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ELECTRIC MACHINE CONTROLLER

This invention relates to electric motor controllers.
The invention is particularly applicable to a controller
5 for a switched reluctance machine.

Known controllers for switched reluctance (SR) motors and
generators can offer reasonably flexible control, i.e.
wide torque and speed ranges with high efficiency, but

10 this is at the expense of éomplexity.and, therefore,
manufacturing cost.

A form of single-phase SR machine is shown in Figure 1 of

the drawings. This is more fully described in EP-A-
15 0343845. It comprises a stator 10 defining four stator

poles 12 and a rotor 14 defining four rotor poles 16.

Windings 18 are arranged, in this form of SR machine, to

create adjacent poles of similar polarity. More

conventional single-phase SR machines are arranged to
20 create poles of alternate polarity.'

The term. ‘motor’ is wused below, but it will be
appreciated' by the skilled person that, where
appropriate, the term covers the same machine in a
25 generating mode unless a distinction particular to one or

the other is being made.

The theory of operation of SR motors is well known. For
example, the paper ‘The Characteristics, Design and
30 Applications of Switched Reluctance Motors and Drives’ by
Stephenson et al. presented at PCIM ‘93 Conference and
Exhibition at Nurnberg, Germany, June 21lst-24th 1993,
discusses the general principles. Figures 2(a) to (d) of
the drawings illustrate well-known examples of switching
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drawnngs This is nore fully described in EP-A- 15 0343845. It
conprises a stator 10 defining four stator poles 12 and a rotor 14
defining four rotor poles 16. Wndings 18 are arranged, in this form
of SR gmchine, to create adjacent pples of simlar polarity.

Mor e conventi onal single-phase SR machi nes are arranged to 20

create poles of alternate polarity. The term ' notor' is used

bel ow, but it w ildiriemits usedafpreconteollihyy thdappikidd edltpgesand that,
wher e appry e, e \ S

generating nmode an s?gltta cfgsgrh‘%c 8%%p§éﬁ%m%r8?§ag@o¢&é& éeﬁ%%a%?%er

i s being made. motor. The theory of operation of SR notors is well known.
For exanpl e, the paper 'The Characteristics, Design and 30
Applications of Sw tched Reluctance Mdtors and Drives' by St ephenson
et al. preSentedFigure M (03 ehntkechxavings i 1usq5§ﬁQﬁtqhﬁra?h@EPﬁ%Qrg

Germany, June 2lgiod@4blf h8838r torque control at low speed. The torque is
controlled by inhibiting the winding current from rising
above a maximum level by repeatedly éhopping it during
the phase conduction period. At higher speeds the rise

10 and fall times for the current will be such that the
current ie switched on and off'only once for each phase
conduction period and is not chopped in normal operation.
The torque is controlled through the switching angles,
ie. the angular positions at which voltage is applied to

15 =~ and reversed at the phase winding(s). This is the so-
called ’single-pulse mode’ of operation (See Figure
3(b)). The skilled person will be aware that the
included angle between switch-on and switch-off is known
as the conduction angle. The switch-on and switch-off

20 angles in +the single-pulse mode are derived with
reference to some form of rotor position transducer, or
other means of sensorless rotor position detection as is
known in the art, collectively called a ‘transducer’

herein.

25
It is an objedt of the present invention to provide a
simplified controller for an electric machine, such as a
switched reluctance machine and some forms of permanent
magnet machine.

30

According to the present invention there is provided a
controller for an electric machine, comprising a stator
defining stator poles and having at least one phase
winding, a rotor defining rotor poles and switch means

)
Y



discusses the general principles. Figures 2(a) to (d) of t he

drawings illustrate well-known exanples of switching

2 *,  Circuits used for controlling the applied voltage and the
current in the phase winding of a switched reluctance not or . 5
Figure 3(a) of the drawings illustrates the& 'chopping’ node of notor
torque control at |ow speed. The torque is controlled by inhibiting
the winding current fromrising ~above. a maxi mum | evel by repeatedly
chopping it durifeg controlling current in the or each winding, the

controller comprising:
a transducer for deriving rotor position
information; _ - |
5 " a timer operable to produce switch-on and switch-off
signals to which the switch wmeans are responsive, the
timer being arranged to receive a first output from the
transducer indicative of a position of one of the rotor
poles relative to one of the stator poles'coincident with
10 a switch-off point in the phase inductance cycle for
operating the machine in one of a motoring and a
generating mode, and to produce the switch-off signal in
response thereto; and
first delay means responsive to the output from the
15 transducer within the phase inductance cycle to generate
a switch-on signal, subsequent to the switch-off signal,
after a delay.

The first and second'outputs from the transducer may be

20 coincident. Alternatively, the second output may be a
point in the phase inductance cycle toward minimum or
maximum phase inductance for motoring and generating
modes, respectively.

25 The invention represenﬁs a very simple control technique
. for, e.g., an SR motor in which the switch-off angle
coincides with a point on the phase inductance cycle
which is chosen according to the motor being controlled.
Usually, this will correspond to the optimum switch-off

30 angle at a desired operating torque and speed for the
motoring mode.

Preferably, the controller also includes a comparator



t he phase conduction period. At higher speeds the rise 10 and fall times

for the current wll be such that the current is switched on and of f
only "once for each phase conduction period and is not chopped in

nor mal operati on. The torque is controlled through the sw tching
angl es, - ie. the angul ar positions af which voltage is applied to 15
and reversed at the phase winding(s). This is the so- cal |l ed

"singl e-pul se node' of operation (See Figure - 3(h)). The skilled

person wll be aperablleattd ifenerate d NErigpsh agpdneabetneeesponsenten and .
swtch-off is known,_ . as t.he _conduction .angle. - The sw tch-on and

ovi toh-of f 20  Titaytoput Indigative, of a winding curtent’ W Gf W
reference to soemcessmaff aotarremsi tefarénesasdatee, ar pulse geridwataorans

of sensorless r%%%@ogx%ikrtei eB el ﬁ%igoé]aza%iiﬁéraé—l £o ggﬁggweiglévyﬁ:&ﬂo%%j_ect

collectively call “transduce - 'S an
of the présent khgoali 60 vbighothelswitch meansi apei fled resporsive, fand an

el ectric maching, 1844B §at@ by whiclsWHe® 3%d tbdl-Bht éﬂ%ﬁa@%ﬁﬁ £e@Nto SHE
forns of permanent maghet machi ne. 30 ccording to the

present inventi §¥itsd peprspig \3tdeapt dependent upon switch-on signals
from both the pulse generator and the first delay means.

10 The controller may also include second delay means
arranged further to delay the output from the first delay
means to the logic gate, the said output from the first
delay means being arranged to actuate one part of the
switch means and the output of the logic gate being

15 arranged to actuate another part of the switch means. In
this case, it is preferable that the output of the
comparator is also connected directly to the logic gate
as overcurrent protection for the machine.

20 Preferably, the switch-off signal from the pulse
generator is of a predetermined minimum duration.

The current reference value provides a chopping control
reference threshold. Preferably the threshold current is
25 above the peak value arranged to occur in the single-
pulse mode which is effected by the timer and delay

means.

It will be appreciated by those skilled in the art that
30 as the speed of rotation of the rotor rises, the times
required for the initial growth and £final decay of
current correspond to an increasing angle of rotor
rotation. Thus, as the speed rises still further, the
rise and fall times for the current in the windings will



controller for an electric machine, conprising a stator ' defi ni ng

statof poles and having at | east one phase wi ndi ng, a rotor defining
rotof poles and sw tch neans : 3

for controlling current in the or each wi nding, the controller

conpr ksi ng: a transducer for debiving rotor position

I nformation; 5 a tinmer operable to produce switch-on and switch-off
signals to which the switch nmeans are responsive, the timer being

arranged to reckf @R thal tha shrrensnienewitched ommpnd QEE iondivc aricge of
a position of off @dch orddidiion peribal 868dI€évéF Wadcha @ HY thieshHoalor

pol es COinCidenie&éihat which chopping takes place. In the controller
according to the present invention the speed of the motor

5 reaches a stage at which the pulse generator is never
triggered because the winding current fails to reach the
threshold level in the phase inductance period. The
logic gate is then constantly supplied with an enabling
signal from the pulse generator and control of the motor

10 in the high speed region is effected by the timer and
delay means according to the rotor position information
from the transducer. By adjusting the wvalue of the
delay time while the machine is operating at a given
speed, the torque of the machine is controlled. Thus,

15 preferably, the first delay means are adjustable to vary
the delay to control the motor torque.

