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inventian also relates to hysteresis circuits,” "~ 5" ' e
reluct@ance motor is an exanple of an LG}“‘“@@ECH’H%@'"LO*&&@ Ragedahi-ch

t he i nductance is not constant with ti rﬁtma_zwimsjhip&geab ‘}.aibi,r.xaggd j.‘f.’ﬁ.
rotor angl e. Figure 1(a) iIIustrate§'a;§§@ggg{ thggf9¥§§ggﬁﬁﬁ§gh§g
reluctance (SR) nmachine and Figures 1(b){ _and (c) 1 i1Tustrate

wel | - known exa of. electrani Lichin i rcuit.s_which . may be
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wound phase  he WrRdhR93n"a12b W21GRATLY RPScLE3091R; LR, 3080 ation

5 A switched reluctance motor is an example of an
electrical load in which the inductance is not constant
with time or machine operation, i.e. rotor angle.
Figure 1(a) illustrates a typical three-phase switched
reluctance (SR) machine and Figures 1(b) and (c)

10 illustrate well-known examples of electronic switching

‘ circuits which may be used to control an SR machine. The
SR machine essentially consists of a stator s defining

stator poles 1, 1/, 2, 2/, 3, 3’ on which are wound phase

windings w, of which only one is shown in association

15 with a set of poles 2, 2’. The machine also has a rotor

r with salient poles 4, 4’ and S, 5‘. The electronic

circuits are arranged to supply unidirectional currents

to the phase windings w.

20 In the control circuits of Figures 1(b) and (c), each
phase winding of the machine in Figure 1(a) is associated
with a circuit leg comprising at least one electronic
switch t in series with each winding across a dc supply
Vs. A general treatment of the principles of SR machines

25 is givén in the paper ’‘The Characteristics, Design and
Applications of Switched Reluctance Motors and Drives’ by
Stephenson et al. presented at PCIM’93 Conference and
Exhibition at Nurnberg, Germany, June 21st-24th 1993.

30 Proposed means for controlling an SR machine to run at
different speeds include operation in three
characteristic regions which can be designated as ‘low-
speed’, ‘medium-speed’ and ‘high-speed’ regions. For

background and explanation on this see ‘Variable-Speed
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15 with a set of poles 2, 2. The nmachine also has a rotor r

with %alient poles 4, 4 and 5, 5. The electronic circuits are
arranged to supply unidirectional currents to the phase wi ndi ngs w.
20 In the control circuits of Figures 1(b) and (c), each phase
mnndlng of the machine in Figure 1(a) is associated with a circuit

| eg conprising at | east one electronic 2 switcht in series with each
wi ndi ng across a dc supply Vs. A general treatnent of the principles
of SR machi nes 25 is given in the paper 'The Characteristics, Design and

Appl i cations of SSuittdirdtl Relluctamee MicbessandiDr iDaeg’enspn et Lt.eplEBson
et al. presentegaf. A_Déghl 1%&3:‘5% ¥ eR6e 339 4 EXRIDI14 08, al, “4?%”'28&9

N
Cer many, June 21st-24 Prop dse8 néans ? iécontrol
machi ne to run &Peed regfqn &)‘@tcur@é‘é‘edss cqmfgialded dyyertdts oiell- knmm

three chan@atRid si¢ C'él‘?&ﬂaﬁﬂﬁgm' chh@agrgeeﬂes ua%tn%qoﬂs reég‘e’és to

speed’ " medi um speed’ and %I Speed' regions. round
and expl afat i on JGPHIHeRaHS N%.k§bméa86e@§ lmPlementl“g chop control of

the phase current.

Figures 2(a), (b) and (¢) represent one phase leqg of the
circuit shown in Figure 1(b) redrawn for clarity with the

10 phase leg in its three possible states. Here referred to
as ‘ON’, ‘FW’ (’'freewheeling’) and ’OFF’. The circuit is
in the ON state when both power switches are closed and

the full dc bus voltage Vs is applied to the phase
winding w, increasing the flux ¢ at the maximum possible
15 rate (see Figure 2(a)).

When flux has been established in the winding in this way
and either one of the switches is open, the current is
said to freewheel (see Figure 2(b)), i.e. the circuit is
20 in the FW state with only one switch closed, the current
flowing through this switch and one diode. The effective
winding voltage is determined by the small voltage across
the switch, the diode and the winding resistance. The
flux ¢ thus falls relatively slowly, as shown in Figure
25 2(b) .

The circuit is in the OFF condition when both switches
are open and the phase current is carried by the diodes.
The winding then has the full dc bus voltage applied in

30 reverse so that the flux ¢ will fall until the current is
zero and the diodes become non-conducting (see Figure
2(c)).
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2 ] Swi t ched Rel uctance Motors' by. Lawrenson et al. |EE
Proceéﬁings Part B, Vol.127, No.4, July 1980. In the | ow speed
region the current is controlled by the well-known met hod of
‘choppj ng'. The present invention relates to 5 | nprovenents in the
means -of i nplenmenting chop control of t he phase current.

Fi gures 2(a),

shown in Figure 1(b) redrawn for clarity with the 10
three possible states. Here referred to as '"ON, '"FwW

('freemheeling'%hgng
power switches are ClI

to the phase

15

20

25

30

(b) and (c) represent one phase |leg of the circuit
phase leg in its

o R B8 [l enqd e L5 B Fottet 00,
between ON and OFF states to maintain the mean current
level near a desired value. This 1is shown in Figure
3(a). Chopping between the ON and OFF states is useful
at low power levels where the switches (e.qg.
semiconductor switches such as metal oxide silicon
dioxide field effect transistors or insulated gate bi-
polar transistors) can switch at ultrasonic frequencies.
This is advantageous in terms of limiting acoustic noise.

At higher power levels however, the losses (both in the
semi-conductor switches and other components) associated
with ultrasonic switching become large and it is usually
necessary to reduce the switching frequency. If the
ON/OFF strategy were used the current (and the flux)
excursions at these reduced frequencies might be large,
resulting in a rise in objectionable acoustic noise and,
possibly, control problems as well. For these reasons
the FW state is often incorporated into the switching
pattern, enabling retention of relatively small current
excursions even though the switching frequency is
reduced. This is shown in Fiqure 3(b) for a ‘motoring’
mode and in Figure 3(c) for a ‘generating’ mode.

The behaviour of the winding current is determined not
only by the applied voltage but also by the phase
inductance which is a function of the rotation of the
machine. Inductance is defined as flux linkage per unit
current so that L = /I, hence I = ¢/L. If the effective
winding voltage during freewheeling is small, the flux
can be considered constant over a short period and the
current will follow the reciprocal of the inductance
profile, i.e. the freewheeling current will .reduce when
the inductance rises and increase with falling

N

when both



winding w, increasing the flux [err] at the maxi num possible 15 rate
(see gure 2(a)). When flux has been established in the w nding
in thls way and either one of the switches is open, the current is
said to freewheel (see Figure 2(b)), i.e. the circuit is 20 in the FW
state -with only one switch closed, the current flowi ng through this
switch and one diode. The effective w nding voltage is determ ned by
the smal|l voltage across the switch, the diode and the w nding

resi stance. Thﬁnductancél UXA{:eiéib %M&ti@ﬁéﬁ g;ﬁée%ié V@Jo\ae%lew Xhed$atlown
in Figure 25 2(b). circuit i1s;in F condi ti on when

both switches ©f chapge GﬁéﬂﬂﬁﬂFﬁqﬂF%ﬂﬂ%ﬁﬁcﬁﬁm%nfdPédEhr+$eﬂmB}ltﬁéd

di odes. tThe wedlicwidhenmhagitke didd @QmEUSdeiﬁq'ﬂngr@I&%b%dth 30
reverse so that_  the flux errLﬁéPF fall until, the current Zero

and the di odes BRESHES ndHIRLA Ry §% ée MEchdng phase P%R%Sés At very

5 low speeds, the freewheeling current will fall even when
the inductance 1is decreasing, because a small winding
voltage causes the flux to fall faster than the
inductance. The behaviour of the freewheeling current
under these differing conditions has important

10 consequences for the current control system as the

controller has to be able to function cofrectly in all
these different conditions.

