derived from the coded disc at

step 20 as discussed above. A rising edge detector

generates rising edge pulse RPT R at step 21 and the
tooth length detector (for example the up/down counter

discussed with reference to Figs. 4a,4b,4c) outputs a

high or low signal at 22. The corresponding binary bit

is input to a shift register at step 23, the shift
register being shifted at each RPT R. The unique DECODE
is then derived at séep 24 as described above with
reference to Table 2 and the comparison between a DECODE
and the internally generated CODE is made at step 25. At
this point, the control system decides (according to
known techniques) what excitation strategy -will be
adopted for ‘exciting the phasé windings. Fig. 8 shows
two choices, where the excitation is either in the form
of blocks of current (as was discussed in connection with -
Fig. 7) or in the "angle control" mode, as will now be

discussed.

Referring firstly to Fig. 9, for each phase it is
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1 1 TABLE I The manner in which the sensor signal is decoded is described
with reference to Figs. 4a, 4b and 4c. The sensor signal includes equally
spaced rising edgés, referred to herein as RPTR The RPT signal 4 is input
to an up/down counter 5 of known construction which can be arranged to
count up whilst the RPT signal 4 is high and then down whilst the RPT

signal is low or vice versa. Assum ng that the up/down counter 5 counts up
whil st the RPT signal 4 is high, then where the signal high is
first defined what firing scheme is desired; that is, the

portion of the phase period over which positive torque
exists in the desired direction is defined. 1In Fig. 9,
(a) shows the RPT code (forwards) and (b) shows the
corresponding region numbering. Each of the phases at
(c),(d) and (e) are split into six sectors, each sector
equal in length to one region of the RPT code.' The
position of sector zero is chosen to commence on the
transition from a positive torque producing region to a
negative torque producing region. The sectors within a
phase period are labelled sequentially from 0 to S. It
will be seen that only in specific circumstances will the

RPT signal region numbering correspond to the phase

period sector numbering. The following discussion is

principally concerned with the forwards motoring

conditions but it will be appreciated that forwards
generating, reverse motoring and reverse  generating
schemes are also operable in a similar manner as shown in
(£)-(h) of Fig. 9, and (a) to (h) of Fig. 10.

The sector number for each phase corresponding to a
given region can be derived for each of the four
quadrants of operation (forwards motoring, forwards
generating, reversé motoring, reverse generating). The
sector number (expressed in binary) is then mapped to the
appropriate region. For example for forwards motoring,
region 0 has for phase A, sector 0 (000), phase B, sector
4 (100) and phase C, sector 2 (010) mapped to it. The:

mapping is shown in Fig. 11, with each of the sector

numbers corresponding to the region number expressed in
binary.

As discussed above, it 1is desired to combine the
sector number with the corresponding facet count. As
each facet count has a maximum wvalue of 192/6 = 32, it

can be expressed as a five digit binary number i.e. as a



| onger than the signal |low the counter will not reach zero before the next
*rising edge is received (Fig. 4b). If the signal high period is shorter

than the signal |ow period, the counter will be at zero at the next
rising edge (Fig. 4c). The counter also includes an output termnal, TC
whi ch represents the term nal count. As known in the art, TC renains | ow

while the counter is counting up until the maxi mum count of the counter is
reached, whereupon TC goes high. Conversely, if the counter is counting
down, TC stays low until the counter reaches zero, whereupon TC goes high
lt-will be seen fromFig. 4b and 4c tha?¥ TC wll therefore only go high if
the mark: space ratio of the sensor signal between rising edges is |less than
1. The inverse of the TC therefore gives the_approgriate binary digit for
that part Sfven®ifeRigrrxy gmimberhe ¥Rcadditipgnakhesserbari ppbers a six
bit shift eegirdlspfordiassrtbed helvuh g%:ﬁ%éﬁ%en%a&&feééé& hgsrigght at
each risin%hgd% of the sensor |gpal. eferring nowto Fig, 5 the word in
the shift ree-bit binary numbeYr. Accordingly these numbers are

combined as an eight-bit binary number, the three-bit

binary sector numbers forming the top three wmost

significant bits (MSB’s) of the eight-bit number. This

is shown in more detail in Fig. 8. The correctly matched

DECODE from step 25 in Fig. 8 gives rise to a region
number which is read off in a table such as that shown in
Fig. 11 to obtain the three-bit binary sector number for
each phase in the desired operating quadrant at step 26.