Preferably, the said second output from the trahéﬁucer
means to which the first delay means are responsive is
20 indicative of a moment on the phase inductance cycle
towards minimum inductance for motoring and towards

maximum inductance for generating.

Alternatively, the first delay may be initiated by the
25 first output from the transducer.

The new controller is simple aﬁd cheap to produce and can

provide very effective control for applications such as

fans, food processors, vacuum cleaners and other cost-
30 sensitive devices. |

The invention also extends to a method of single-pulse
control of a switched reluctance machine comprising a
stator, having at least one phase winding, a rotor and



10 a swtch-off point in the phase inductance cycle for operat| ng

the machine in one of a notoring and a generating node, and to
prodiuce the switch-off signal in response thereto; and o
first delay nmeans responsive to the output fromthe 15 transducer within
t he phase inductance cycle to generate 6 a switch-on signal,

subsequent to the switch-off .signal, after a del ay. o The
first and second outputs fromthe transducer nay be 20 coi nci dent .
Al'ternatively, sWﬂa:cﬂeculednsut@ssomaaté@ aith thepophdseé N wiiRlipkASethe

I nduct ance CyC'n’?‘eEMr&n{Bﬂ maxi mum phase i nductance for

nmot ori ng and generati ng des respectively. 25 The i nvention
represents a very mmlé’lgcohctuat!-@nhquwhe sw1tchormeang toara SRofmtor i 11

which the swit dsifdiddt © with aCOokRgkdfsSo 5@1 @ nt;en {he ppﬁg'&e

I nduct ange cycl.e whi ch |s chosen accor {0 the ot 6F g
control | &d. induqtangs yCYCH«FF stor | PPEBFFé§ﬁoﬁBet @atqmn@ptmnmgw ch- of f

30 angl e atmctoi€itig ethd Rergdnitat DiglUode de S PERIL ERT ofPEcurrent to
the phase winding, and thereafter timing actua_tion of the
switch means to switch on current td the phase winding
after a delay.

10
Preferably, the method includes: comparing a maximum
reference current value with a phase winding current;
generating a switch-off signal when the phase winding
current exceeds the reference current value; and gating
15 the switch-off of the current to the phase winding in
accordance with the phase inductance period.

Preferably, the method includes: timing switching on of
a first part of the switch means to a first timed delay;

20 and then further delaying switching off a second part of
switch means, allowing the phase current to freewheel
when the first part of the switch means are open and the
'second part of the switch means are closed.

25 Preferably, a pulse is initiated at the switch-off point
which is of a predetermined duration. To cater for over-
current wsituations, it is further preferable that the
switch-off pulse is adjustable only down to a minimum
duration.

30 .

The invention also extends to a switched reluctance drive
including a switched reluctance machine, comprising a
stator, having at least one phase winding, a rotor, a
transducer for generating rotor position information,
35 switch means for switching current to the



not ori ng mode.

conpak at or 4 ~ operable
genefate a trigger signal in response to a - first input indicative
a winding current which is in excess of a current reference val ue,

pul se#gener at or
swtch-off 5

Preferably, the controller also includes a

responsive to the trizgger signal to generate a
signal to which the switch neans are al so responsive,

a logic gate by which the switch-on signal applied to the swi tch
nmeans i s at | eawinddpgnasdt augontsodleh; othsi gomatsoller comprising:

10

15

a comparator operable to generate. a trigger signal
in response to a first input indicative of a winding
currentlexceeding a current reference value;

a logic gate arranged to transmit switch-off and
switch-on signals to the switch means;

a pulse generator responsive to the trigger signal
to generate the switch-off signal of predetermined
duration to which the switch means are responsive;

a timer circuit operable to generate further switch-
on and switch-off signals to which the switch means are
also responsive, the timer circuit being arranged to
receive a first output from the transducer indicative of
a position of one of the rotor poles relative to one of
the stator poles coincident with a switch-off point in

' the phase inductance cycle for operating the machine in

20

25

30

one of ‘a motoring and a generating mode, and to generate
the switch-off signhal in response thereto; and

delay means responsive to a second output from the
transducer within the phase inductance cycle to generate
the switch-on signal, subsequent to the switch-off
signal, the switch means actuation signal from the logic
gate being dépendent upon switch-on signals being
received together from the pulse generator and the delay
means.

The present invention can be put into practice in various
ways, some embodiments of which will now be described by
way of example with reference to the accompanying
drawings in which : _

Figure 1 is an cross-section of a prior art switched
reluctance motor construction;

Figures 2(a)-(d) illustrate. schematically known

to
of
a

and



fromboth the pul se generator and the first delay neans. 10 The
contreller may also include second delay neans arranged further to
del ay the output fromthe first del ay nmeans t.o the logic gate, the
said output fromthe first del ay nmeans being arranged to actuate one
part. ®f the switch neans and the ougput of the logic gate being 15
arranged to actuate another part of the swtch neans. 1In this case,
it is preferable that the output of the conparator is also connected

directly to th%xbilgdrl@e@aﬁﬁ]l.uctanche agotBe rér]i\iirt;c?ﬁh@rdltr%fiil:ct@‘ fo; ht he |
machi ne. 20 ferably e _SwW o] rom e pul se

generator is of a preteterh ﬁé&sm?ﬁiuﬁi’gur%ﬁ? Ogragﬂs respegfively o RE

ref erence val uechopringsnade hapdi aingbetpwlse mode swiechederbhueshﬁbé

Preferably the n$§§§h9i’gd% &P{ré -c??':'(,e |c%q’%\é% Tﬁtﬁ lﬁo Itp;éq: %rdrfgpged to

occur in the si and
del ay 5 nmeans. Figure 4(a) is a schematic block dlagram of a

controller according to the invention;

Figures 4(b) and (c¢) are graphs of switching
strategies of two embodiments of the invention;

Figure 5 1is torque/speed characteristic of a

10 switched reluctance motor controlled according to one

embodiment of the invention ; and

Figure 6 is a schematic block diagram of a further
embodiment of the invention.

15 The controller according to the invention may be used
with machines having any number of phases. For clarity
it will be described with reference to a single-phase
motor.

20 Referring to Figure 4(a), a controller for a switched
reluctance motor comprises a comparator 20 which is
arranged to receive a first input 22 that is a signal
proportional to the phase winding current in the motor.
A typical comparator for this application would be an

25 ILM339 manufactured by National Semiconductor with or
without additional hysteresis components. In a
'mul'tiphase machine the individual winding currents are
monitored. The sum of the winding currents is not
necessarily a sufficiently accurate indicator of the

30 individual winding currents at any one time due to
current overlap between the phases. If no overlap were
present, or if the overlap could be compensated for, then
a signal proportional to one phase winding current could
be used as an indicator for all phases. Also, in



It will be appreciated by those skilled in the art that 30 . as the speed

of  rqotation of the rotor rises, the tines - required for the initial
grovit h and final decay of ~current correspond to an increasing angle
of rotor rotation. Thus, as the speed rises still further, the
rise=and fall times for the current in thegw ndings wll

5 - be such that the current is switched on and off only once

in each conduction period and never reaches the threshold | evel at
whi ch choppi ng prieciplecne Igontroldean asiuld multiplexcbetwesy pbases.
present inventighydder SReSk Hudt'Hdfen to avoid errors due to fault

currents and noise from corrupting the information.