In the prior art, the control considerations described
15 above have been implemented in a variety of ways, each
with its own advantages and disadvantages.

One of the simplest methods is to use one comparator for

each phase, the current feedback being compared directly
20 with the reference (demand) value. A hysteresis band

separates the switching points. The width of this band

is wusually varied to provide a suitable compromise

between current excursions, switching frequency and

acoustic noise. A typical circuit is illustrated in
25 Figure 4.

In a motoring mode (i.e. in which the net power flow is
from the source to the loadf, the controller chops simply
by alternating between ON and FW, with both switches
30 switched off at the end of the phase period. Figure 5(a)
shows a typical current waveforn. The change from
motoring to a generating mode requires the MOT/GEN logic
signal shown in Figure 4. In the generating mode (i.e.
in which the net power flow is from the load to the



3 The sinplest nethod of current chopping is to alternate

- betweén ON and OFF states to maintain the nean current | evel near a

- desired val ue. This is shown in Figure 3(a). Choppi ng between the

- ON and OFF states is useful 5 at low power | evel s where the

" switches (e.qg. sem conductor sw tches such as netal oxide silicon

" dioxide field effect transistors or insul@ted gate bi- pol ar
transistors) can switch at ultrasonic frequencies. This is
advantageous in terns of limting acoustic noi se, At hi gher power

- l'evel s howeverSO4¥fee) oske ¢pREROI LY Hehops by %%%?rﬁéﬁﬂﬁﬁtéﬁtyﬂﬁﬂcﬁyé and
.other conponerdisd @GSSOCI @liglre 5 (b) VeHdwslld *3PAVAA SWri-ehitngabegemr .| ar ge

‘and it is usually necessary to reduce the swi tching frequency. | f
t he
While this system has the advantages of using only one
5 comparator and only one hysteresis band, it has a number
of disadvantages. These are particularly apparent at
low-speeds whilst generating. Because the generating

freewheel current rises only if the speed is high enough,
at low speeds (particularly at high currents when the
10 effective freewheel winding voltage is greatest) the

St e

current decays to zero as illustrated in Figure 5(c}.
The output of the generator is then reduced. A further
drawback 1is the dependence on a logic signal for
15 switching between motoring and generating modes. This
signal may be difficult to generate reliably especially
during transient conditions. This may lead to loss of
control of the current resulting in nuisance tripping or
even switch failure.
20
A second proposed system seeks to overcome these
difficulties by wusing two comparators. The two
comparators have the same reference, but the hysteresis
band of one spans that the other, as shown in Figure
25 6(a). Essentially, the ‘outer’ comparator is used to
control the operation of the ‘inner’ comparator so that,
for most of the time, chopping occurs between the
switching points of the inner comparator only. The power
switches are switched off at the end of the phase period
30 as before. In the motoring mode, this system behaves
" like the single comparator <case and chopping is
controlled by the inner hysteresis band only, as shown in

Figure 6(b).

In the generating mode, the controller starts in the same



15 OV OFF strategy were used the current (and the fl ux)

excur 8ions at these reduced frequencies mght be |arge, resulting in
a rise in objectionable acoustic noise and, possi bly, control
problens as well. For these reasons the FWstate is often

i ncorporated into the switching 20 pa?tern enabling retention of
relatively small current excursi ons even though the sw tching
frequency is d IHE%E ig r oring'
node and in ﬁ?&%?ewéﬁﬁ H?%? %qbtiﬂﬁféﬁing #b Tt %%% %QQ}%EQ Baﬁgegéur of

t he wi ndi ng cHr® elPPRE dé%@ﬂnﬁﬁ%dﬁhﬁnlnﬂer connayat%y, vherewpdn i egevol t age

but al so by s&b@chpbélsc?pened and QHHC%)?:QQ@ M EhdeL & f‘!‘ﬁ‘ét kPBePheblile

- rotation of the nmachi ne. Inductance is defined as flux |inkage per
uni t CErFERRCS 61§ﬁ§tf%rthTEWQH?qauﬁﬁﬂﬁﬁﬁISY§FEm 1Ff9Fﬂ§r%F+€3 ive 30
wi ndi ng vol t aget durtRE Gpeevhesléng a:rﬁémidcert %mfptatﬁstor 1s gaached

consi der ed conﬁtant over . a short peri, and 4; %% w il follow
t he reciprocal 8F3P38“|ﬁaﬁcﬁgﬁ88 P cBrdﬁI Sq Wensie fr ﬁhéﬁ??ﬁg
current will cedpaseanhenow openrdies iindthéaneeeratispmodendseleatingse

Wi th fa”ingither FW or OFF. Chopping continues on the inner band
unless the current fails to rise when the circuit is in
10 the FW state and decays to the lower level of the inner
comparator. In this case, if the current falls to the

lower level of the outer comparator and both switches are

e i

closed, the resulting ON state raises the current into
the control band of the inner comparator. This is
15 i1llustrated in Figqure 6(c).

This system has some advantages. For example, it keeps

control of the current at all times, irrespective of

whether the drive is motoring or generating and has no
20 problems of discontinuities at low speeds.

However, it has disadvantages which may render it of
little value in some applications. It suffers from large
transient excursions of current which may be
- 25 objectionable in some applications. Also, the outer band
must generally be wide so as to keep it reliably distinct
from the inner one over the full working range of current
despite noise, drift or other possible sources of signal
corruption.
30
According to the invention there is provided a controller
for a time variable inductive 1locad, the controller
comprising:

means for deriving an error signal which is the



4 I nductance. At |low rotational speeds, however, the rate

of change of inductance with time (dL/dt) is small and the reduction
in flux with tinme during freewheeling beconmes significant over a
machi ne phase period. At very 5 | ow speeds, the freewheeling current
will fall even when t he i nductance;is decreasing, because a snal

wi ndi ng vol tage causes the flux to fall faster than the

i nductance. The behavi our of the freewheeling current under these

differing cendifidr@tze h@étweéxﬁrpartzaﬂfnterléhce € @gueﬁaeéatiaé ofthey
current control system as contraller to be able to

function corré'(?tfle)’r"“inr?eaﬂurrent anflh%s%e%qnf"?%’f e‘ﬁtgné&naf‘?ﬁSﬁ&We of the |,
the prior art lohlde coanter®d; consi derati ons described 15 above have been

Inplemented in a V%Uiettc\ﬁ ?{Ieav\r%y%dhie Chare actuatable into a freewheel
5 arrangement in which current recirculates around the
load;

switch control means for closing the switch means

. when the load current is below a low current bound below

i 10 the reference current, for opening the switch means when
the load current is above an upper current bound above
the reference current, and for actuating the freewheel

gt st

arrangement of the switch means when the load current
rises or falls to the reference current 1level from
15 outside the lower and upper current bounds, respectively.