Referring once again to Fig. 8, the count number
within the corresponding facet is continuously generated
at step 27 giving a five-bit number. The three-bit
number for each phase tdgether with the five-bit number
common to all of the phases are combined for each phase
to give rise to a unique word for each phase at steps
28a, 28b and 28c. It will be seen that the three-bit
code for each phase will change at each RPT signal rising

edge RPT_R, whilst the five-bit count will increment at

each count of the up counter. Accordingly, at any stage,

the eight-bit number will give an indication of which
sector the rotor is in, and how far through that sector
the rotor has progressed, thus giving a high resolution
indication of the position of the rotor. The eight-bit
number is then compared with an eight-bit number (not
shown) representing the desired firing angle, and when a
match is fecorded, the cofresponding phase is energised
or de-energised as appropriate.
It will be realised that the three-bit number
- identifying a required sector could be obtained by simply
storing all the information in, e.g., Fig. 11 and reading
out the appropriate number for a given quadrant, region
and phase. However, this is wasteful of storage'and



register 10 is conpared with an internally generated word to determ ne the
rotor position. The output of the sensor, processed as described above, is
fed into the six bit shift register 10. The shift register 10 shifts right
one place on each RPT signal rising edge RPTR The contents of the shift
regi ster at any one tine forma unique word known as a DECODE. There are
si x DECODES, each of which corresponds to one of the six possible regions
shown in Table 1 above, only one of which can be present at any tinme. An
internally generated code is maintained on a second shift register 11.

Once again the internally generated code is shifted right one place on each
RPT rising edge RPTR, under normal operation. The contents of shift

register 11 at any one tinme also forma unique word, known as a CODE.
There are S$¥PEEEBe dicHermsiheEhtber legisndsequivedal | & DEEARE¥edshi ft

register 1 e bft Ceple a red W he.a priate
bi?; of thgaﬁﬁ%%%éeﬁg dgfeﬁﬁ?%% I f The CCDEﬁgﬁﬁ DEéEDEWhBQII S

described with reference to Figs. 11, 12(a) and 12(b).
The three-bits of each number representing the sector
number and forming the three MSB’s of the eight-bit

number can be numbered bits 7, 6 and 5, as shown in Fig.

12(a). The three-bit sector number can then be located

by identifying when each bit of it is low, in each
region. For example, as shown in Fig. 12(a),' for
forwards motoring, bit 7 is low in region 0, 1, 2 and 3,
bit 6 is low in region 0, 1, 4 and 5 and bit 5 is low in

region 0, 2 and 4. It can be seen from the full set of

tables derived in Fig. 12(a) for all four quadrants of

operation that a pattern emerges. For example for

motoring operation, bit 7 for Phase B is unchanged when
the direction changes, whereas the patterns for Phases A

and C are interchanged. The same holds for bit 6. Bit

5 pattern is unchanged. By inspection, the same pattern

holds for generating. This 'allows all the required

information to be held by storing only eight patteérns.

This is shown in Fig. 12(b) and greatly reduces the

storage and logic requirements. 1In particular, given the
region number and quadrant of operation the value of each
bit 5, 6 and 7 can be determined from the table at Fig.
12(b). o
- Fig. 8 also showed an alternative mode of operation

for low speed in which head active signals are generated

at step 29. Once again the same facet informatien can be

used but operation is made simple by the fact that
"blocks" of current are used over complete regions (as

shown, e.g. in Fig. 7 at (d)) and the ramp generation

system is not required.

In head control, the system can be operated directly
by CODE_O0 to CODE_S5 signals as shown in Fig. 13. These



are equal. This conparison is carried out by conparators 12a to 12f, one
- for each.bit of the respective shift registers 10,11. The outputs of the
conparators 12a to 12f input to a gate 13 which in turn outputs a logic 1
if all six bits correspond. If the CODE and DECODE do not match then the
code shift register 11 can be reloaded with the | atest DECODE using the
parallel load input, 18. Fig. 5 also shows OR gates 14,15 and LOCK1l and
LOCK2 signals 16,17. During nornmal operations, LOCKL and LOCK2 are | ow.
Their use will be described bel ow. The |oading of the CODE shift register
11 is shown in nore detail in Table 2.19In the absence of a shift signal
(initiated by the signal rising edge RPTR) or a parallel |oad signal
(initiated béeg e reloading of the correct DECODE in the case of a

ni s- mat ch) St Fi AES SRler uspd i tRiesnebc2Re| Whepsthei SPFRY d€ad® until a
sui tabl e canyansif i vegdesisved. tf . parmh| ehe Oatowngmaks iphdee€i Wk in the
case of a nmis-patch, the appropri ate CODE js re ded.. Wien a_shift pul se
i s recei veafgﬁv %ﬂ?l' %‘fe‘%‘?’ﬁ'g %ﬁ(@‘énRﬁ?gEIth‘le '}Cd‘j_E g‘ﬁff ?nfleé\ggt er31f%hifts
one place tla@)t heherghtthredhenecessivé segrizinsandoarpapehliel tdoathesi gnal
are both 1 eefliRf s i P ld Toni ' o Wbe B Uidders W e Sy 1!
register 11 is - -

combined together to produce one signal for each phase.