5 A second input 24 correspondé to a predetermined or
adjustable maximum current reference signal. 1In the case
of a fixed wvalue of current reference a simpler
comparator can be used, such as an appropriately biased
transistor. In this embodiment, having the simplified

10 comparator, the reference signal is <chosen for a
particular motor to correspond to a level of current
which is above the peak value of current which will be
allowed to occur in the single-pulse mode. This allows
an automatic transition between chopping and single pulse

15 modes of operation, as will be described below. |

An output 26 from the comparator 20 triggers a simple
pulse generator in the form of a monostable multivibrator
28 which has a pulse output of fixed duration at logic
20 level ‘0’ corresponding to a switch-off’ signal which is
connected with one input of a two-input AND gate 30. The
other input to the AND gate 30 is the output 32 from a
timer and delay circuit 34. A first input 36 to the
timer and delay circuit 34 is the output from a rotor
25 position transducer 35 (RPT). The RPT 35 is conventional
in the art. It is used to derive timing signals
corresponding'to the movement of the rotor poles past the
stator poles in an SR or other electric motor.
Conveniently, the output from the RPT is more or less a
30 square or other wave shape providing transitions at fixed
rotor positions with respéct to the stator. A further
input 38 to the timer and delay circuit 34 is a time
delay control signal which adjusts the delay applied
before a switch-on signal is applied to the AND gate 30.
35 While an AND -gate is



5 reaches a stage at which the pul se generator is never

triggered because the wnding current fails to reach the t hreshol d

| evel in the phase inductance peri od. The |l ogic gate is then
constantly supplied with an enabling signal fromthe pul se generator
and ¢ontrol of the notor 10 in the highOspeed region is effected by the
timer and del ay neans according to the rotor position information
fromthe transducer. By adj ustlng t he val ue of the delay tine
whil e the machi ﬂélp§t6|§§le§t ifgwadlabgi gpparent thatceihex Hautuakgateing he

machi ne is cont g@hb@demehtds colild bePHBEAr 88! ¥guhleeff&ét . del ay nmeans: are
adj ustable to vary . the delay to control 'the notor torque.

Preferably, the said second output fromthe transducer nmeans to
whi ch the first Thel aynmEags speedr efpohei Motos ®Aly be adilistdd sy alartuginent

mtoring and 1 onyechent B che dedak DL PY ke LTHER ind Yelay

Al ternatively, omé&putr3e whiah imyiteelfhidardined led byetR8 signalr38, e put
fromthe transdygelregponse to a signal from an overall control system
also adjusting the delay time. Altérnatively, the output
32 may be fixed. The delay strategy is discussed below.
10
In a low-speed chopping mode the comparator 20 generates
its output when the winding current (or the winding
current for each respective phase in turn in a multiphase
machine) exceeds the predetermined maximum current
15 reference signal 24, which reference signal 24 is set for
a particular motor to which the controller is connected.
As mentioned above, this may be equivalent to a winding
current which is in excess of the single-pulse mode
current at which the motor in question is designed to
20 operate. Typically, the maximum current reference
level is chosen with regard to the ratings of the
semiconductor switches in the converter switching
circuits and the thermal rating of the motor. The
maximum current reference signal may be user adjustable,
25 within the current rating of the switches, so that a
particular controller can be adjusted and set for a
particular motor or as a means of speed-torque adjustment
while the motor is running.

30 At low speeds there is sufficient time in a phase
conduction period for the winding current to rise above
the maximum current reference level. The output from the
comparator generated when the maximum current reference
is exceeded triggers the multivibrator 28 which produces



The new controller is sinple and cheap to produce and can provi de

very effective control for applications such as fans, food
processors, vacuum cleaners and ot her cost- 30 sensitive devices.

The invention al so extends to a nethod of single-pulse control of a
swi t ched rel uctance nmachine conprising a 11 stator, having at |east one
phase w nding, a rotor and _ 6

a pulse of a fixed duration at logic level ’'0’ which is
a winding current switch inhibit (switch-off) signal.
This logic ‘0’ output will produce a logic ‘0’ (switch-
off) output from the AND gate 30 so that the switching
5 circuit associated with the phase winding is opened for
at least the duration of the low pulse, i.e. to allow the
winding current to £fall below the maximum current
reference level. After the pulse is removed, the switch
or switches reclose subject to the state of the signal
10 from the timer and delay circuit 34. Thus, chopping
' current control is established about the maximum current
reference level when the motor speed is low.

As the motor speed increases there will come a point at

15 which the maximum current reference level is not reached
in-a phase inductance cycle such that the output from the
monostable is a constant logic ‘1‘. This permanently
enables the AND gate 30 subject to the timed output of
the timer and delay circuit 34, which is then used to

20 control the switching of current to the windings, ie. for
operating in the single pulse mode. The wmotor
speed/torque is then controllable by adjustment of the
delay before a switch-on signal is generated by the timer
and delay circuit.

25
Two methods of triggering the time delay are illustrated
graphically in Figures 4(b) and (c).
The RPT output has a leading edge which is wused
30 conventionally to switch current to the phase winding,

usually at a position in the phase inductance cycle
corresponding to an optimum switch-on position eg. the
position of minimum inductance for motoring and maximum
inductance for generating. The use of an RPT from which



swi tch nmeans associated - with the phase wi nding, the met hod

conprissi‘ng: timng actuation of the swtch nmeans to a point
coincident with a switch-off point in the phase 5 i nduct ance cycle for
operating the nachine in one of a notoring and a generating node to
switch off current to t he phase wi nding, and thereafter timng
actuation of the swtch neans to switch on current to the phase

wi ndi ng after a delay. 10 Preferably, the method includes:
conparing a rraxitrm rderive tining esitgnals rionr wihdingy swi ehssin we imigbhe
current; . At b bl Ghsils 510 wﬁélm&metqheﬁgsw BRI 1fed.
current exceeds t1e r ence current val ue;

switch-of f of tH& dihe éxt and wlghaas \Mendieﬁ&rlﬂ?ed furth&é’cbﬁé’ance with -
t he phase inductance perlod Preferably, the nmethod includes:
timng swi_tchin part of the sw tch neans io a f|rst

timed del &; 20 11 Fwet #éP)fGF‘Fhé?iﬁ ¥l 35 intthatedh g ther traddindd(#Ar ¢
of SW t cltHiRaRsasa | fadliing)t kAgehaFe thier ROTt signaleewhes! the samevvhen

the first part Of c{ het Wé&ayneggél@re P rexr']ar?gnedd tt?o be initiated by the
leading edge of the RPT signal. The time delay from
switch-off may be set to give, for example, the optimum

10 conduction angle -at the desired full-power operating
condition according to the motor being controlled, or it

may be varied, using the delay circuit to control the

torque and running speed of the motor. It will be noted

that the mark/space ratio of the RPT signal is

15 unimportant in this embodiment as only one transition of
the signal, ie. the leading edge, is used for controlling
switching. Previously, the mark/space ratio of the RPT

output has been critical to successful operation of the

drive. According to the invention thé need for only one

20 . transition can be used to realise a saving in the cost of-

' the control electronics.

In this arrangement, as the speed is reduced with a given
constant time delay, the delay ahgle is reduced as well

25 and, therefore, the conduction angle increases.
Eventually, at low motor speeds, the ’‘OFF’ angle of the
winding switches becomes negligible relative to the
increasing conduction angle. This is an undesirable
condition because excessive winding current and/or torque

30 of the undesired polarity can result. The effect can be
countered by increasing the time delay as the speed
falls.

© o h



second part of the switch neans are cl osed. 25 Preferably, a pulse is
initiated at the switch-off point which is of a predeterm ned
duration. To cater for over- current situations, it is further
preferable that the switch-of f pulse is adjustable only down to a

m ni mam duration. 30 The invdation also extends to a swtched
reluctance drive I ncluding a switched reluctance nmachi ne, conpri sing

stator, having at |east one phase winding, aro
transducer f or é@éﬂ%ﬁgﬁ‘i‘@q & (Rsiankedingndy e Jr?-m%éielaysﬁ’/wi% ¥eans

.;or switching tq¢ réfthert andt Melay circuit (34) is initiated by the
leading (in this case rising) edge of the RPT signal. The
timer and delay circuit, the mark/space ratio of the RPT

5 signal and its position in the inductance cycle may be
~ set to give the optimumlconductioh angle for the single-
pulse mode operation of the motor at the desired full
power operating conditions, whilst additionally
maintaining acceptablé conditions at low speeds.

