CURRENT SHAPI NG | N RELUCTANCE MACHI NES Thi s invention rgk
current shaping in reluctance machi nes. In particular, the g%

i nvention relates 5 to a current control circuit for reducing
vibrations in a switched rel uctance machi ne. In general, a
reluctance machine is an electric nmachine in which torque is produced
by the tendency of its 10 novabl e part to nove into a position where the
i nduct ance of an excited winding is nmaximzed. The general theory,
desi gn and operation of switched reluctance nmachines is wel I known
and is discussed, for exanple, in the paper "The Characteristics,
Desi gn and Appllcatlons of SMAtChed 15 Reluctance Motors and Drives" by
St ephenson and Bl akeCURRER SRARLAT e REEINES3 Conf erence and

Exhi bition at Nurnberg, GErnany, June 21 24, 1993. : Figure 1
illustrates a typ'Ca&hf&‘iﬁ¢@ﬁ£'8ﬂ‘£&i%@8§ €8 igrﬁ%&@'éﬁ% fﬁg'ﬁ% %eihﬁ%gﬁcéo
I ncl udi ng six projectin : tator pal es I ne .a principal
stator axis machines. In particular, the present invention relates

5 to a current control circuit for reducing vibrations in

a switched reluctance machine.

In general, a reluctance machine is an electric'machiné

in which torque is produced by the tendency of its

10 movable part to move into a position where the inductance

of an excited winding is maximized. The general theory,

design and operation of switched reluctance machines is

well known and is discussed, for example, in the paper

"The Characteristics, Design and Applications of Switched

15 Reluctance Motors and Drives" by Stephenson and Blake and

presented at the PCIM ’'93 Conference and Exhibition at
Nirnberg, Germany, June 21-24, 1993.

Figure 1 illustrates a typical switched reluctance

20 machine having a stator 10 including six projecting
stator poles 11-16 that define a principal stator axis.
(extending outwardly from Figure 1). A rotor 18 is
coupled to a rotatable shaft co-axial with the principal
axis of the stator. In Figure 1, the rotor is positioned

25 within the bore formed by the stator and the inwardly
pointing stator poles 11-16 and is mounted on a shaft
(not shown) that is mounted on bearings and is free to
rotate. The rotor 18 has a number of outwardly extending
projections 19 which form the rotor poles.

30
Associated with each stator pole is a wound coil of wire.
In the illustrated machine, the two coils of opposing
stator poles are coupled together to form three phases:
phase A (coils from poles 11 and 14); phase B (coils from



(extending outwardly fromFigure 1). Arotor 18 is coupled to a
rot at abl e shaft co-axial with the principal axis of the stator. In
Figure 1, the rotor is positioned 25 within the bore fornmed by the
stator and the inwardly poi nting stator poles 11-16 and is nounted
on a shaft (not 'shown) that is nounted on bearings and is free to
rotate. The rotor 18 has a nunber of outwardly extending proj ections
19 which formthe rotor poles. 30 ' Associ ated with each stator pole
is a wound coil of wre. In the illustrgted machine, the two coils
of opposing stator poles are coupl ed together to formthree phases:
phase A (coils frompoles 11 and 14); phase .B (coils from
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and stator . Ppol enkt haGREes guid MBI BeBohéd, NBof! RebnPTEINGL Qhward-
negative pol ar I5t y: T%%sl%tgkgc'[eigcr;@ggfégsnevt\:n |<_:|of ppgo()sdi.%ci%ea polarity and stator
pole 14 becomes an inward-pointing electromagnet of
negative polarity. These electromagnets will produce a
force of attraction between the energised stator poles

and the rotor poles which will produce a torque. By

10 switching energisation from one phase to another, the
desired torque may be maintained regardless of .the
angular position of the rotor. By switching the

energisation of the phase windings to develop positive
torque, the machine may be operated as a motor; by

i5 energisation of the phase windings to develop a retarding
torque the wmachine may be operated as a brake or
generator.

For the sake of illustration, a simple form of machine

20 having six stator poles and two rotor poles (i.e. a 6/2
machine) is shown. Those skilled in the art will
recbgnize that other combinations are well-known. The
present invention applies equally to such machines.
Moreover, the present invention is applicable'to inverted

25 machines, where the stator is positionea within the bore
of an outer rotating rotor, and to linear machines, in
which the wmovable member moves linearly with respect to
the stator. 1In the art the movable member of a linear
motor is also commonly referred to as a rotor.