For example, during forwards motoring, the active signal

for phase A is high during regions 3, 4 and 5 and thus

CODES_3, _4 and _5 are simply combined together to

provide the activation signal. To go in the reverse
direction, phases A and C are simply swapped. '

Alternative activation schemes can be en{(isaged -
for example if "first two third" current operation is
required (see (b) in Fig. 13) then CODES 3 and _4 are
combined and if "second two third" current operation is
required (see (c) in Fig. 13) the CODE_4 and CODE 5
signals can be combined. This can be achieved by simple
gating to suppress the third sector or the first sector
of the active signal réspectively. Fig. 13 at (d) shows
middle third current operation.

To start the drivé, the rotor is pulled into a
predetermined position by exciting a predetermined phasé
or phases. Once the rotor is in the correct position,
the circuitry of the RPT is set to a predetermined state
to synchronise it with the physical position of the
rotor. |

This setting of the circuitry is achieved by a two-
position lock routine of a type.known to the- skilled
reader to guarantee that the rotor is in the expected
position. The systém first of all locks in region 3
where, in forward motoring, phases A and C are on
together and phase B is off. The second half of the lock
cycle locks into region 4 where phase A is on and phases
B and C are off. This is achieved by the use of the



rel oaded with the correct DECODE. SH FT . PARALLEL LOAD SECTON
* QUTPUT 0 -0 Stay in the sane condition. O .1
Re-l1oad with the appropriate DECODE. 1 0 Shift right one

pl ace. Re-load with the appropriate DECODE. TABLE 2 13 1t wll be seen
that the system described can interpret the novenent of the coded disc and
produce signals which are linked to the phase period of the machine.
Further, the system described gives rise to a resolution equivalent to the
peri od between two rising edges on the coded disc signal. The. system can
be further inproved, allowi ng a yet hi@Rer degree of resolution, by

I ntroducing "facet <control". In a sinplified system interpolation of
the position of a rotor for a given phase can be derived fromthe count
val ue of adQfKkoarder LOEK2t ostanalsbeahpsam oy oFagd &5 maxi Aurseclxe within

one phase PRIAWNhg [ Nhd WHEIrdIH&Wd correct start position are thus

provided. The system uses the fact that the shift
register on start either needs to be clocked twice if the

RPT is high or once if the RPT is low. To achieve this,

the appropriate regions are set high artificially in the
compare with the decode and internally generated codes
section, and the shift register is parallel loaded. This

then ripples through the system and the head phase active
~signals are produced. )

It will be appreciated that, although the above
discussion has been directed at four-quadrant operation
(forwards motoring, forwards generating, reverse motoring
and reverse generating) it can also be used for dual-
quadrant operation (e.g. forwards and reverse motoring
only). This is achieved by simply removing (or ignoring)
the relevant definitions of the generating waveforms and

parts of the tables in Figs. 11 and 12, and similarly

removing the internal motoring or generating signal.-
Further, the illustrative embodiment has related to

a machine with three phases. The invention can be

. equally applied to a machine with a different number of
phases simply by taking note of the different length of

the phase inductance period and making the appropriate
adjustments.

While the invention has been described in connection
with the illustrative embodiments discussed above, those
skilled in the art will recognise that many variations
may be made without departing from the pre;ént invention.
For example, the present invention is applicable to
inﬁerted machines in which the stator is in the centre of
the machine and the rotor is arranged to rotate around
the outside of the stator. Accordingly, the above
description of several embodiments is made by way of



reset at the beginning of each period. The count nmay be viewed as an angle
-ranp which is read off to establi'sh the position of the rotor at an
internediate point. The rate of counting is set at the beginning of each
phase period such that, if the rotor continues to rotate at the constant
velocity detected at the beginning of the period, the counter wll reach
its maxi mum val ue at the end of the period. The idea of facet control is
that the standard angle ranp, which was originally reset at the end of a
phase period, and allowed to free run in between, is subdivided into
facets. The problemof the free runnindlangle ranp, in which the speed of
the ranp i s dependent on the speed of the rotor at the start of the cycle,

is that by the end of the electrical cycle the speed of the rotor_may have
changed an@xampXenpnfaynefay Eoruntheo PugRosaf) 8Yerldiktatieesi rRe end

poi nt, or Wpedame invehefof! @W ¥rtiwhdsdlershee. 1imlIbed oALyOBIEasHE@rrors
in the angle control sgs%e and coul.d .position the firing angles in the
wrong pl ac&Cme Povi¢n ?%9"6,"% 5381t rol overcomes this by, at the

end of each sub-section or "facet"” of the ranp,



14 resetting the counter and the ranp rate and starting again.
- individual shorter ranps are conbi ned to-produce one ranp.