10
As the speed of the motor rises, the time delay remains
fixed and, therefore, the delay angle of switch-on
increases. This delay angle is the angle corresponding
to the time delay and is the angle by which the switch-on

15 lags behind the fixed angle corresponding to the RPT
leading edge. This increasing delay angle reduces the
conduction angle. There is, therefore, a fall in the
peak flux with rising speed caused by two effects: (a)
the reducing conduction angle itself; and (b) the rising

20 speed giving a reducing. conduction time for a given
conduction angle. The torque, therefore, falls more
rapidly with rising speed than in a conventional system
in which the conduction angles are £fixed. Figure 5
illustrates the torque/speed curve of a motor control

25 system according to this embodiment of the invention when
a fixed chopping level and a fixed time delay are used.
The relatively steep fall-off in torque 1s advantageous
in applications in which the load torque varies
significantly in normal operation. It can be beneficial

30 that the rise in speed consequent upon a reduction in
load torque is more limited than in conventional control
gystems for universal motors.



wi nding and a controller, the controller conprising: a

conpar,at or operable to generate a trigger signal - I n response to a
first” input indicative of a w nding current exceeding a current
reference value; 5 o a logic gate arranged to transmt sw tch-off
and _: - swi-tch-on signals to the sw tchl#eans; a pul se
generator responsive to the trigger signal to generate the
switch-of f signal of predeterm ned duration to which the switch

means are respordl v&omgy circumstagcegnekhe reggandpamhgdimentyenér athe
further switch- jnventidi miyfl B&V bebfettedi INAkS 1low WPy, NEod W t givaRans
are al so sponsi.ve, tig&tléii ﬁérCUIt bei arr&nggd to \
receive a first (. FHOASHY 1FgkR RRTOTER) SIR Y &2 e condughioR; on
of one of the rcemyledeomed aubstantialdyokqhal to the shakbatpobignal

coincident. with t ¢h.of Qj.Nt, 1N t he phase inductance. for
oper at i ngtst he né)(a:fn?\rﬁee i%'lr%)toxf P%g %&gnoftrgnﬁ&ugﬁrng ?ﬁgs ésggﬂeggglsﬁgg%%e,
and to gener at e condit iarhef amiliavh-apfefeds impmalinign response thereto; and

del ay neans responsive to a second output fromthe 20 transducer within

the phase inductance cycle to generate the swtch-on signal,
subsequent to Thfe £k4§% embpdiment of the invention does give rise to

an even steeper torque/speed curve in the single-pulse
10 operating region. The timer and delay circuit delay is
set for a desired normal operating condition.  This delay
is much longer in the first method than in the second
method. A given percentage rise in speed from this
initial operating condition will cause an equal
15 percentage rise in the delay angle, provided the delay
time is constant. This causes a corresponding reduction
in the conduction angle. Because the delay time for the
given initial operating condition is greater in the first
than in the second method, the reduction in conduction
20 angle, for the given percentage rise in motor speed, is
greater in the first method. This results in a greater
reduction in the peak flux and in torque for the same
percentage rise in speed in the first method than in the
second. The torque/speed curve, therefore, falls more
25 rapidly with the first method and the speed of the motor
will vary less with given rates of load torque. Thus,
the first method may be preferred in some applications.

The single-phase SR motor illustrated in Figure 1 is not
30 - inherently self-starting. It is necessary to ensure that
the initial rotor position is not one of zero torque when
the motor winding is excited. To address this a magnet
arranged on a stator pole may be used in accordance with
the teachings in EP-A-0601818. The magnet sexves to bias



signal, the switch nmeans actuation signal fromthe logic gate being

dependent upon sw tch-on signals being recei ved together fromthe
pul se generator and the delay 25 nmeans. - The present invention
can be put into practice in various ways, some enbodi ments of which
“w || now be described by . way of exadple with reference to the
acconpanyi ng 30 drawi ngs in which : Figure 1 is an
cross-section of prior art swtched rel uctance notor construction;

Figures 2(a)- (d)thq IRRRGGEe & RMORTEers LPrRNSwRosition by urging a near
8 rotor pole past the zero torque orientation. The force

exerted by the magnet may be limited and its use attached
to one of the stator poles is restricted to drives
5 requiring only modest starting torque.

The invention is not restricted to single-phase motors.
It is equally applicable to multiphase machines. In the
case of multiphase machines the motor phase switching

10 signals are further controlled, according to well-known
motor control techniques, to control the actuation of the
windings of the wvarious phases in tuxrn.

Referring to Figure 6 of the drawings, the invention can

15 also be used with a freewheeling switch configuration in
which a two switch per phase arrangement (as shown in
Figure 2(a)) can be actuated to allow current to
recirculate around the phase winding. Freewheeling is a
technique well-known in the art of controller design for

20 SR machines. It is often used to reduce peak currents,
switching frequencies and/or acoustic noise. In Figure
6 a further freewheel delay circuit 40 is added between
the output of the timer and delay circuit 34 and an AND
gate 30’. The AND Gate 30’ is now confined to

25 controlling switching of only one of the two winding
switches (eg. the ‘top switch’).

The freewheel timer delay signal is gated according to’
the monostable output. Additionally, a direct connection

30 42 from the comparator itself is connected to the AND
gate 30’. This direct connection 42 provides overcurrent
protection in the event that the winding current has not
fallen sufficiently during the monostable pulse output
duration.



swi tched reluctance notor switching circuits; : Fi gures 3(a) and

(b) are graphs respectively of choppi ng node and si ngl e- pul se node
smntched rel uctance not or wi ndi ng current over a phase inductance
period; 5 Figure 4(a) is a schematic block diagram of a
contrgller according to the invention;. 16 Figures 4(b) and (c)
are graphs of swtching strategies of two enbodi nents of the

i nvention; : . Figure 5_is torque/speed characteristic of a 1

swi t ched rel uct &hee timest a@@ntdleélahfeélé'&b‘éf—dgﬁgS?Bd%n% timing %%B‘alilﬁ%gf of

the invention; aidmal which is GEp@liedSdiseatsghesnthe Sthek €faghenmwd a .
further enbodi ment of the'invention. 2 The cqgntrol
according to t h&insiait i sWikehese (§eq the ‘b Fﬂmnﬁﬁﬁﬁﬁggqhaviﬁ§&§ﬁ§ a
nunber of phasesrdewherdlardéday in whichi thebbotesur isheidchi tis rapen eand to
a Slngle-%hase the to%P%%&tdh.is closed the switch-off signal is applied
as a low signal to the AND gate 30'. The switch-off
signal applied to the top switch is then gated according
to the output of the monostable 28 as before (subject to
no overcurrent low signal from the comparator 20 on the
10 line 42. The freewheel time delay is determined for a
particular machine and its operating regime. Typically,
it will be a fraction of the delay from the timer and
delay circuit. Thus, a freewheel configuration is
available in which the bottom switch is open, according
15 to the timer and delay circuit output, and the top switch
closed, according to the further delayed timing signal
from the freewheel delay, as gated by the monostable 28,
for each inductance period.

20 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 present invention.
For example, it will be appreciated by the skilled person

25 that the signals from the RPT 35 can be derived in other
ways to equal effect. The RPT 35 is an arrangement of a
member mounted on the rotor shaft and arranged to
influence the output of a sénsor to produce appropriately
timed pulses. However, as well as other

30 physical/electrical/magnetic ways of deriving rotor
position information for movement of the rotor, the same
information can be derived from monitoring the phase
current. The invention is able to use such rotor
position information however it is derived.