In one form of the present invention there is provided a
controller for chopping control of a time wvariable
inductive load, for example a switched reluctance machine
20 which comprises a rotor, a stator, including at least one
phase winding, constituting the 1load, for the or each
phase of the machine, and switch means for controlling
the supply of current to the load, the switch means being
actuatable into a freewheel arrangement in which current
25 recirculates around the load, the controller comprising:
means for producing an error signal which 1is the
difference between a reference signal indicative of a
reference current and a feedback signal indicative of the

load current;
30 a lower hysteresis circuit having a lower hysteresis
band defined between a first signal indicative of a lower
current bound and the reference signal, the circuit being
operable to change from one output 1level to another
output level when the load current rises to the reference

winding current level and to change from its other output



with its own advantages and di sadvant ages. One of the sinplest

nmethods is to use one conparator for each phase, the current

f eedback being conpared directly 20 with the reference (denand) val ue.
A hysteresis band separates the switching points. The width of this
band ~ Is usually varied to provide a suitable conprom se

bet ween current excursions, sw tching frequency and acoustic noi se.
A typical circuit is illustrated in 25 8 Figure 4. In a notoring
node (i.e. in which the net power flowis fromthe source to the

| oad), the controller chops sinply by alternating between ON and FW

with both switép¥el3dack stpt cted orté attpht dededf when phasd puirimenmt

Figure 5(a) fa118hewstnd 1b¥BLCAlLyrEHET S wavef or m The change from
notoring to a generating nnée requires the / GEN | ogi ¢ si gnal shown

in Figure 4. In the3fendiP@Sthg bfeygsie circuity whR¥hnNgheaRet YPRAST fl ow

is fromthe | oggsterkBes band defined between the reference signal and

5 a second signal indicative of an upper current bound and
being operable to change from one output level to another
output level when the load current rises to the upper
current bound and to change from its other output level
to its one output level when the phase winding current

10 falls to the reference current level; and

a control circuit responsive to the outputs of the
hysteresis circuits to produce control signals for
actuating the switch means, such that the load current is
controlled in response to the deviation of the 1load

15 current from the reference current, according to the
states of the outputs from the hysteresis circuits, by
closing the switch means when the load current is below
the lower current bound, opening the switch means when
the current is above the upper current bound and

20 actuating the freewheel arrangement of the switch means
when the current rises or falls to the reference current
level from outside the lower and upper current bounds,

respectively.

25 Preferably, the means for producing an error signal
include a comparator arranged to receive the reference
and feedback signals.

Preferably, the control means are responsive to similar
- 30 outputs from the hysteresis circuits to close the switch
means when the error signal is indicative of a current
below the lower current bound, are responsive to similar
outputs of another value from the hysteresis circuits to

open the switch means when the error signal is indicative



5 source), the controller chops by alternating between FW and

OFF. Flgure 5 (b) shows a typical current waveform Wiile this
system has the advantages of using only one conpar at or and only one
hysteresis band, it has a nunber of disadvantages. These are
particul arly apparent at | ow- speeds whil st generating. Because the

generati ng freewheel current rises ogly if the speed is high enough,

at | ow speeds (particularly at high currents when the 10 effective

freewheel winding voltage is greatest) the current decays to zero as

illustrated inofi gu&@rééﬁé above tH uRglRUEuRLehBEHSERETMPIEd Rdthaite
reduced. A furt awback is the dependence on a |logic S|gnal for

"swi t ching betmﬁgﬁ nﬁf%?YHﬁeéncFEﬁﬁﬂﬁ%ﬁ%Wﬁ; i¥hgss. theThpatputs  for

hysteresis circuits are dissimilar.

5 Preferably, the hysteresis circuits are each adjustable
with respect to their respective hysteresis bands.

; Preferably, each  hysteresis <c¢ircuit —comprises a
hysteresis comparator, having an inverting input to which

;10 the error signal is applied, a non-inverting input and an

i analogue switch actuatable by the output of the
hysteresis comparator, the analogue switch being arranged

in a positive feedback loop around the hysteresis

15 comparator by which a hysteresis voltage is applicable as
positive feedback, by actuation of the switch, according

to the state of the output of the hysteresis comparator.

In one particular form the lower hysteresis circuit is

20 arranged to receive a positive hysteresis voltage, the
analogue switch associated with the lower hysteresis
comparator being actuatable to apply the positive
hysteresis voltage in response to a first signal applied

to the analogue switch by the output of its hysteresis

. 25 comparator, the upper hysteresis circuit being arranged
to receive a negative hysteresis voltage, the analogue
switch associated with the (generating hysteresis
comparator being actuatable by a second signal applied to

the analogue switch by the output of its hysteresis

- 30 comparator.

The invention provides a current controller configuration
suitable for a switched reluctance machine which uses
adjacent hysteresis bands. It works by being responsive
to the current error rather than the absolute value and

15
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i sance tripping or even switch failure. 20 A

system seeks to overcone these difficulties by wusing
S. The two conparators have the sane reference,

Si s band of one spans that the other, as shown in
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hysteresis bands centred about zero error, the hysteresis
circuit associated with each band handling one polarity
of error.

The invention also extends to a method of controlling the
current in a time variable inductive load, the method
comprising:

applying current to the load when the load current
is below a lower current bound below a reference current
level;

removing current from the load when the load current
is above an upper current bound above the reference
current level: and

freewheeling current so that it recirculates through
the load when the load current rises or falls to the
reference current level from outside the lower and upper

current bounds, respectively.

In a particular form, a method of controlling a time
variable inductive load. in a chopping mode, for example
a switched reluctance machine comprising a rotor, a
stator including one phase winding for the or each phase
of the machine, and winding switch means for switching
current to the windings and being actuatable in a
freewheel arrangement in which the winding current
recirculates around the phase winding, the method
comprises:

deriving an error signal indicative of the

difference between a reference signal indicative of a




6 node with both switches closed until the current reaches

t he upper |evel of the inner conparator, whereupon one swtchis
‘opened and the phase freewheels. The freewheel current rises further
(because the systemis generating) 5 until the upper |evel of the outer
conparator is reached wher eupon thelsecond switch is al so opened.
The i nner conpar at or now operates in the generating node, selecting
either FWor OFF. Chopping continues on the inner band unl ess the
current fails referseacehenrréstcanda tfeegibackl @ignallhénpicative afidthecays
to the | ower Ig%gh ggrgggtlnner conparator. In this case, if the
current falls to ower | evel of the outer conparator and both

- switches are ép®§€dn9théOWQSUIhYﬁge(n§S$at@0B§¥§és ofe Ehereheadnto

the control bapdedkt bBEwebANEe GARHHEY currBitS ands alPoweri bhpsbhat ed
n Flgurg 6(C)bound when the machine is motoring;
applying upper hysteresis control of the current
between the reference current and an upper current bound
when the machine is generating:;
closing the switch means when the load current is
10 below the lower current bound:;
; opening the switch means when the current is above
| the above upper current bound; and
configuring the switch means in the freewheel
arrangement when the current rises or falls to the
L5 reference current level from outside the lower and upper

current bounds, respectively.

Also according to the invention there is provided a
‘switchable hysteresis circuit comprising a comparator

20 having a non-inverting input, an inverting input and an
output providing a high or a low output signal which is
dependent on the polarity of the difference between the
values of the respective inputs, and an analogue switch
actuatable by the output of the comparator to apply a

25 hysteresis voltage as positive feedback to the non-
inverting input of the comparator. '

The switch may be actuatable by either a high or a low

‘ output from the comparator.

| 39

% Preferably, the positive feedback further includes a
first resistor connected between the non-inverting input
and ground potential and a second resistor connected

between the non-inverting input and the switch, providing
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This system has sone advantages. For exanple, it keeps control

current at all
or generating

times, irrespective of whet her the drive is not
and has no 20 probl ens of discontinuities at | ow spee
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current whi ch may be 25 obj ectionable in sone applications. Al so,
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a tine vari abl
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20

25
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fromthe inner one over the full working range of curr

ent

drift or other possible sources of signal . corruption.
30 Accor danhiesstihg inetewrikosuchertdaits theohiydédrassontiskchakt has

@wEnWé'é’t?oicP@ddertQmﬂgﬁrgg eﬁhe biaS29RE Sid¥iork in
ving an error signal Ich is the
dependence on the state of the output of the comparator.