systemis ideal for this type of control because of the equally spaced
ri sing edges of the RPT signal. Each rising edge provides a counter reset
giving 6 facets per phase period. Fig. 6 shows a sinplified view of 3
facets. As can be seen fromFig. 6, although within individual facets the
ranp rate may be too fast or too slow because of the variations in the

rotor speed, because the ranp is corrected at each facet a higher degree of
accuracy can be provided for the angl@zcontrol system Referring nowto

Fig. 7, where aspects of control of the systen1are shown in nore detail
(a) shows the RPT output sig

EgbIPﬁ? the corresponding binary
codes; (b) shows the signal broken 0 Si X unique regions each equal
to one bit of the repeating RPT code;

° (c) shows the angle ranps for each of
phases A, P and

roA%ra$52$¥gg§3eﬁE@Hg¥Ckgrogﬂﬂgfg%éyiéapr8§SH1H8
including a rotor and a stator, the encoder cowprising a
member defining a set of features, mountable to rotate
with the rotor, a sensor arranged to be influenced by the
features to produce a first cyclical sensor output signal
at a first' resolution indicative of the position of the
rotor and a device arranged to be enabled by a plurality

~of points in each cycle of the first sensor output
signal,

These
The si ngl e- head

to produce a second device output signal at a
second higher resolution indicative of the incremental

position of the rotor within a cycle of the sensor output
signal.

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

features define a mark/space ratio to influence the

sensor, each mark/space ratio having one of two
predetermined values.

3. An encoder as claimed in claim 2 in which the
transition between a space and a mark defines a sensor
edge, the device being enabled at each sensor edge.

4. An encoder as clalmed in claim 3 in which the sensor

edges are evenly spaced

5. An encoder as claimed in any preceding claim
including a first shift register arranged to receive a

value representative of the first output signal.

6. An encoder as claimed in claim S comprising a second
shift register arranged to receive an internally

generated value for comparison with the value in the

* C L M $ *




into six facets. For reasons discussed in nore detail below, the up
-counter is arranged to count to a nmaxi mum val ue N=192, each of the facets
then corresponding to a count of N6 = 32. The angl e count is shown in
the figure expressed in hexadecinmal. (d) Illustrates one possible schene
for applying current to the phase A windings. In the exanple shown, the
sinple case in which current is applied in the second half of the cycle is
shown. The correspondi ng i nductance profile is shown at (e). It will be
seen that current is applied when the systemis at a point of m ninum
i nduct ance and switched off at the poi &3 of maxi numinductance. A nore
sophi sti cated approach to excitation of the phase will be described bel ow.

15 (f) and gg% sho ,therphase energi zation and angle ranp waveforns for
forwards geh&Fgti f§1tEs X&FH&EEF 10 the forwards notoring configuration
shown in (c) to (e). In this systemthe followng information is avail abl e:

7. An encoder as claimed in any preceding claim
including means for combining a value representative of
the first output signal and a value representative of the
second output signal to provide a combined value
representative of the rotor position.

8. An encoder as claimed in claim 7 including means for

generating a first binary number representative of the

first output signal and a second binary number

representative of the second output signal and combining
. the first and second binary numbers to provide a binary
number representative of the rotor position.

9. An encoder as claimed in claim 7 or claim 8 for a
mﬁltiéphase electrical mwmachine in which the value
representative of the first-output signal is selected
dependent wupon the machine phase, and the value

representative of the second output signal is common to
all machine phases.

10. A switched reluctance machine including an encoder

as claimed in any preceding c¢laim.
11. A method of'encoding the position of a rotor in an
electrical machine including a rotor and a stator wherein
~a set of features rotate with the rotor and influence a
sensor, the sensor produces a first cyclical sensor
output signal at a first resolution indicative of the
rotor position, and a counter is enabled by a plurality
of points in each cycle of the first sénsor output signal
and produces a second counter output signal indicative of
the incremental rotor position within a cycle of the