20 Referring to Figure 4(a), a controller for a switched

rel uctance notor  conprises a conparator 20 which is arranged to
receive a first input 22 that is a signal proportional to the phase
wi nding current in the notor.. A typical conparator for this
application woul d be an 25 LM339 manuf agtured by National Sem conduct or
wth or w thout additional hysteresis conponents. In a
mul ti phase nmachi ne the individual w nding currents are noni t or ed.
The sum of the wiechrdimgly iz abovet descriptibme o sievierals shbodimehky

accurate indicatg he 3 i ndj vi l_winding currents_at _any._on
tinme due to 15 @%‘ri%e% g"\? rl%fp }é%/t{/‘éj;% ?ﬁ% gﬁgsgcso.r Iﬁ%%op%%%a % \(Rgre
present, or if thimitatiom. colfke bpresependavedtiion, isedntended #aibeal
proportional to { 'M%Wﬂg&éﬁéﬁé SOUHL followily Ci8da@S an

i ndi cat or 5for all phases.



9 principle one controller could nmultiplex between phases.

However, care nust be taken to avoid errors due to fault currents and
noi se” from corrupting the information. 5 A second i nput 24 corresponds
to a predeterm ned or adj ust abl e maxi mum current reference signal. In
t he case of a fixed value of current 1&ference a Siﬁﬁ+€+~——-______ﬁ____
conparator can be used, such as an appropriately biased ransi stor. h
In this enbodi nent, having the sinplified 10 conparator ﬁ" "ﬂ"ﬂﬂtmﬂ
signal is chosEbAIM8: a particular notor to corre ﬁ
of current whi ch is above the peak val ue of current mhlch\MII

all owed to occur. in the single-pulse node. This allows an autonatlc

transition betweén chBpFPR§TraRdesi fgre apuledectsic mashdisesf copmrdsing aas
Wi 'l be describedcheb@W.defining £0af8kPPHo14E f4kdN hBQingMa aiehse0 one

triggers a SIerIehase winding, a rotor defining rotor poles, and switch
means for controlling current in the winding, the
controller comprising: | _

a transducer for  deriving rotor position
information;

10 a timer operable to produce switch-on and switch-off
signals to which the switch means are responsive; the
timer being arranged to receive a first output from the
transducer indicative of a position of one of the rotor
poles relative to one of the stator poles coincident with

15 a switch-off point in the phase inductance cycle for
operating the machine in one of a motoring and a
generating mode, and to produce the switch-off signal in
response thereto; and

first -delay means responsive to a second output from

20 the transducer within the phase inductance cycle to
generate a switch-on signal, subsequent to the switch-off
signal, after a delay.

2. A controller as claimed in claim 1 in which the
25 first and second outputs from the transducer are the same
output.

3. A controller as claimed in claim 1 in which the
second output is a point in the phase inductance cycle
30 towards minimum phase inductance when the machine is
motoring and maximum phase inductance when the machine is

generating.



pul se generator in the formof a nonostable nultivibrator 28 whi ch

has a pul se output of fixed duration at |ogic 20 | evel—&"
corresponding to a switch-off signal which is con‘ne

i nput of a two-input AND gate 30. The ot her input t ﬂmwm H"m
Is the output 32 froma timer and ddlSay circuit 34. th

36 to the timer and delay circuit 34 is the output froma rotor :
position transducer 35 (RPT). ~The RPT 35 is conventi onal -~ in the
art. It is used-to Merqqnatrqlﬂmmgaﬁ geapdmed in celabwpohdi By ©F t Be
movenment of the ir%ﬂid 6 ddadtdtor hav:Lnétaatfq_rrsQO'l‘?ﬁ)u'tn f&r aRsagnaliher
electric notor. | nvenlently t he output fromthe IS nore or

less a 30 sq‘cféﬁ’ec%tf'l‘(ﬁ FRAN NG SHRSA taréﬁﬁ%doﬁélpéﬁt foged

rotor positions gidgrial eﬁﬂﬂitcaitﬁ.v@eoﬁt aéorcur%efmﬂ théference valug, B&hteO
the tinmer and del a CII‘CUI I S 8:bget {;' r |ch
adj usts the del afpréb ?‘é%r e1ng og&r S OWPERRt3 gqoer gp%@ll _

t he AND gat e 30.r&fponséhtbethe wa.ndlngANﬁJrrerg:athe:Lng |sn excess of the

current reference value, a pulse generator responsive to

the trigger signal to generate a further switch-off

signal of predetermined duration and a further switch-on

10 signal to which the switch means are also responsive, and

gate means by which the switch-on signal for the switch

means is at least dependent upon the switch-on signals

from both the pulse generator and the first delay means.

15 5. A controller as claimed in any of claim 3, including
a comparator having a first input for a signal indicative
of a winding current and a second input for a signal
indicative of a current reference value, the comparator
being operable to generate a trigger signal in response

20 to the winding current being in excess of the current
reference value, a pulse generator responsive to the
trigger signal to generate a further switch-off signal of
predetermined duration and a further switch-on signal to
which the switch means are also responsive, and gate

25 means by which the switch-on signal for the switch means
is at least dependent upon on the switch-on signals from
both the pulse generator and the first delay means, the
controller further including second delay means arranged
further to delay the second output from the transducer to

30 the gate means.

6. A controller as claimed in claim 5 in which the
trigger signal output of the comparator is connected
directly with the gate means, such that the switch-on



10 illustrated it will be apparent that other. nutual gating

arrangenments could be used to equal effect. The runnLngﬁspeed_QL_____
the fotor may be adjusted by manual 5 adj ust nment

i ntroduced by the timer and del ay out put 32 whi ch |s UIm”ﬁl‘lul"""””“I
contreolled by the signal 38, or I n r2@sponse to a sign
overall control system al so adjusting the delay tine. A ternativef Y,

t he out put 32 may be fixed. The delay strategy is discussed below
10 In a |sigsakeds ahﬂmhmt@dTMtem hhecbipat atnpul oy dmsligaddve of

i ts output when the Whghy I’rlli.%ht( ogxgggdy\hgdlﬂge currertUl FaFerePicecach

respective phase In turn i t1 phase machi ne) exceeds the
predet er m ned nﬁﬁ$¥mmncurrent 15 reference signal 24, which reference
signal 24 is set for

5 7. A controller as claimed in claim 4 in which the
pulse generator is arranged to generate the switch-off
signal as an adjustable pulse of predetermined minimum
duration.

10 8. A controller as claimed in any of claims 1 to 7 in
which the transducer is arranged to produce a pulse
output, having a leading edge and a trailing edge.

9. A controller as claimed in claim 8, when dependent
15 - on claim 2, in which the output from the transducer is
one of the leading-and trailing edges of the said pulse
output, the switch-on signal being independent. of the
other of the leading and trailing edges of the pulse.

20 10. A method of single pulse control of a switched
-reluctance machine comprising a stator, having at least
one phase winding, a rotor and switch means associated
with the phase winding, the method comprising -

timing actuation of the switch means to switch off

25 current to the phase winding to a point coincident with
a switch-off point in the phase inductance cycle for
operating the machine in one of a motoring and a
generating mode, and thereafter timing actuation of the
switch means to switch on current to the phase winding

30 after a delay.

11. A method as claimed in claim 10, including
initiating the start of the delay at a later point in the
phase inductance cycle.



a particular no

menti oned above,

is i excess of
guestion is des
reference

sem conductor s
thermal rating

signal may be u
switches, so th
for a pa
whi |l e the notor

time in a phaS%wa.tchmgcoaﬂﬂctdﬂ)napesewhdoupatxh:e of ndibey ewiteht wmeangse

above th
conparato? gene
triggers the nu

10

15

20

25

30
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! glngSIeIt OI gochose(rjllo\?vlr ?ther egazl;lT%/gi tcﬁlel )r/étl ngtllmmmnmﬂllllmll

witches in the converter SMAtChIng circufts' and thhe

of the notor. maxi mum cur r ent %erence
u

aar. aalﬂﬁﬁhﬂiaa?SClalmWﬂtWQ1Q¥ﬁﬂ%u¥PeﬁF i nHo

limAng switdiilg ©H If PEId Pardrobecldl siwiech amdaﬁst
rtlcular not or nmeans of. s

tos punkirgt t’S‘Begs ‘f%ay"l oR1% p £B§ gled th'Hggge%dJ& u‘—?? ¢Pent

AR, STad ERFETHT ok FapgrbRed iidn 'R EXft |

Igtaint rfa ttdre 2:811\M¢ih(:h|epnsdacesopen and the second part of
the switch means are closed.