30
When a switched reluctance machine is running, the torque
(énd other machine performance paraméters) may be
adjusted by monitoring the rotor’s position, energising
one or more phase windings when the rotor is at a first



3

force of attraction between the energi sed stator poles and the rotor

poles which will produce a torque. By 10 - swtching energisation from
one phase to another, the desired torque may be maintai ned regardl ess
of the angular position of the rotor. . By swtching the
energi sation of the phase wi ndings to devel op positive torque, the
machi ne may be operated as a notor; by 15 energi sati on of the phase

wi ndi ngs to devel op a retarding torque the machi ne nay be operated
as a brake or gener at or. - For the sake of illustration, a
sinple form of machi ne 20 havi ng si x stator” poles and two rotor poles
(i.e. a 6/2 machi ne) i s shown. Those skilled in the art wll
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ener gi si ng one or nore phase w ndings when the rotor is at a fi rst
At standstill and at low speeds, the torque of a switched

10 reluctance machine can be controlled by varying the
current in the energised phases over the period defined

by the turn-on and turn-off angles. Such current control

can be achieved by chopping the current using a current
reference with phase current feedback. Such current

15 control is referred to as ‘"chopping mode" current
control. Alternatively, pulse width wmodulation (PWM)
voltage control may be used. Chopping wmode current
control and PWM control strategies are generally

understood and chopping mode current control is generally
20 described below.

Figure 2A illustrates an exemplary current in a phase
winding when chopping mode current control is used when
the switched reluctance machine is operating as a motor.
25 As is illustrated in Figure 2A, the phase is initially
energised at a point corresponding to the turn-on angle
and current begins to increase until it reaches the
current reference. At that point, the current is chopped
by a controller, de-energising the phase winding. The
30 current drops until the phase winding is again re-
energised and the process repeats. As indicatéd in
Figure 2A, in the chopping mode, the overall shape of the
current waveform defines a substantially rectangular
region where the beginning and end points of the



3 angul ar position, referred to as the "turn-on angle", and

t Aien de-energi sing the energi sed w ndi ngs when the rotor rotates to a
second angul ar position, referred to as the "turn-off angle". The
angul ar di stance between the turn- 5 on angle and the turn-off
angle is known as ‘the "conduction angle", constituting the
limts of an active period in which the phase winding is energised.
At standstill and at | ow speeds, the torque of a switched 10 rel uct'ance
machi ne can be controlled by varying the current in the energised
phases over the period defined by the turn-on and turn-off angl es.
Such current control can be achieved by chopping the current using a

current r ef er fo@anthilard ey ofl igetiral 29 db3ekesporiliCo CHhé eflird-on
control is referred .t '

0._ as.."¢ch i n rode” urren control .
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used. Choppi ng nodengle« ent control and PW control strategies are
general ly under st ood and choppi ng node current control is generally
20 describeg belgxﬁ ure 2A igkustrates.an exenplgrégcurrent
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poi nt corresponding to t turn-on_an nd curren egi-ns to.
increase until it re%%?&gﬁ%he.gw°°rglggf&' at t%ese speeds ﬁ%lse width
modulation or chopping strategies are ineffective. The
10 torque of the motor is then commonly controlled by
controlling the position and duration of the voltage
pulse applied to the winding during the phase period.
Because the single pulse of voltage is applied during
each phase period, this form of control is referred to as
15 "gingle-pulse control".  This is illustrated in Figure
2B. '

Figure 3 generally illustrates power circuitry that may
be used to control the energisation of a phase winding
20 for both chopping mode and single-pulse wmode current
control. A phase winding 30 is coupled to a source of DC
power provided through a DC bus, comprising positive and
negative rails 31/32, by upper switching device 33 and
lower switching device 34. Return diodes 35 and 36
25 provide a current path from the DC bus through the phase
winding 30 when switching devices 33 and 34 are opened.
As those skilled in the art will appreciate, phase
winding 30 is generally energised by closing switches 33
and 34, thus coupling the phase winding to the DC bus.
30 '
The circuit illustrated in Figure 3 may be used to
implement chopping mode current control as follows: when
the rotor reaches an angular position that corresponds to
the turn-on angle, switches 33 and 34 are closed. The



current reference. At that point, the current is chopped by a

controller, de-energising the phase w nding. The 30 current drops until
t he phase winding is again re- energi sed and the process repeats.