* [ L M H *




1. The position of the rotor can be derived at a first resolution by
- exam ning the signal fromthe coded disc and establishing the position to
within a region; and 2. The position can be derived fromthe angle count
within a facet to provide a higher resoluti-on indicative of the increnental

position of the rotor. Fig. 8 is a block diagramshowi ng a preferred nethod
of conbining the information and transferring it to a suitable firing

control system RPT information is derived fromthe coded disc at step 20
as di scussed above. A rising edge detector generates rising edge pul se
RPTR at step 21 and the tooth Iength & ector (for exanple the up/down
counter discussed with reference to Figs. 4a,4b, 4c) outputs a high or | ow
signal at 22. The correspondi binary bit is input to a shift

_ regi ster at
step 23, tAENERFT PUERYtstHH It ng shifted at each RPTR The uni que DECODE
-is then derived at step 24 as described above with reference to Table 2 and

t he conparison het n DECEEE.an t.he i.nt.er | y_gener at ?EDE IS made
at step 25.&§At ghi V%‘ﬁta}s EHa1EGH Ao cgﬁ%%e%?dgglcgagggr ilt’@tto known
t-echni ques punipatt eigriadt iicn demadwebytedi tb Bebinary number, and the

binary number is inserted in a shift register.

13. A method as claimed in claim 12 in which the binary
number in the first shift register is compared with an
internally generated binary number in a second shift

register to establish the validity of the binary number
in the first shift register.

14. A method as claimed in any of claims 11 to 13 in
which a value representative of the first output signal
is combined with the value representative of the second

output signal to provide a combined value representative
of the rotor position.

15. A method as claimed in claim 14 in which a first
binary number is generated representative of the first

- output signal and a second binary number is generated
representative of the second output signal and the first -

and second binary numbers are cowbined to produce a value
representative of the rotor position.

16. A method as claimed in claim 15 for a multi-phase
electrical machine in which a first binary number is
generated for each of the phases and is combined with a
second binary number common to all of the phases.

17. A method as claimed in claim 15 or 16 in which the
combined value is compared with a predetermined value in
" an angle firing controller and a phase winding in the

electrical machine is energized or de-energized when a

A




adbpted for exciting the phase w ndings.

Fig. 8 shows two choices, where
-the excitation is either

in the formof blocks of current (as was discussed

in connection with Fig. 7) or in the "angle control” node, as will now be
di scussed. Referring firstly to Fig. 9, for each phase it is 16 first
defined what firing schene is desired; that is,

_ the portion of the phase
peri-od over which positive torque exists in the desired direction is

defined. In Fig. 9, (a) shows the RPT code (forwards) and (b) shows the
correspondi ng regi on nunbering. Each_of the phases at (c) , (d) and (e)
are split into six sectors, each sectoRS equal in length to one region of

t he RPT code. The position of sector zero is chosen to commence on the

transition fro a osi tive torque producing region to a negat’ive torque
produci ng hBa8&ctors within a phase period are | abelled
sequential ly fromO0 to 5. It mnll be seen that only in specific

_C' reumstancgs WJ\' menﬁxo%:—r 3¢ a:Lme oD RYORGN g ESU%S%{HH {0g phase

Shad&
electrical machine in which the first output signal
represents a position value indicative of the rotor
position, and for each phase a corresponding phase-
specific value is defined for each of one or more desired

modes of operation of the machine, the energisation or
de-energisation of a phase winding for a mode of

operation being dependent on the respective phase-
specific value. for that mode.

19. A method as claimed in claim 18 in which the phase-

specific value is represented by an N-bit binary number
derived by correlating phase and mode of operation with
identification of which bits in the N-bit b.inary number
are in a predetermined state for each position value
wherein the N-bit binary number is_constructed from the

table given the phase, mwmode and position
information.

value

20. A method of controlling an electrical machine

including a stator having stator windings and a rbtor, in
which a sensor senses a characteristic of features
rotating with the rotor as each feature passes the
sensor, the characteristic of the features differing for
- respective features in a coded sequence, and the sensor
producing an output signal corresponding to the coded
sequence and representative of the rotor position in
which the output signal is converted by converting means
to a code block representative of the rotor position and
a plurality of successive code blocks are combined in a
predetermined manner to produce a control signal for
‘controlling energization of the stator windings.
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peri od sector nunbering. The follow ng discussion is principally
concerned with the forwards notoring conditions but it will be
appreci ated that forwards generating, reverse notoring and reverse
generating schenes are also operable in a simlar manner as shown in
(f)-(h) of Fig. 9, and (a) to (h) of Fig. 10. The sector nunber for each
phase corresponding to a given region can be derived for each of the four
guadrants of operation (forwards notoring, forwards generating, reverse
nmotoring, reverse generating). The sector nunber (expressed in binary) is
then mapped to the appropriate region.2for exanple for forwards motoring,
region 0 has for phase A sector 0 (000), phase B, sector 4 (100) and phase
C, sector (01 ed,to it ng,1s 11, with each
of the sec%&r E}%‘rb %c? é’fpoﬁ&aﬁﬁ‘etdgﬂgﬁe 8%3?‘5‘ 2ﬁmrrb %%%Ese%h n
bi.nary. As diesctusteall abaghinet 1ssadmant&elphaseonia|chﬁxtd1mmiaaim dodder wth
the corres e e nlvalue of
%%§E€%n£§8 Lofiideq 1&*% ghé g?&%ﬁg §?§3$ ;p?n nto 4