13. A method as claimed in claim 10, 11 or 12, further
including chop controlling the machine by comparing a
maximum reference current value with a phase winding
current; generating a switch-off signal when the phase
winding current exceeds the reference current value; and
gating the switch-off of the current to the phase winding

in accordance with the phase inductance period.

14. A method as claimed in claim 10, 11, 12 or 13 in
which the output of the machine is varied by adjusting
the duration of the delay above a predetermined minimum

period.

15. A method as claimed in any of claims 10 to 14
including deriving timing pulses from rotation of the

rotor..

16. A method as claimed in claim 15 in which the timing
of the actuation of the switch means to switch-off
current to the phase winding is dependent on the
occurrence of one of the leading and trailing edges of
the said timing pulse, and timing actuation of the switch
means to switch-on current to the phase winding is
independent of the other of the leading and trailing
edges of the pulse.



a pulse of a fixed duration at logic level 'O which is a w ndi ng
current switch |nh|b|t (switch-off) signal. Thi s Iog%g_____gnggL_______
will produce a logic '0 (sw tch- of f) output fromthe AND gate 30

so that the switching 5 circuit associated with the phasa‘““ﬂ“l“g““ﬁ“!l““‘
opened, for at least the duration of 2&he | ow pul se

wi nding current to fall bel ow the maxi mnum current referénce I'evé

After the pulse is renoved, the switch or switches reclose subject
to the state of &Re sAgrewitxhed reluataneet dydveaninelardingi acEwitathed

Thus, choppi ng reluctﬁHEéeﬁhcﬁQﬂErQbmb§1§§h§bh'%QQ@O%bO%hvﬁ%% @@“IEHEt

current - reference | eyel_,when the notoi speed is |o t he
mot or speed i ncr EHSePPAREr ¥iRAINT ofe TSN égansducer for generatlng

rotor position information, switch means for switching
5 current to the winding and a controller, the controller
comprising:

a comparator operable to generate a trigger signal
in response to a first input indicative of a winding
current exceeding a current reference value;

10 a logic gate arranged to transmit switch-off and
switch-on signals to switch means;

and a pulse generator responsive to the trigger
signal to generate the switch-off signal of predetermined
duration to which the switch means are responsive;

15 a timer circuit operable to generate further switch-
on and switch-off signals to which the switch means are
also responsive, the timer circuit being arranged to
receive a first output from the transducer indicative of
a position of one of the stator poles relative to one of

20 the stator poles coincident with a switch-off point in
the phase inductance cycle for operating the machine in
one of a motoring and a generating mode, and to generate
the switch-off signal in response thereto; and

delay means responsive to a second output from the

25 transducer within the phase inductance cycle to generate
the switch-on signal, subsequent to the switch-off
signal, the switch means actuation signal from the logic
gate being dependent upon switch-on signals being
received together from the pulse generator and the delay

30 means.



15 whi ch the maxi num current reference level is not reached in a
phase . nduct ance cycle such that the output fromthe nonostable is a
constant logic '1'. This pernmanently enabl es the AND gate 30 '

subject to the tinmed out put of the tinmer and delay circuit 34, which

is then used to 20 control the switchi2g of current to the w ndings;—
ie. for operating in the single pulse node. The notor

speed/torque is then controllable by adjustnent of the Thszhedéll —
a switch-on si graBSTRAGERNnerated by the tiner and deI
Iy

Two net hods of tﬁﬂﬂﬂﬂ%@%&tﬁ:ﬁﬂ %Fﬁ%ﬁe illustrated
I n Figures 4(b) an tput has a Ieadl ng edge V\/m ch
is used 30 conventionally to switch current to the phase w nding,

usual ly ‘at a posi td&itidlide fase swltil&fe@@qca@mhe machmecoreépée@aﬂwg to
an optimm sw tch- I on of, m ni, ﬁgm I nduct ance

for notorihg and rrgg?ﬁﬁﬁ?al Or%ﬁ?qtr?d’t?ﬁ a‘ﬂ‘a\'eolfor b—;‘ﬁ@rd’t’r‘?ﬂj‘g FREOFRAtHP 4

RPT from which from a rotor position transducer to generate a switch-off
output at a point near maximum phase inductance in a
phase inductance cycle. A switch-on signal is generated
after a delay but still within the phase inductance

10 cycle. A simple form of single-pulse control is thereby
achieved. A comparator is also provided which monitors
phase winding current. A pulse generator is actuated by
the comparator when the winding current exceeds a
reference level and is used to control the motor in a

15 chopping mode at low speeds and is disabled by the
comparator at higher speeds when the single-pulse control

is*used.



12 to derivé timng signals for winding swtches in single

~and nyl ti phase SR notors is well known to those skilled in the art
and will not be described further here. 5 In Figu

is initiated by the trailing (in this case falling) edge of the RPT :

‘signal. To the sane end, the delay could be arrandaidSkeet Hpe Been Replaced

.initiated by the | eadi ng edge of the RPT signal. i -

“from . switch-of f may be set to give, for exanple, th i :

i conduction angle at the desired full-power operating condi tion

caccording to the notor being controlled, or it may be varied, using

?the delay circuit to control the




torque and running speed of the notor. It wll be noted that the

~mark/gpace ratio of the RPT signal is 15 un|nportant—fﬁﬂfhrS'“ﬁﬁod"nent'
~as only one transition of the signal, ie. the |eadin s Blel RESIREd
- for controlling swi t chi ng. PreV|oust, the mark/sp Joss

- RPT . -~ out put has been critical to successful operation mm‘ ‘;\m

. drive. According to the invention the need for only one 20

. can be used to realise a saving in the cost of t he control

: el ectronics. In this arrangenent, as the speed is reduced wth a

c given corslan the del ay andf Il 25

and, therefore, the conducfion angle i ncreasps. Eventual | y,
~at |low notor speeds, |the ' GFF' |angl e- of the yt ches becones
negligible relative o the i ncreasing conduction a ~This is
an undesirabl e | cdndifi ofh because excessive [ ent and/ or

torque 30 of thelundesifed|polarity can result =z ffe¢t can be

countered by increa§ing thegti

N




13 In the Figure 4 (c) enbodinent the tine delay output of

the timer and delay circuit (34) is initiated by the l eading (in
- thigcase rising) edge of the RPT signal. The ti ”ErThﬁrSﬂeedﬂAs&)éenReﬁlaced

“circuit, the mark/space ratio of the RPT 5 si gnal and
~the inductance cycle may be set to give the optinmum |l e

"~ for the single- pul se node operation of the notor at
-+ ful power operat i ng conditions, whilst additional ly

;. mai ntaining acceptabl e conditions
“the notor rises, the tine delay r i xed and, therefore, the
del ay angl e of SMAtCh on I del ay angle is the angle
- correspondi ng to the tinmefdelay and is tHe angl e by which the

swi t ch-on

10 As the speed of

(a)

el




15 | ags behind the fixed angle corresponding to the RPT | eadi ng
_edge, , This-increasing delay angle reduces the conrduetton—angte
;fThere is, therefore, a fall in the peak flux with risin hwd
. caused by two effects: (a) t he reduci ng conducti on ¥
~(b) the rising 20 speed giving a reducing conduction t| Tﬁm

- conduction angl e. The torque, therefore, falls nore

.rising speed than in a conventional system in which the conductlon
‘angles are fixed. Figure 5 - illustrates the torque/speed curve of a
“nmotor control 25 system according to this enbodi nent of the invention

. When a fixed chopping level and a fixed tinme delay are used.