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

Figure 1(a) is an end view of a doubly salient
switched reluctance machine; -

Figure 1(b) and (c) are circuit diagrams of known
switched reluctance machine switching circuits;

| Figures 2(a) to (c) are circuit diagrams of the
known switching circuits of Figure 1(b) in its various
switched states;

Figure 3(a) to (c) are graphs of typical chopping
current waveforms;

Figure 4 is a schematic block diagram of a single
comparator current controller for a switched reluctance
machine;

Figures 5(a) to (c) are typical waveforms of winding
current according to the control applied by the circuit
of Figure 4;

Figure 6(a) is a schematic block diagram of a dual
comparator controller;

Figure 6(b) and (c) are winding current waveforms
according to the controller of Figure 6(a);

Figure 7(a) 1is a schematic block diagram of a
control circuit according to the present invention;

Figure 7 (b) and (c¢) are waveforms of winding current
according to the circuit of Figure 7(a): and

Figure 7(d) is a truth table for the control logic
in the circuit of Figure 7 (a).

for



7 - di fference between a reference signal indicative of a
reference current and a feedback signal indicative of the | oad
current; ’ switch nmeans which are actuatable into a freewhee
afranggnent in which current recircul ates around the | oad;
switch control neans for closing the switch neans when the | oad
current is below a | ow current bound bel o310 the reference current,
openi ng the switch neans when the load current is above an upper

bound ab .- .th f t, d_f tuat i th
recancel  RRAEEINGRP of THES vl eh RBarswnanarRESFoad cHPPERTE
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for

ri ses or faIIscDmUﬁuihaﬁeﬁuru&asxﬂﬁahﬁdInahucﬂanma Machineutemgdeitbs dower
and upper Cur " efite UUMIS N WA 1A Yo which reddki% hOETnAha! DegREESEN!

invention there i's provi ) .
I,.y and a feedback signal I, and produces an error signal

5 Ie based on the difference between I, and I,. An
amplifier 11 amplifies the error signal Ie. First and
second comparators X and Y both receive the amplified
error signal Ie at their respective inverting inputs.
The first and second comparators each includes positive

10 feedback comprising a resistive network formed 'by
serially connected resisﬁors R1 and §2 which are

ettt et

respectively connected between ground potential and one
port of an associated solid state analogue switch S1/S2.
In this embodiment the analogue switch S1 is a Siliconix
L5 DG418 and the analogue switch S2 is a Siliconix DG417.
The non-inverting input of each comparator is connected
between the resistors Rl and R2. The outputs of the
comparators X and Y are connected to control logic 12
which is also fed with a ‘phase active’ timing signal
20 which enables the outputs of the control 1logic in
accordance with the phase inductance cycle of the rotor.
The control logic can be implemented as a hard wired
construction. However, it may be microprocessor-based
and possibly part of a larger controller governing the
25 overall SR drive system.

Each of the analogue switches is also connected at a
second port with one of a positive and a negative
hysteresis voltage +V,/-V,. The analogue switches S1/S2
30 are actuated by their respective comparators X and Y. It
will be noted that the analogue switch S1 is closed in
response to a high output from the comparator X, whereas
the analogue S2 is closed in response to a low output

from the comparator Y.



controdler for chopping control of a tinme variable
for exanple, a switched reluctance machi ne 20 whi ch conprises a rotor
phase w nding, constituting the |oad,

st-at or,

for the or

i ncludi ng at | east one

g i

each phase of the machine, and switch nmeans for

control ling.

i ndi cati ve of

t he

| oad

the supply of current to the |load, the switch neans being
actuatable into a freewheel arrangenent in which current 25 recircul ates
around the load, the controller conprising4
an error signa

which is the

rPHPUy from the compagators: arespd sgi Fenneckadi wgth

i nductive | oad,

a

means for producing
di fference between a reference signal
refergnce current and a feedback signal indicative of

| ower hysteremxhﬁntmldefMMaiéwﬁMﬁﬁm Bogi€st2si gnabhbndGPutse &F anbover

current bound qgg\ ferenc

change from one ou p 8\9&[’“‘ t 2aﬁgﬁhe’fesPGCthcﬁ}tYpuFOPEESFe%é‘Htthhe thead
ri ses tpairte gfefsridobes for awhmakagringimniswiewel capduie shemge

current

the circuit bei

fromitssother QUtgidt j1justrated in Figure 1(b).

o

10

15

20

The invention works by considering the current error
rather than the absolute value of winding current and
essentially exploits the principle of minimum possible
action by the use of a controller configﬁration which
uses adjacent hysteresis bands. If the error is within
a given band, the phase freewheels. If the error exceeds
the band, then appropriate action is taken until the
error reaches zero. Freewheeling is then resumed. This
is achieved by the use of the two adjacent hysteresis
bands which are centred about the desired current level.
Each comparator handles one polarity of error, i.e. above
and below the desired current level. In Figure 7(a) the
solid state analogue switches S1 and S2 are used to

control the feedback around the analogue comparators X ]

and Y. This operates as follows :

Both comparator outputs will be low whilst there is
a large-positive error, e.g. whilst the current is rising
from zero at the start of a phase period. The comparator
Y will have a hysteresis voltage applied via the switch
S2, whereas the comparator X has its feedback open-
circuited because of the opposite nature in which the
switch S1 operates. The comparator X will therefore
change state when the current reaches zero error, whereas
the comparator Y will need to fall through zero, and
switch when sufficient negative error is applied to its
inverting input. Thus, at the start of a phase period,
both comparators are low and the power circuit is in the

perable to

P



| evel back to its one output |evel when |oad current falls to the

| ower current bound; an upper hysteresis circuit having an upper
hyst eresi s band defi ned between the reference signal and 5 a second
signal,: i ndicative of an upper current bound and bei ng operable to
change from one output |evel to another out put | evel when the | oad
current rises to the upper current bad@nd and to change fromits other
out put | evel to its one output |evel mhen t he phase mnndlng current
10 falls to the reference _current |evel nt rol

circuit responsi@e £62Ffe outPBRRTIFOY hé Swmcnﬁ?str&‘-& %’hEPr c%et SEXTPT
produce control fHignal 8of ero andaaineat piigsé hesswWddeh fBatressdelt ey t he
| oad current is . conIroIIedflﬂtfl ﬁ$onse to the deV|$1|on oftthe | oad
15 current frRRPAE (AL ¢ P and ROy YEHY SYitcl§Sites of
t he out puts fronfadsheidpisttescesirs Kigune tis(b)hy closing the switch neans
when the lsoad current is bel ow

If the current now falls (the ‘motoring’ case) the output
of the comparator X will switch low again when the erxror
exceeds the hysteresis value and chopping will occur
between the lower limit of the comparator X and the
10 desired current level of zero error. This is illustrated

e et

in Figure 7(b).

If, however, the current continues to rise (the
’‘generating’ case), the error will reverse. The
15 comparator Y will switch once the error becomes
sufficiently negative because the current exceeds the
upper limit and the power circuit is then switched to the
OFF state. The power circuit will force the ‘phase
current down until zero error is reached. The output of
20 the comparator Y then goes low and freewheeling is
resumed. Thus, in the generating mode, the current chops
between zero error and the upper 1limit of the error
defined by the hysteresis circuit formed around the
comparator Y. This is illustrated in Figure 7 (c).

3
The behaviour of the circuit is summarised in the truth
table of Figure 7(d). Note that the case of X=0 and Y=1
1s theoretically impossible (it implies that the current
is simultaneously too low and too high). The power
3 circuits should nevertheless behave predictably if these

values occur as a transient error due, for example, to

noise. The freewheel state is used under this condition.

While the analogue switches S1 and S2 are shown as being



the | ower current bound, opening the switch neans when the current is
above The upper current bound and 20 actuating the freewheel arrangenent
of the switch means when the current rises or falls to the reference
curreng | evel from outside the | ower and upper current bounds,
respectively.. 25 Preferably, the means for producing an error signal
include a conparator arranged to receive thg reference and feedback
si gnal s. Preferably, the control neans are responsive to simlar 30
outputs fromthe hysteresis circuits to close the switch means when

the error si gnalaaé;aw%f@twerégp@cwmntnlgn andal W d iyhd 1aver; tcwrinant
bound, are responsive to sinmlar put’s of another value fromthe

hysteresis circli® SRRreciatedfdint k%’-“'s"\‘/ﬁlf éﬁ"h%%fhsc%é?? i sdritorted o8 |

i ndi cative its counterpart as long as an inverter |is connected
| before the actuating input to the analogue switch to
5 invert the output from the relevant comparator X or Y.