0192/6 = € expressed - as a |g
~ on the phase to which the control signal is to be

applied.
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.17 five-bit-binary nunber. In addition, the sector nunbers correspondi ng
.to a given region can be expressed as a three-bit binary nunber.

Accordi ngly these nunbers are conbined as an eight-bit binary nunber, the
three-bit binary sector nunbers formng the top three nost significant bits
(MSB's) of the eight-bit nunber. This is shown in nore detail in Fig. 8.
The correctly nmatched DECODE fromstep 25:in Fig. 8 gives rise to a region
nunber which is read off in a table such as that shown in Fig. 11 to obtain
the three-bit binary sector nunber for gach phase in the desired operating
guadrant at step 26. Referring once again to Fig. 8, the count nunber
within the corresponding facet is continuously generated at step 27 givVing

a five-bit nunbegoToRIPOSIVIRN ENCOBER FOR OANCRLRCIRITAL MACHIWE Wi th the
five-bit nunber common to all of the hasesqgre conbi ned for each phase to
give rise to a unique word for each ﬁﬁﬁgguﬁﬁ steps 28a, 28b and 28c. It
w Il be seen that the three-bit code for each phase will change at each RPT
signal rising edgg RPTR, whil st, the five-bit_c

u

) ' ' h
count of the up cBunt@FO*ac &I HARY, 3?°8ﬁ§rs?§%éh%JAVi&E&eané n®ac

electrical machine having a rotor and a stator, the
encoder including a coded disc having teeth of widths
that vary in a repeatihg sequence and being arranged to
rotate with the rotor past a sensor which outputs a
signal corresponding to the coded sequence. By comparing
thé coded signal with an internally generated signal the
position of the rotor can be determined at a first
resolution level. 1In addition, a counter is enabled as
each tooth is sensed and provides a second output signal
at a higher resolution level indicative of the rotor
position between successive teeth. For a multi-phase
machine, a value representative of the rotor position
relative to, each phase is combined with the wvalue
representative of the incremental position common to all
phases. _ _

The invention thus provides high resolution rotor
position encoding with simplified logic.

Figure 6



the eight-bit nunber wll give an indication of which sector the rotor is
irn, and how far through that sector the rotor has progressed, thus giving a
hi gh resolution indication of the position of the rotor. The eight-bit
nunber is then conpared with an eight-bit nunber (not shown) representing
the desired firing angle, and when a match is recorded, -the correspondi ng
phase is energi sed or de-energised as appropriate. It wll be realised that
the three-bit nunber identifying a required sector could be obtained by
sinply storing all the information in, e.g., Fig. 11 and reading out the
appropriate nunber for a given quadranr(J gi on and phase. However, this
is wasteful of storage and 18 expens internms of the |ogic required.
A preferred enbodi nent of obtaining the three-bit nunber is now described
with reference to Figs. 11, 12(a) and 12(b). The three-bits of each nunber
representing the sector nunber and formng the three MSB's of the eight-bit
nunber can be nunbered bits 7, 6 and 5, as shown in Fig.

72—~ | Sensor




12(a). The three-bit sector nunber can then be |ocated by identifying when
-each bit of it is low,. in each region. For exanple, as shown in
Fig. 12(a), for forwards notoring, bit 7 is lowin region 0, 1, 2 and 3,
bit 6islowinregion 0, 1, 4 and 5 and bit 5is lowin region 0, 2 and 4.
It can bé seen fromthe full set of tables derived in Fig. 12(a) for al

four quadrants of operation that a pattern energes. For exanple for
notoring operation, bit 7 for Phase B is unchanged when the direction
changes, whereas the patterns for Phases A and C are interchanged. The sane
holds for bit 6. Bit 5 pattern is unQQﬁqged. By i nspection, the sane
pattern holds for generating. This all'ows all the required information
to be held by storing only eight patterns. This is shown in Fig. 12(b) and
greatly reduces the storage and logic requirenents. In particular, given

t he regi on nunber and quadrant of operation the value of each bit 5, 6 and
7 can be determned fromthe table at Fig. 12(b). Fig. 8 also showed an
alternative node of operation for |ow speed in which head active signals
are generated at step 29. Once again the sane facet infornmation can be used