. The relatively steep fall-off in torque is advantageous in
applications in which the |load torque varies significantly in norma
operation. It can be beneficial 30 that the rise in speed consequent.

" upon a reduction in | oad torque is nore limted than in conventi onal
~control systens for universal notors.

24\4 |
—';E;_ \ | 26 3 ——i-—:::::;:}——?—

Lzo \28 30




14 _ I n some circunstances the second enbodi nent of the

_ |nvent|on may be preferred. At | ow speed, for a given del ay, the
-;delay angl e becones small and the conduction angl e becones

. substantially equal to the on-state signal 5 of the rotor position

. transgucer. This is an acceptable condition for Tow speed runni ng.

. The first enbodi nent of the invention does give rise to This Sheet B4 BEMARvlaced

: steeper torque/speed curve in the single-pulse 10 oper
2 The timer and delay circuit delay is set for a desi mml

‘operating condition. This delay. is much | onger in d;
ithan in the second met hod. A given percentage rise in speed fromE
‘this initial operating condition will cause an equal 15

- percentage rise in the delay angle, provided the del ay tinme is

" constant. This causes a correspondi ng reduction

s mmmem e—— . cmman—




~in the conduction angle. Because the delay time for the gi ven

- initial operating condition is greater in the first than in the

; secdhd nmet hod, the reduction in conduction 20 angle, for the given

i percewtage rise in notor speed, is greater in the first nethod.

i Thig cesults in a greater reduction in the peak orque _
- for the sane percentage . rise in speed in the flrst netho Reblbed -
t he : second. The torquel/speed curve, therefore, :
~rapidly with the first method and the speed of the m)tor mﬂﬁ

| ess with given rates of |oad torque. Thus, t he f|r

preferred in sonme applications. The si ngl e- phase SR nntor
illustrated in Figure 1 is not 30 . inherently self-starting. It is

- necessary to ensure that the initial rotor position is not one of
- zero torque when ' the motor winding is excited. To address this a
" magnet arranged on a stator pole may be used in accordance with

. the teachings in EP-A-0601818. The nmagnet serves to bias




the rotor to a non-zero torque position by urging a near rotor pole
_past_the zero torque orientation. The force exerted by the magnet

';mayzbglim'ted and its use attached . to one of the s oles is
‘restr¥cted to drives 5 requiring only nodest starti ng'rtfg(rwq\ué.\
iThed mvention is not restricted to single-phase notors. his Shegy 1

~equal |y applicable to nmultiphase machines. In the caﬁl%@? B&qy
. machines the notor phase switching 10 signals are furth

“according to well-known mot or control techniques, to con I/

s actuation of the wi ndi ngs of the various phases in turn.
i Referring to Figure 6 of the drawings, the invention can

ZL\T | (2
_Z_ T __b;s 3 *:_?'

t_z 8 30
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15- ~ al so be

used with a freewheeling switch configurati-es=ts

which a two switch per phase arrangenent (as shown in Rsﬁignmmgﬂfgm%ET

can.*be actuate

wi ndi ng. Freewheeling is a techni que wel | -known in

control |l er des
currents,

6 a further fr
of the tiner a
Gate 30" is
of the two win
freewheel tine
out put. Additi
itself ig conn
" provi des overc
current has no
out put

10

15

d to allow current to recircul ate ar gund g?& EEase

Jﬂmﬁe B.1og6 .

ign for 20 SR machi nes. 23t is often uséd

swi tching frequenci es and/ or acoustic noi se. In Flgure
2@&% | . delay circuit 40 is added between t he out put
circuit 34 and an AND gate 30'. The AND

- BUBETRIO IMACHINE @OMrROLLEONt rol | ing switching of only one

ding switches (eg. the "top swtch'). The
r delay signal is gated according to t he nonostabl e
énsldntrcd lein dicr eomdtiched &lectri4? mhchinehe eepardaalgr

ct e Thi s _direct .cannecti,on 42
o S tanba® YAidorance MBLSY.Cealll iRy | 4BERRRRR OR
from a rofgy| Eﬁssgipnctms«}qur.tr@ genenairest ablitéchuosdE

dwthitoNat a point near maximum phase inductance in a
phase inductance cycle. A switch~on'signa1 is generéted
after a delay but still within the phase inductance
cycle. A simple form of single-pulse control is thereby

achieved. A comparator is also provided which monitors

phase winding current. A pulse generator is actuated by .
the comparator when the winding current exceeds a
reference level and is used to control the motor in a
chopping ~m9de'“at low speeds and is disabled by the

comparator at higher gpeeds when the single-pulse control
is used. |

FIG. 4A
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16 The timer and delay circuit 34 sends a timng s
signal which is applied directly to the other of the two ‘
switches (eg. the 'bottomswitch'). After a free eB#atedeI-ay--1--n"";"_:__;ﬂ'_':gl
whi ch the bottomswitch is open and 5 the top switch i s=eF6SE€d the .
switch-of f signal is applied : as a low signal to the AND gate 30'.

‘The swit ch-of f signal applied to the top switch_is then gated -

accordi ng to the output of the nonostable 28 as before (subject to

no overcurrent | ow signal fromthe conparator 20 on t he Thi® Sheet Has Bepp Résslaced
The freewheel tine delay is determned for a parti and
its operating reginme. Typically, 1/t will be a frac | ay
fromthe tinmer and delay «circurt.  Thus, a freewnheel
configuration is - avail abl e in which the bottomswi tch is open,
accordi ng ' -

WpIRdiFEG 1duo

FIG 1
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15% . ‘to the timer and delay circuit Pitbet A Whed RO1abAP SWi REPLACEMENT SHEET

cl osed, according to the further delaye
freewheel delay, as gated by the nonosta mm&ﬂw] n for ¢
period. . 20- Whi |l e the invention has in

the illustrative enbodi nents di scussed above, those skilled in the
~art will recognise that many variations2/7 ~ may be nmade wi t hout

departing fromthe present invention. For exanple, it wll be

appreci ated by the skilled person 25 that t,he signals fromthe RPT 35

can be derived i mrotfEer
arrangenent of a

Iways to equal effect S an.
nmounted on the rotorfshaft fandf{arranged to

i nfl uence the output| of a to produce approprjately tlned
pul ses. . However}, ' Il = as ot her 30 L
physi cal / el ectri cal /jmg ys of deriving rptor position

i nformation for novégent: rotor, the sane T inf
derived from nonitor§ ng|thg phpse “current. The ijnvention is able
to use such rotor - x i i it g

~ F1G 2A ' FIG 2B

N

Ji
L1
"

i}
pi

F16 2C R FIG 20



17 (_.Acc'ordi ngly,. the above descri ption of several .enmbodi rit's~ 15 “frade by

way of eXarrpI e and not for the purposes of limtation. The! ﬁtﬂsg
invention is intended to be limted onIy by the scope of the
' 18

cl ai ns.

3/7 .
This Sheet Has B

Hll!lll IIIIH 110

FIG 3A

FIG 3B
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CLAI VB: 1. A controller for a Sﬁiﬁ ki€,
stator defining stator poles and having I hase 5
rotor defining rotor poles, and swtch ,ﬂr con rmthzwg%@m """ .

in the wi ndi ng, the controller conpri si ng: saqucer
for deriving rotor posi tion ' |nfornat|on 10 a tinmer
operabl e to produce switch-on and switch Lof f signals to which the
switch nmeans are responsive, the timer being arranged to receive a
first output fromthe -‘transducer indicative of- a position of one of
t he rotor poles relative to one of the stator poles coincident with
15 a switch-off point in the phase inductance cycle for operating
the machine in one of a motoring and a generating node, and to
produce the switch-off signal in response thereto; and

first delay neans responsive to a second output from 20 t he transducer

wi thin the phase inductance cycle to

.ZL\Y | |
sy R ey BN s B g

I | 28 30

~—32
| | A
0 o —

S

FI1G 4A
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ITSte ZGFEB 199& ...... |

generate a switch-on' signal, subseque‘nrssﬁeetﬂahaeea Rilaskst Of f
after a del ay. 2. Acontroll n claim
25 first and second out puts fron1th

|n c

re t he
out put . 3. Acontroller as clalrre aim1lin

second output is a point in the phase ingductance cycle 30 tomards
m ni mum-phase i nductance when the machi IS nmotoring and maxi mum
phase i nductance when the machine is generati ng.