The hysteresis circuit illustrated is particularly useful
as it allows an analogue hysteresis voltage to be
controlled by the two-state output from the comparator by
10 use of the analogue switch. Also, - this form of

PR —

hysteresis circuit is relatively easily adjusted by
changing the hysteresis voltage applied. It will be
appreciated that an alternative hysteresis circuit can be
used to that described. A controller according to the
15 invention may also include means for adjusting the upper
and lower hysteresis bands as, for example, a percentage
of the speed or torque of the motor or according to any
other operating characteristics of the motor to which it
is advantageous to link the hysteresis-based control

20 while the machine is running.

The controller according to the invention keeps control
of current under all conditions, even when braking at low
speeds., Further it eliminates the need for nested
25 hystefesis bands, so avoiding the associated difficulties
referred to. It has no large transient errors and gives
consistent predictable performance over the entire

working current range of a given machine.

30 Throughout this description a conventional two switch per
phase (i.e. a dual-switch forward convertor) power
circuit, such as depicted in Figure 1(b), has been
assumed. The principles discussed are, however, equally
applicable to any circuit which allows the motor winding



9 < of ,a current above the upper current bound and to actuate
the freewheel arrangenent when the outputs for the hysteresi s
ci-rcuits are dissinlar. 5 Preferably, the hysteresis circuits are
each adj ustable Wi th respect to their_respective hysteresis bands.
Preferably, each hysteresis circuit %%nprises a hysteresis
conparator, having an inverting input to which 10 the error signal is
applied, a non-invertjng input and_.an. anal ogue swi.tch actuyat abl e by
the output of tReETent th, EEEerBeele ol g artien (TS AHATO40E AL DEr g

arranged kept possei te fzadbanid | top assooilatée hgghetdsi £1Ux is
comparat,or by whghe B DY SLSEESk End L1 FUSA S ARP! 1 CaDI € as

ettt



positiye feedback, by actuation of the switch, according to the state« .»

of the output” of the hysteresis conparator. In one particular fo#m.,.
the |l ower hysteresis circuit is 20 arranged to receive _a positive
hysteresis voltage, the anal ogue switch associated with the | ower

et o esi S vol tags T rosponce 1o activse 2 gner oot | NHIMEFAI HELLN
anal ogue switch by the output of its hysteresis 25 conpardtof, fhe* upper

hysteresis circaidr¥gi ng arranged to receive a negative hysteresis
vol t age, the analogue switch associated with the generating
hysteresi s conpar at or bei ng actuatable by a second signal applied to
the anal ogue switch RycdierStottrd al tImBYSELIAFI S iHAuCHUEALAHO! the

The invention provjdes a current controller configuration suitable for
a switched rel UCPANER! HRE HFABPTHAT HIY Uses adj acent hysteresis bands. It

wor ks by $ei ng responsane for deérihinguanerirrenr osidgmdhewhtiban ishethe
absolqte val ue éfgference between a reference signal indicative of a
: reference current and a feedback signal indicative of the
lecad current;
switch means which are actuatable into a freewheel
10 arrangement in which current recirculates around the
load; B
switch control means for closing the switch means
when the load current is below a low current bound below
the reference current, for opening the switch means when

15 the load current is above an upper current bound above

[P
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the reference current, and for actuating the freewheel
arrangement of the switch means when the load current
rises or falls to the reference current 1level from
outside the lower and upper current bounds, respectively.
20
2. A controller as claimed in claim 1 in which the
switch control means comprise:
a lower hysteresis circuit having a lower hysteresis
band defined between a first signal indicative of a lower
25 current bound and the reference signal, the circuit being
operable to change from one output level to another
output level when the load current rises to the reference
current level and to change from its other output level
back to its one output level when phase current falls to
30 the lower current bound;
an upper hysteresis circuit having an upper
hysteresis bound defined between the reference signal and
a second signal indicative of an upper current bound and
being operable to change from one output level to another




10 X uses the principle of ni ni num possi bl e—actiom—Tf the

error 1s within a given band the phase freewheels. — ror o«
exceeds the band, then. appropriate action is H! ”\“‘““ Hm error
L 3]

is restored. to zero. Freewheeling 5 is then e* error
uses the two adjacent hyst er esi stdands centred about zero error
the hysteresis circuit associated with each band handling one
polarity of error. 10 The invention al so extends to a nethod of

controlling theutput layelerthem Bhei dpadacuabrati Fdeesi v | B®, UPRETet hod
conpri si ng: current bo@RBl ¥nAg teUch@Rbet ¢rbheiteadtubencthibgutoadveyrrent

to its one output level when the load current falls to

the reference current level; and
5 a control circuit responsive to the outputs of the
hysteresis circuits to produce control signals for
actuating the switch means, such that the current is
controlled in response to the deviation of the load
i ' current from the reference current, according to the
;10 states of the outputs from the hysteresis circuits, by
! . closing the switch means when the load current is below
: the lower current bound, opening the switch means when
: the current 1is above the upper current bound and
actuating the freewheel arrangement of the switch means
15 when the current rises or falls to the reference current
level from outside the lower and upper current bounds,

respectively.
3. A controller as claimed in claim 2 in which the
20 means for ©producing an error signal include a

differencing amplifier arranged to receive the reference
and feedback signals.

4. A controller as claimed in claim 2 or 3 in which

25 each  hysteresis circuit comprises a hysteresis
comparator, having an inverting input to which the error
signal is appllied, a non-inverting input and an analogue
switch actuatable by an output of the hysteresis
comparator,'ﬁhe analogue switch being arranged in the

30 positive feedback loop around the hysteresis comparator
by which a hysteresis voltage is applied as positive
feedback, by actuation of the switch, according to the
state of the output of the hysteresis comparator.



is belgw a lower current bound below a reference current 15  |evel;
renoving current fromthe | oad when the load current___ .~ is above an r

upper current bound above the reference current level; and
freewheeling current so that it recirculates thr ou?ﬂl’mmm‘"ﬂa’mr d when
the load current rises or falls to the refe --5‘=I-',mel from
outside the | ower and upper current Jpunds, f’esbec}ti\?ely. *

In a particular form a nethod of controlling a tine 25 vari abl e

i nductive load in a chopping node, for exanple _ a switched rel uctance
machi ne conprisify a Aotentraller astataimeacliwdi dga dnesphiasewmiolli kgef Or

the or each phasge f,.the machine nd w nding swfch means for

swi t chi ng slcou"feflénthf%t%ﬁ%sws na‘f%%u%d Yei r?gr’%&qﬁé agﬁoe rTeg36 @
freewheel arrarmpnivei n hysitieglesitshe volhageg ¢her endnaloguer eeiwitehat es
around t he phas L Nl t t q@ér : deri.vi ng
an error _ si gngﬁélg&igin%t?%%t Fb\?}gﬁeoﬁwgt }]igwer o |éfr1§é§§esnc%°%%ﬁ\%%%r a%emg

ref erence i gnal2¢HtRteaRleetof agply the positive hysteresis voltage in

response to its other output applied to the analogue
switch by the output of the lower hysteresis comparator
i when the error is positive with respect to the reference
current, the upper hysteresis circuit being arranged to
1 10 receive a negative hysteresis voltage, the analogue
l - switch associated with the upper hysteresis comparator
being actuatable by its one output applied to the
: analogue switch by the output of the upper hysteresis
; comparator when the error is negative with respect to the

15 reference current.

6. A controller as claimed in any of claims 2 to 5 in
which the control means are responsive to a low output
from both of the hysteresis circuits when the error
20 signal is indicative of a current below the lower current
bound to close the switch means, a high output from both
of the hysteresis circuits when the error signal is
indicative of a current above the upper current bound to
open the switch means, and to actuate the freewheel
25 arranéement when the outputs from the hysteresis circuit

are dissimilar.

7. A controller as claimed in any of claims 2 to 6 in
which each hysteresis circuit is adjustable with respect
30 to the hysteresis band.