but operation is made sinple by the fact that
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"bl ocks" of current are used over conplete regions (as shown, e.g. in Fig.
7/ at (d)) and the ranp generation systemis not required. In head control,
t he .system can be operated directly by CODE 0 to CODE 5 signals as shown in
Fig. 13. These 19 signals are sinply used.to indicate when the rotor is
in any of regions 0 to 5. In the known "1[err] phases on" activation
schenme shown in Fig. 7 at (d) and Fig. 13 at (a) where three successive
regions correspond to the active signal, the CODE 0 to CODE 5 signals can
be sinply conbined together to produce E%signal for each phase. For
exanpl e, .during forwards notoring, the thdve signal for phase Ais high
during regions 3, 4 and 5 and thus CODES 3, 4 and 5 are sinply conbined
together to provide the activation signal. To go in the reverse
direction, phases A and C are sinply swdpped. Alternatlve actj vation
schenmes can be envisaged - for exanple iff "first two third" durrgn{ O Q
operation is required (see (b) in Fig. 33) then CODES 3 and HK_are

IUTUULIY |t o
_ Counter
RPT TC
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conbined and if "second two third" current operation is required (see (c)
Fn Fig. 13) the -CODE_ 4 and CODE _5 signals can be conbined. This can be
achieved by sinple gating to suppress the third sector or the first sector
of the active signal respectively. Fig. 13 at (d) shows mddle third
current operation. To start the drive, the rotor is pulled into a
predeterm ned position by exciting a predeterm ned phase or phases. Once
the rotor is in the correct position, the circuitry of the RPT is set to a
predeterm ned state to synchronise it with the physical position of the
rotor. This setting of the circuitry ig/aﬁyieved by a two- position |ock
routine of a type known to the- skilled reader to guarantee that the rotor
is in the expected position. The system first of all locks in region 3
where, in forward notoring, phases A and C are on together and phase B is
of f. The second half of the lock cycle locks into region 4 where phase Ais
on and phases B and C are off. This is achieved by the use of the
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20 LOCK1 and LOCK2 signals shown on Fig. 5. A secure locking, and a
.guarant eed correct start position are thus. provided. The system uses the
fact that the shift register on start either needs to be clocked twice if
the RPT is high or once if the RPT is low. To achieve this, the appropriate
regions are set high artificially in the conpare with the decode and
internally generated codes section, and the shift register is parallel

| oaded. This then ripples through the system and the head phase active
signals are produced. It will be appreciated that, although the above

di scussi on has been directed at fourfhpagrant operation (forwards notoring,
forwards generating, reverse notoring and reverse generating) it can also
be used for dual - quadrant operation (e.g. forwards and reverse notoring
only). This is achieved by sinmply removing (or ignoring) the rel evant
definitions of the generating waveforns and parts of the tables.in Figs. 11
and 12, and simlarly renoving the internal notoring or generating signal.
Further, the illustrative enbodinent has related to a machine with three
phases. The invention can be equally applied to a nmachine with a

di fferent nunber of
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\Reset .
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phases sinply by taking note of the different |ength of the phase

‘i nduct ance period and neking the appropriate adjustnents. Wile the

i nvention has been described in connection with the illustrative

enbodi nent s di scussed above, those skilled in the art will recognise that

- many variations may be made w thout departing fromthe present invention.

'~ For exanple, the present invention is applicable to inverted nmachines in
which the stator is in the centre of the machine and the rotor is arranged
to rotate around the outside of the st o3 Accordi ngly, the above
description of several enbodinments is made by way of 21 exanpl e and not
for the purposes of limtation. The present invention is intended to be
limted only by the'score of the follomﬁnf cl ai ns. 22
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CLAI MS 1. |
. rotor and a stator,
f eat ures,

mount able to rotate with the rotor,

A rotor position encoder for an electrical
t he encoder conpri-sing a nenber defining a set of

a sensor

influenced by the features to produce a first cyclical

at a first

machi ne including a

arranged to be
sensor out put signal

resol ution indicative of the position of the rotor and a device

-arranged to be enabled by a plurality of points in each cycle of the first

sensor output signal,
hi gher resolution indicative of the increnental
within a cycle of the sensor ‘output sid

sensor,

nAl3

to prooduce a second devi ce output signal.
position of the rotor

at a second

2. An encoder as clainmed in
claiml1 in which the features define a mark/space ratio to influence the

each mark/space ratio having one of two predeternlned val-ues.

3.