F1G 4B FIG 4C



19 4. A controller as ckained —in—ﬁ+a+ﬁ% 45- %n“*BA SEMENT SHEET H
i ncluding a conparator having a fi rst 0}5 aR ra ;: m(ﬁ&fﬁﬁ@é@ﬁ l
of a winding current and a second |np eﬂ‘e QQnaI j| ificativeof —a
current reference value, the 5 perablé*tc‘generate*é‘”’
trigger signal in . response to t nt being in excess of

t he current: reference value, a pul se generator responsive to

‘the trigger signal to generate a further sw tch-off si gnal - of
_predeterm ned duration and a further switch-on 10 signal to which the
switch neans are al so responsive, and 6/7 gate neans by which the

switch-on signal for the switch neans i s at | east dependent upon the
swit ch-on signals fromboth the pul se generator and the first del ay
means. 15 5. A controller as clainmed in any of claim3, including

a conparator. having a first input for a signal indicative of a

w nding current and a second i nput for a signal - i ndi cative of a

current reference val ue, the conparator bei ng operable to generate a
trigger signal in response

FIG 5
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1

20 to the w ndi ng current bei-ng-in _excess of the cur r\em-;pLA EMENT SHEET

- reference val ue, a pul se generatﬁl_r responsive-to_t he Stri aeFEBi @Bﬁl
to generate ‘a further switch-of f" Sbtesacr,; g pr edet g mareed...dus.ati.om.
and a further switch-on signal t nchlcehe switc =$G—
responsi ve, and gate 25 means wi tch-on signal for the
swi tch neans is at | east depen i)} on the switch-on signals
from both the pul se generator and the first delay means, the
controller further including second.del ay means arranged further to
delay the second output fromthe transducer to 30 t he gate neans.

6. A controller as clainmed in claim5}n which the trigger signal

out put of the conparator is connected—— directly with the gate neans,
such that the switch-on .

24 | | 42
R ——

Lze. . f 30

(34

FIG 6
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: _ o i REPLACEMENT SHEET |l
20 3 5|gnal is inhibited when the first input is indigcativeaq APR ﬁgg

t he "Wikndi ng current exceedlng the current reference vialoaes :.....2..... o 7’ g
A controller as claimed in claim4 in which the pul s oo
arranged to generate the switch-off ~ signal as an adjustable pulse of
predetermined mininum duration. 1¥9 8. A controller as clained
inany of clains 1 to 7 in whi ch the transducer is arranged to
produce a pul se out put, having a | eading edge and a trailing edge.

9. Acontroller as clained in claima8, when dependent 15 on claimz2, in

whi ch the output fromthe transducer is

(Prior_arh)




Rgﬁ{-’“‘ﬁéigm EFES“"‘-EET'
oLeadididhags

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

one of tihe l'eading and trailing edges of the said pul se
swi tch-on signal being.independent, of the ot her of t
trailing edges of the pul se. 20 10. A nethod of singl

of a switched rel uctance machi ne conprising a stator, having at
| east one phase winding, a rotor gid switch neans associ ated
with the phase w nding, the nmethod conprising - timng actuation
of the switch neans to switch off 25 current to the phase winding to a
poi nt coincident with : a switch-off point in the phase inductance
cycle for 4+ operating the machine in one of a notoring and a
gener ati ng node, and therea[fer tTmng actuation of [the SW tch neans
to switch on current|to theyzphgse w ndi ng 30 aftgr a delay, 11.
A nmethod as clained [n clai i ncl udi ng iritiatiglighe start of
the delay at a | ater|poi e phase induqtance lﬁl
T T
7y (%
[ ) g '
FIG. 2A FIG. 2B

It
L
-~

FIG.2C FIG. 2D

Fig 2

(Prior_art)
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21 - 12. A method as clainmed in claim10 or 11, |nc§y
tim'ng switching on of a first part of the switch neans H
timed delay; and then ‘further del ayi ng switching off
of the switch means 5 al l owi ng the phase current to freewheel when the
first part of the switch means arg/ppen and the second part of .

the switch neans are cl osed. 13. A method as clained in claim10,
11 or 12, further 10 i ncl uding chop controlling the machine by
conmparing a maxi mum r ef er ue with a phase w ndi ng
current; generating a switch-off phase wi ndi ng

current exceeds the reference ¢ urrent
| time
FIG. 3A
Current

/\ Flux linkage

FIG.3 B

Fig 3 (Prior art)



gating-the switch-off of the current to the phase w nding

accdrdance with the phase, i nduct ance peri od.

@EPLA‘C’EMENT SHEET
nmet hod

claimed in claim10, 11, 12 or 13 in whi ch the outp mfet%ad% y
is varied by adjusting the duration of the delay ab —— i}
predet ermi ned m ni num 20 peri od. 15. A method as clained in any
of clains 10 to 14 I ncl udi ng derlélng timng pul ses fromrotation of

t he rotor. 25 16. A nethod as clainmed in claim15 in which

the timng - of the actuation of the switch neans to sw tch-off

current to the phase wi nding is dependent on the

of the leading and trailing edges of 30

timng actuation of the switch

occurrence of one

the said timng pul se, and

means to switch-on current to the

phase winding is i ndependent of the other of the |eading and
trailing edges of the pul se.
_Maximum_ - Qvercurrent -Timed_
24~ Y current frigger signa switch inhihit
Current reference
sensing
signal
Comparator T Manostable - _D—» :
22 \ 26 N Phase
Lo L 30 swiching
signal_
. ——32
35  Signal from
“rolor_posifion 34
[] transducer, \
. Timer_and -
35: : Lelay Switch control
_lgfﬂ_vﬂm
Time delay lime-delayed
Lonirol ,SMJ_EI]_QD.
signal

Fig 4a



17. A switched reluctance drive including a swtched REPLACEMBNE SHEET
machi ne conprising a stator, having at |east one phaae mﬁqggnAPRamgs
rotor, a transducer for generating - rotor position infoaaLLON,.......covuveenen.
switch neans for switching 5 * current to the w ndi ng antd=s=corrot+er;
the controller conpri si ng: 5/7 a conparator operable to
generate a trigger signal in response to a first input indicative of
a w ndi ng current exceeding a current reference value; 10 ' a

‘logic gate arranged to transmt swtch-off and

switch-on signals to

swi tch neans; and a pul se generator responsive to the trigger
signal to generate the switch-off signal of predetern ned

Switch-off
point

_Switch-off

point

-Switch-on ‘

Switch-on_
point
I

Controlled
lime

delay
output

|
|
|
|

Time delay

Fig 48

|

Time delay

Fig_4¢



duration to which the switch nmeans are responsive; 15 :
"circuit operable to generate further switch- on and mntcmugf
signals to which the switch neans are al so responsiv Dwae Liner
circuit being arranged to receive a first output fro
i ndi cative of a position of one éf7the stator poles relative to one
of 20 the stator poles coincident- wth a switch-off point in t he
phase i nductance cycle for operating the machine in one of a
notoring and a generating node, and to generate : the switch-off

signal in response thereto; and . del ay neans responsive to a
second output fromthe 25 transducer within the phase i nductance cycle
to generate the switch-on signal, subsequent to the switch-off
signal, the switch means actuation signal fromthe |ogic gat e being
dependent upon swi tch-on signals being recei ved together fromthe
pul se generator and the delay 30 neans.

Torgue

Speed




Current
sensing
signal

22

e o

e

g

/7
24 Maximum 4.2
current | - {
\1 reference ‘
Comparator - Monostable
el B el
(20 | L8
Signal from
Tolor postion Y t
Iransducer (
n—ﬂ— Timer -and -
36 ] delay .
Time delay l
contral
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