8. A controller as claimed in any of claims 2 to 7 in
which the control circuit is enabled by a timing signal
by which actuation of the switch means are timed to an



ref erepce current and a feedback signal indicative of the | oad
current; appl ying | ower hysteresis control_ of. the_Load_. o
‘current between the reference current and a | ower current bound

iwhen the nmachine i s notoring; Appl ying “ WMMHﬂM
‘control of the current bet ween t he reference pper
current bound when the nmachine is generating;* cl osi ng

the switch meansi wheftihGe | padi 8r6€NEnéS10d®.  bel ow the lower current
bound: opening the switch neans when the current is above.

‘the above upper current bound; and configuring the swtch
means in the éreewme@bntroller aéramgeﬁeatlmhsﬂytbe eyaigat1rt8es 9
falls to the 15 N refe{enie %urrent X rom out side the | ower and
‘upper oad 1s at least one phase winding of a
5 switched reluctance machine which comprises a rotor and
a stator, including the at least one phase winding for

the or each phase of the machine.

10. A method of controlling the current in a time
. 10 variable inductive load, the method comprising:
i applying current to the load when the load current
| is below a lower current bound below a reference current
level;
removing current from the load when the load current
15 is above an upper current bound above the reference
current level; and
freewheeling current so that it recirculates through
the load when the load current rises or falls to the
reference current level from outside the lower and upper
20 current bounds, respectively.

11. A method as claimed in claim 10, including:
applying lower hysteresis control of the load
current between the reference current and the lower
25 current bound when the load is motoring;
ebplying upper hysteresis control of the load
current between the reference current and the upper

current bound when the load is generating.

30 12. A method as claimed in claim 11, including timing
the actuation of the winding switch means to coincide
with a predetermined moment in the load inductance

perilod.
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current bounds, respectively. Al so according to the invention o
there is provided a swi tchabl e hysteresis c+#eurr'conpr|5|ng a " -r

conmparator 20 having a non-inverting input, an inv nd an
out p@ltu providing a high or a | ow out put si gnal whi ¢ ﬁ “EE“ m ndent
on the polarity of the difference between

respective inputs, and an anal ogue sw tch actuatable by the out put
of the conparat L to appl stereSJS volta

- 5
feedback to th&’non® "ylt‘:hﬁ%r?\?ert BEFHpEES of Cf‘ﬁ‘éuggnpa? a{itpofrlsmg a
The switch may bemaataabablrewtimgaiahmra—ﬂmv@rto.mga imput an lowépuingrom

the conparator. ;39 Br eferably, Lig ROSHiae feedhagk ofutther, inglyges

a first 'St 5P connelt'sd “betieen 4/%69 non-i %ve N ng inp
and ground pot eaigaklanghacBecdad depesdentcoonectize polanbgt weén the

non-inversing i BpekeBHENEEWebENnR Q41He of the respective inputs,
and an analogue switch actuatable by the output of the
comparator to apply a hysteresis voltage as positive
feedback to the non-inverting input of the comparator.

10 14. A circuit as claimed in claim 11, including a
{ positive feedback network comprising serially connected
first and second resistors, the first resistor being
connected between the non-inverting input and ground
potential and the second resistor being connected between
15 the analogue switch and the non-inverting input.

15. A circuit as claimed in claim 11 or 12 arranged such

that the polarity of the hysteresis voltage is the same

as that of the output by which the analogue switch is
20 actuatable for conduction.
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the state of the output of the conparator. 5 Thelyappar
put info practice in various ways, sonme of which

++How be

descri bed by way of exanple with ref,grence to the acconpanying
drawi ngs in which Figure 1(a) is an end view of a doubly
salient 10

are circuit di agiggeratTknown
circuits;

10

15

20

swi t ched rel uctance machi ne; Fi gure 1(pX'and (c)
swi tched reluctance machi ne swi tching

CONTROL OF AN INDUCTIVE LOAD

A switched reluctance motor controller derives an
error signal from the difference between a phase winding
current reference and the phase winding current. The
error signal is applied to a pair of hysteresis circuits
which define adjacent hysteresis bands above and below
the reference current. The outputs of the hysteresis
circuits are received by control logic which permits
current to be applied to the phase wihding when the
current is below the hyéteresis bands, removes current
from the phase winding when the current 1is above the
hysteresis bands and allows the phase winding current to
freewheel when the current is between the upper and lower
hysteresis limits.
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a bi assing network such that the hystere5|s,gLLen¥??ﬁ“s5%th‘
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- Flgures 2(a) to (c) are circuit diagrams of the
circults of Figure 1(b) in its various 15
Figure 3(a) to (c) are graphs of typica

Figure 4 is a schematic block diagram of a single
controller for a switched reluctang 20

5(a) to (c) are typical waveforns 5
the control applied by the circuit (-

6(a) is a schematic block diagr

controller of Figure 6(a);

di agram of a contr
Figure 7(b) and (c) are
the circuit of Figure 7(a);
for the control logic

ndi ng
of Figure 4; . Fi gure

known swi t chi ng
wﬂ““*“ﬂ

swi t ched states_wwwgﬂww

choppi ng ;ggggmﬁ%%ﬁ@knsﬁ
\ JOMDak ateC] ég&ggai
machi ne; \L_,,, = FFgUr €S

currént according to

25 conparator controller;

according to the
Sis a schematic bl ock
the present invention; 30
urrent according to
iqure 7(d) is a truth table
f Fipure 7 (a).
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13 Referring to Figure 7(a) of the drawi ngs, a current
contrdller for a switched reluctance nmachine conpri ses a

—

differencing anplifier 10 which receives a denand si = \"Iggikﬂ'and
a feedback signal I[err] and produces an error signaﬂﬁf ' Ie ‘based on
lifl er o ies

the difference between I[err] and pferr] An
the error signal le. First and . 39 second conpar ators X and Y both

receive the anplified error 's¥gnal le at their respective inverting
i nput s. Tpe first and second conparators each includes positive 10
f eedback conprisrmg—arTesrTstiveTetwork—forned by serially
connected resistors Rl R2 whi ch ar respectively connected

bet ween ground potenti al |‘alnd one port of an asébciated solid state
anal ogue switch S1/S2. _In this ¢nmbodi ment thejanal ogue switch Sl is

a Siliconix 15 V DAL and “the anal ogue switch S2 |s a SiViconi x DA17.
The non-inverting| i nput]of eac@ conpar?tor i's connected

Fig 2(3)
|
o ‘ph% i
VS ~r~:~r~r—:\ . \
o
Fig_2(b)
ki ;
v, g
i ]In !
il .f
|

s Sheet Has Been Replaced Fl(l 20c)

TG




between the re5|stors Rl and R2. The out puts of the conparators X

~and & are connected to control logic 12 mhlch .S:ﬁ£39~$édzmrih At

' phase active' timng signal 20 whi ch enabl es ﬂaﬂﬁﬁﬂﬂs H%ﬁ the
control logic in accordance with the phase |ﬁductaﬁéé~d&gte.et t he
r ot of. The control logic can he i npl enent ed as \s=tard W red
construction. However, it may be m: processor - based and possibly
part of a larger controller governfﬁzgthe 25 overall SR drive system
Each of the anal ogue s SO C t a | second port with

one of -a positi
anal ogue switc

ol tage +VH -VH. The
espective conparators

X and Y. It ‘ed IR Ww'tch S1 is closed in
response to a high oytput fromthe conparator X, wh t he anal ogue
S2 is closed in respgnse to a | ow out put from t\he conparator Y
0 A ,

| Fig_3(a)
1

0 A

Fig_3(b)
0 A
lt\giii\sﬁ\fﬁm -



+14. The outputs fromthe conparators are al so connected with
|nputs “to the control | ogic 12. The outputs of the _fﬁggg&&ﬁtwéFo y
12 are respectively connected with the pai rs of % Wyyigﬁof¥agﬁﬁhse -
wi nding switch circuit such 5 as that illustrated |n‘ﬁ|gures£¢h? e
The invention works by considering the current error &ﬁjjggﬁinﬁrTTﬁf’the
absol ute val ue of w nding current and7{ essentially exploits the
princi pl.e of m ni mum possi ble 10 action by the use of a controller
configuration which uses adj acent hysteresis bands. If the error is
w thin a given band, the phase freewheels. If the error exceeds

the band, then appropriate action is taken until the error reaches
zero. Freewheeling is then resunmed. This 15 is achieved by the use of
the two adj acent hysteresis

Y
Fo \ Top switch

W * I +
Vet Ry ’////// ;,_J !