An encoder as clalned_hn-cLaLnL; in which t, n between a space
and a mark defines a rﬁsmjedadge, the_ devi ce eq: enalpl ed at each sensor
edge. 4. An encoder hs c | tr—eta—-3—n ?QPthe qur edges are
evenly spaced. 5. An|enc as |cl aimed in pny Edlrg claim
N
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-including a first shift register arranged to receive a value representative
:of the first output signal. 6. An encoder-as clainmed in-claimb
conprising a second shift register arranged to receive an internally
generated val ue for conparison with the value in the 23 first shift
register. 7. An encoder as claimed in any preceding claim

I ncl udi ng means for conbining a value representative of the first output
signal and a val ue representative -of the second output signal to provide a
conbi ned val ue representative of theéifggr position. 8. An encoder ‘as
clainmed in claim?7 including neans f nerating a first binary nunber
representative of the first output signal and a second binary nunber
representative of the second output signal and conbining the first and
second binary nunbers to provide a binary nunber representative of the
rotor position. 9. An encoder as clainmed in claim7 or claim8 for a

mul ti-phase el ectrical machine in which the val ue
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FWD
N I e e
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representative of the first'output signal is selected dependent wupon the
machi ne phase, and the value representative of the second output signal
is common to all machi ne phases. 10. A switched reluctance nachi ne

i ncluding an encoder as clainmed in any preceding claim 11. A nethod of
encodi ng the position of a rotor in an electrical machine including a rotor
and a stator wherein a set of features rotate with the rotor and influence
a sensor, the sensor produces a first- cyclical sensor output signal at a
first resolution indicative of the rotgr sition, and a counter is enabl ed
by a plurality of points in each cycle(ﬁ he first sensor output signal
and produces a second counter output signal indicative of the increnental
rotor position within a cycle of the 24 sensor output signal. 12. A
method as clained in claim1l in which the first output signal is

denodul ated to a binary nunber, and the binary nunber is inserted in a
shift register. . :

Sensor | B

Signal | b))
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13. A nethod as clainmed in claim12 in which the binary nunber in the first
'shift register is conpared with an internally generated binary -nunber in a
second shift register to establish the validity of the binary nunber in the
first shift register. 14. A nethod as clainmed in any of clains 11 to 13 in
whi ch a val ue representative of the first output signal is conbined with

t he val ue representative of the second output signal to provide a conbined
val ue representative of the rotor p s'h'on. 15. A method as clained in
claim14 in which a first binary nu I s generated representative of the
first output signal and a second binary nunber is generated representative

of the second output signal and the first and second binary nunbers are
conbi ned to| '

—&E e T EePrESaksahl VE O T POSI[{I#HASEc10] A
nethod as_clalned iin c!a|r115 f0'7a nu gl-pha§e7llg t;lcal echi pe JI_MhICh
a first bingry nu TS generatga [or|{eapttr ofjt asiEs _ar[d _1js _gormi ned
with a secorld bi narp— r commb® {3 Rl91of th gﬁgﬁés. 173 Nigbilhbd as
clained in gl ai m 15forv 16 whith teaoihi e ivEledEe 17 5 Co fled Wi th a
predet er mi ngd W& uel--Azantangte—tFtngl-goptroH-g- o-phadervipdipg in
t he MOTORING -
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el ectrical machine is energized or de-energized when a 1111111 111111 11111
11111 111111 25 match is made. 18. A nethod as clained in claim1l for a
mul ti phase el ectrical nmachine in which the first output signal represents a
position- value indicative of the rotor position, and for each phase a
correspondi ng phase- specific value is defined for each of one or nore
desired nodes of operation of the machine, the energisation or
de-energi sation of a phase winding for a node of operation being dependent
on the respective phase- specific value for that node. 19. A nethod as
claimed in claim18 in which the phase]TiﬁEbific value is represented by an
N-bit binary nunber derived by correl ati ng phase and node of operation with
identification of which bits in the N-bit binary nunber are in a
predeterm ned state for each position value wherein the N-bit binary nunber
, :
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information. 20. A nethod of controlling an electrical machine including a
stator having stator windings and a rotor, in whi.ch a sensor senses a
characteristic of features rotating with the rotor as each feature passes
t he sensor, the characteristic of the features differing for respective
features in a coded sequence, and the sensor producing an output signal
corresponding to the coded sequence and representative of the rotor
position in which the output signal is converted by converting nmeans to a
code bl ock representative of the rotor .Ro 'éion and a plurality of

successi ve code bl ocks are conbi ned m]i/a determ ned manner to produce a
control signal for controlling energization of the stator wi ndings. 26
21. A nethod as clainmed in claim?20 in which the electrical machine is a
mul ti-phase machi ne and the code bl ocks are conbined in a predeterm ned
manner dependent on the phase to which the control signal is to be applied.
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