AMA
| R7 W
{;. Confrol
{ogic
MOT / GEN Bottom switch
Phase active
Fig &
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bands which are centred about the desired current |evel. Each. .=

conparat or handl es one polarity of error, i.e. above @hé.
desired current level. In Figure 7(a) the sol i dy; . &uamﬂﬁﬁﬁffll/J
switches S1 and S2 are used to 20 control the feedb Rhér@undwvn,,/«f
anal ogue conparators X and Y. This operates as %ol Lows—"

Bot h conparator outputs wll be Iom/mhlEEEchere i's a | arge positive
error, e.g. whilst the cutrent fromzero at the start of a

phase period. The conparfat
applied via the switch

ysteresis voltage
arator X has its feedback

open- circuited cause of the opposite nature\in which the

switch S1 operates. ThHe conparator X will therefore\l0 change state
when the current reachegs zero error, whereas t he\conparator Y wl|
need to fall through zero, and swi tch when sufficNent negative error

is applied to its
peri od, both co

inverting input. Thus, at the st&rt of a phase
arators are |ow and the power circNit is in the

0 A .
Fig 5(3)

Flip flop reset here

Fig Sth)
Missing
current - time
area
\
0 A
Flg S(C) ) This Sheet Has Been R
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.15 ON state. Conpar ator X switches hlgh when the ersor- en

fallssto zero and the phase is nade to freewheel = e ‘Yﬂ th T her

of the top and bottom w nding switches t (as de& e nERAL.

1(b)). 5 If the current now falls (the 'notori /gase?ffﬁe output
of the conparator X will switch Iom1ag n when the error exceeds the
hysteresi s val ue and chopping will occ /2 between the lower Iimt of
t he conparator X and the 10 desired Current level of.zero error. This
is illustrated in Figure 7(b). I f, however, the current
continues to rise (the ‘generating' case), the error wll
reverse. The 15 conparator Y wll switch once the error

becones .
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inner

T
]
E Vo | Vieer Wy Cantrol
§ [ logic
——M/\/—*-]r—:____a_.

D//// Bottom switch

Phase aclive

_— e e e e e e e ——— ——— e

Inner hysteresis T T T T T T E;Q?EFDQB
0 | DT T T T Lt
Vref
0 A

—

laced

I
s T



suffickently negative because the current exceeds the upper Timt. .-
and the power circuit is then swtched to the OFE = &e pomer
circuit will force the phase - current down until epﬂﬂﬁﬁﬁd Lok g "
reached. The out put of 20 the conparator Y then go Io gh T
freewheeling 1is resuned. Thus, in,the generatin e current
chops - bet ween zero error and the er limt of the error

defined by the hysteresis circuit forne ound t he conparat or Y.
This is illustrated in Figure 7(c). 25 The behavi our of the circuit
is sunmarised in the truth table of Figure 7(d). Note that the case
of X=0 and Y=l is theoretically inpossible (it inplies that the
current is sinultaneously too | ow and too high). The power 30)
circuits should neverthel ess behave predictably if these val ues occur
as a transient error due, for exanple, to noi se. The freewheel state
is used under this condition. Wi | e the anal ogue switches S1 and S2
are shown as being

e et e

This Sheet Has Been

LT m i



16 . actuatabl e by respectively high and low signals, it wll
be appfeC|ated that either switch can be substituted for . ._..—==%tS_ . .
counterpart as long as an inverter . is connected be$q;€rfM@VLn' ‘
actuatfng input to the anal ogue switch to 5 inver&

rel evant conparator X or Y. The,pysteresis ci Nouit=FFrustrated is
particul arly usef ul as it aIIomsJ anal ogue hysteresis voltage
to be controlled by the two-stat ;gutput fromthe conparator by 10
use of " the analogue swtch. Also, this form of ° hyst eresis
circuit is relatively easily adjusted by changi ng the
hysteresi s vol tage appli ed. I t mﬁll be appreci ated that an
alternative hysteresis circuit caﬂ sed to that described. A
control l er according to the 15 1i nventi on é@y alSp include neans for
adj usting the upper r AMA AN ——e— +VH
Tep switch

|
l
’% Control

i2~T  logic

Bottom switch

— Phase active
i —~Wy WW—fe— -y,
R R, 52

Closed for l ! gen for

T =1
Xout Yout
A : y A
- Error < | Frror
) Il
hyst = RV1 H+R1Rz
, This Sheet Has. Be_en Reylaced
Fio 7 (T
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.and | ower hysteresis bands as, for exanple, a percentage ,£ﬁ~iﬂ%F:”\

speedi or torque of the notor or according to any “Wefﬁ% rganQ*
characteristics of the notor to which it is adv nfé@ usa;g%ﬁlnk the
hyst e¢esi s- based control 20 while the machine is ra;nrn ,::::w“'“TTT
controller according to the invention ke control “="of current under
all conditions, even when braking at |ow/J speeds. Further it
elimnates the need _faor nested 25 __ hysteresis_bands, _so avoiding the
associ at ed dinysietesisgs referred to. It has no |arge transient

errors and gi o
wor ki ng currgﬁﬁﬁ?gﬂﬂ f

Qr meince ové%Nthe entire
description a conventiona

WE - » ughout- t

fWo switch per % (i.e D@N‘smﬂ»ch
forward convertor) power circuit, such as depicked in Figure 1(b),
has been assuned. [The principles discussed are, Rowever, equally
applicable to any circuif which allows the notor w nding

‘ 0 A
‘1 Fig_7(b)
T N L oen
T (error = 0)
0 A
Fig_7(c)
POWER
X Y STATE REMARK
0 0 ON Current too low
0 1 Fw [tegal condifion
1 0 Fw Current within bounds
1 1 OFF . Eurrenr foo hrgh
—_— ¥ooe ¢ ?ﬂ gf $ ;r %ﬁ @f
W - -




17 =~ tcurrent to freewheel, i.e. when the winding voltage is kept close to
zero and the associ at ed rragnetlc flux is therefare. appnommt_mymlm,

18 * CLAI M5: REPLACEMENT § S 8G
' . {4 Description : paged .7, 1o paged .
23 1 Claim{s) :paged.7.. %0 paged.T
¥ Drawing(s) @?,gﬂd 19, 50 paged 919
A Abstract cmaged Bio neged T
ABSTRACT M Abstract  :paged . 2Bio paged .
CONTROL OF AN INDUCTIVE LOAD | pATR OF RECERT.AH:1996

A switched reluctance motor controller derives an

5 error signal from the difference between a phase winding

current reference and the phase winding current. The

error signal is applied to a pair of hysteresis circuits

which define adjacent hysteresis bands above and below

the reference current. The outputs of the hysteresis

10 circuits are received by control logic which permits

current to be applied to the phase winding when the

current is below the hysteresis bands, removes current

from the phase winding when the current is above the

hysteresis bands and allows the phase winding current to

15 freewheel when the current is between the upper and lower
hysteresis limits.

Fig 7a

20
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1. A controller for a tine variable inductive | oad, the controll er

conprising: 5 means for deriving an error signal which is the

di f,f erence between a reference signal indicative of a reference
cuirent and a feedback signal indicative of the | oad current;

swtch nmeans which are actuatable intg a freewheel 10 arrangenment in

whi ch current recircul ates around thé/? | oad,; swi tch
control neans for closing the switch nmeans when t-he load current is
bel ow a | ow current bound bel ow the reference current, for opening

t he switch nmeans when 15 the | opd curhent is apove an upper current
bound above the roferencelcudrent, aqd fer—actuating the freewheel
arrangenent of the switg gans fwren—t he\| oag~current rises or falls

to the reference current |eye
current bounds, respectivgl
claiml in which the

| ower hysteresis circudit {havin
between a first signal} i ndi ce
ref erence signal, the ¢ir git
out put | evel to anothe

ouisi de the | ower and upper
ﬁ Acontroller as clained in
re pafps rconpri se: a
retgsTS band defi ned
current bound and the
er abl e to change from one

1
\.2, W
! T 1
V, 3
dx | Yy
_ { (
Fig 1
+ b
| yY
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out put | evel when the load current rises to the reference current

| evel and to change fromits other output |evel back to its one
out put | evel when phase current falls to 30 the | ower current bound,
an upper hysteresis circuit having an upper hysteresi s bound defi ned
between the reference signal and a second signal indicative of an
upper current bound and bei ng @¢8rable to change from one out put
| evel to anot her - 19
out put |evel when the |load current rises to the upper current bound
and to change fromitsjother output [evel to its one output |evel
when the | oad cugrent ls to he reference current level; and 5
a control circuit resp ?éﬁve to the odkputs of the ﬁ
Vg oo
w
I
ph
| r
Fig 2a
+ _
o ‘+ 0
( r
Fig 2b
+ ]
£ (b
/
Vs ~ rrert
W
A [Dh /
f
. . This is the replacement sheet
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—
hysteresis circuits to produce control signals for actuating the
switch neans, such that the current is controlled in response to the
.devi ation of the |oad current fromthe reference current, according
to the 10 states of the outputs fromthe hysteresis circuits, by
cl-osing the switch nmeans when the |load current is bel ow t he | ower
“current bound, opening the switch n8dfs when the current is above

t he upper current—beupd-,ard a&t vt I-Rg Hhe Freewheel arrangenent of
the switch nmeans| 15 an e LNrre risey oy falls to the reference
current all pvel [fy pmfout/shdg the fower ghd Oprer current bounds,
respectively. B/ A cop rol\ ¢r as\cfaimed B4 claim2 in which the
20 means fob—pf oductnd—ak— erMor— sidnak- nelude a

differencing anplifijer arranged to receive the refenence and

f eedback signals. 4. A controller as claimdd in claim2 or 3 in
whi ch 25 each%? hysteresis circuit conprises a hysteresi s
conparator, having fan inverting input to which the errdy signal is
applied, a non-inverting input and an anal ogue

0 A

0 A

0 A

This is the replacement sheet

Fig 3¢ v 04 APR 19%
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'sw tch actuatable by an output of the hysteresis conparator, the

anal-ogue switch being arranged in the 30 positive feedback | oop around

t he hysteresis conparator by which a hysteresis voltage is applied as
posi-tive f eedback, by actuation of the switch, according to the

state of the output of the hysteresis conparator.

20 5. A controller as clainmggds n claim4 in which the

| ower hysteresis circuit is arranged to receive a positive
hysteresis voltage, the analogue swtch associated with the

| ower hysteresis conparator being 5 actuatable to apply the positive
hysteresis voltage in response to its other output applied to the
anal ogue

Vey
\ Tap switch
Vref R / : .__J +VH
Yy

Confrot
logic

MOT / GEN Baftom switch

ey bt ettt

Phase active
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"switch by the output of the | ower hysteresis conparator when t he

errof is positive with respect to the reference current, the upper
hysteresis circuit being arranged to 10 receive a negative

hyst-eresis voltage, the anal ogue switch associated with the upper
hyst eresi s conpar at or being actuatable by its one output
applied to the anal ogue swi tch/dy the output of the upper

hyst eresi s conparfator en e eNor kS negative with respect to the
15 ref erence current. 6. \JA lfer\ as cl ainmed in any of
clainms 2 to 5 in whi ch the control neans are\esponsive to a | ow

en the error 20
ent bound to
of the hysteresis

out put fromboth of the hysteresis circuits
signal is indicative off a current below the | ower cur
close the switch nmeans/ a high output from both
circuits when the err signal is i ndi cative of current above the
upper current bound t open the switch neans, and\to actuate the
freewheel 25 arrapgenent when the outputs fromthe hysteresis circuit
are dissimlar. A controller as clainmed in agy of clains 2 to

6 in
0 A

FigSa

/- Flip flop reset here

Ist chop
0A
Fg5b
Missing
current - time
area
\
0 A
Fig 5¢ Tiis is the replacement sheet
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I ———

- whi ch eéch hysteresis circuit is adjustable with respect 30 to the

hyst eresi s band.

.77 n

“of. cl ai
a b5
stat or,

nse 1 to 8 in

i ncluding the at

8. Acontroller as clained in any of clains 2 to
which the control circuit is enabled by a timng signa
whi ch actuation of the switch neans are tinmed to an
i nduct ance period of the | oad. 9. Acontroller as clained in any
whi ch theé/Moad is at | east one phase w ndi ng of
swi t ched rel uctance machi ne which conprises a rotor and

| east one phase wi nding for

Top switch

VFD V@a

-

MWW— T W

e — —

W Control
logic

/

band

— e ——

0 A

Phase active

Bottom switch

es ter
Inner hysteresis +— —— — — — — — Outer
. —-Eiz ~~~~~~~ hysieresis
————————— band
Vref
Fig 63 This is the replacement sheet
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"the or each phase of the nmachine. 10. A nethod of controlling the
current in atinme 10 vari abl e i nductive | oad, the nethod conpri sing:
applying current to the | oad when the | oad current is below a | ower
curyent bound bel ow a reference current | evel ; renovi ng
current fromthe | oad when the | oad current 15 i s above an upper
current bound above the reference 7/9current level; and

freewheeling current so that it recircul ates through _ t he | oad when
the load current rises or falls to the reference current |evel from
out side the | ower and upper 20 current bounds, respectively.

11. A nethod as clained in claim 10, including: applying | ower
hysteresis control of the |oad current between the reference
current and the | ower 25 current bound when the load is notoring;
applying upper hysteresis control of +the |oad current between
the reference current and the upper current bound when the load is
generati ng.
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30 12. A nethod as clained in claim1l, including timng t he

actuation of the winding switch neans to coi nci de wth a
predet erm ned nonent in the |oad inductance peri od.
22 - 13. A switchable hysteresis circuit conprising a
conmparator having a non-inverting input, an inverting i nput and an
output providing a high or a | ow out p&/* signal which is dependent on
the polarity of the 5 di fference between the val ues of the respective
i nput s, and an anal ogue switch actuatable by the output of the
conparator to apply a hysteresis voltage as positive
| R, Ry Sy
W Wy
b— Top switch
| Control
1z logic
" Error
| damp
OEM < To
I i Battam switch
Irg |
— Phase active
WW——W— -V
H
R1 RZ S2
Closed for l l Open for
T=1 T T T =1
Xout Yout
l
A Y
< <
e |
| Error Error
1
ViR
H™1
hyst =
Ry R,
- “This is the replacement sheet
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feedback to the non-inverting input of the conparator. 10 14. A

circuit as clainmed in claim 11, including a positive feedback
het work conprising seriallly connected first and second resistors,
the first resistor being connected between the non-inverting input
and ground potential and the second resistor being connected between
15 t he anal ogue switch and the nom7/9nverting input. 15. A
circuit as cl ai nmed-.i et m-tl-ef 42 af+ arged—suveh — —that the polarity
of the hyst%\’/&@%_e_&gl tage is the same  __ as that_of the output by which
t he anal ogugyg\p?e[t-géjsi s 2 at e A\ On. 0EM

(error = 0)

0 A

POWER
X Y STATE REMARK
0 0 ON Current too low
0 1 FW lllegal condition
1 0 Fw Current within bounds
1 1

OFF Current too high

the r@p!acement sheel
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