As indicated in Figure 2A, in the chopping node, the overall shape
of the current waveform defines a substantially rectangul ar

regi on where the begi nning and end points of the _

4 rectangul ar region generally correspond to the turn-on and
turn-of f angles, defining between themthe conduction angl e. 5

As the angul ar speed of the notor increases, éspoint S reached
where there is insufficient tine for nore than a singl e pul se of

current to occur dur;sﬁws@amld%aseo is therpeéédiﬁed t6CEREdbAObYs, Edusi
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voltage Is app_L, ed du q19e. As the magnetic flux in the machine increases,

current flows from the DC supply as provided by the DC
bus, through the switches 33 and 34 and through the phase
winding 30.

10 The current flowing through the phase winding 30 is
sensed by a current sensor or other device (not shown)
that provides a signal corresponding to the magnitude of
the phase current. The signal corresponding to the phase
current is then compared with a signal representing a

15 reference current. When the actual current in the phase
winding exceeds the reference current, the phase winding
is de-energised by opening one or both of switches 33 and
34. When both switches 33 and 34 are opened, the current
in the phase winding 30 transfers from switches 33 and 34

20 and flows through the diodes 35 and 36. The diodes 35

" and 36 then apply the DC voltage appearing on the DC bus
in the opposite sense, causing the magnetic flux in the
machine (and therefore the phase current) to decrease.
When the current decreases below the reference current by

25 a predetermined value, the phase is re-energised and the
current again bégins to increase.

The process of energising the phase winding 30, de-.
energising it when the phase current exceeds the
30 reference current, and re-energising it when the phase
current drops below the reference current by a
predetermined value, repeats itself during the interval
defined by the turn-on and turn-off angles. Typically,
when the rotor reaches an angular position corresponding



each phase period, this formof control is referred to as 15

"Singl e-pul se control"™. This is illustrated in Figure 2B.

Figure 3 generally illustrates power circuitry that may be used to
control the energisation of a phase w nding 20 for both choppi ng node
and singl e-pul se node current control. A phase winding 30 is coupled
to a source of DC power provided through a DC bus, conprising
positive and ' negative rails 31/32, by upper sw tching device 33 and
| ower swi tching device 34. Return di odes 35 and 36 25 provi de a
current path fromthe DC bus through the phase® wi ndi ng 30 when

swi tching devices 33 and 34 are opened As those skilled in the art
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As those skilled in the art will appreciate, the above

discussion of current control is but one examble of a
current control strategy that may be used and that
alternative strategies, e.g., strétegies including -

10 freewheeling, may also be used. The circuit illustrated
in Figure 3 may be also used to implement single-pulse
mode current control.

The inherently inductive nature of a phase winding can
15 lead to problems with transient voltage in the forms of
spikes when switching a voltage across the winding.
These spikes have a much larger peak magnitude than the
switched voltage and a very high rate of increase and
decrease. The magnitude of the wvoltage can damage the
20 switch element. To counter this it is known to use a so-
called ‘snubber’ circuit connected across the switch to
suppress the transient voltage spikes in the switch. 1In
known snubber circuits the rate of increase and decrease
in the voltage transient is typically suppressed without
25 effecting appreciably the responsiveness of the switch to

apply the new voltage level to the phase winding at the
desired tiwme.

As the above discussion indicates, as a switched
30 reluctance motor (or generator) operates, magnetic flux
is continuously increasing and decrgasing in different
parts of the machine. This changing flux will occur in
both chopping mode and single-pulse current control. The
changing flux results in fluctuating magnetic forces



phase wnding 30 is then coupled to the DC bus, causing an increasing

magnetic flux to be established in the notor. It is the nmagnetic
field associated with this flux which acts on the rotor poles to:
produce the notor 5 torque. As the magnetic flux in the machine

I ncreases, current flows fromthe DC supply as provided by the DC
bus, through the switches 33 and 34 and through the phase wi ndi ng
30. 10 The current flowi ng through the phase winding 30 is

sensed by a current sensor or other device (not shown) t hat provi des
a signal corresponding to the magnitude of 7 t he phase current. The
signal corresponding to the phase current is then conpared with a
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the interval v1bratlon and audible noise.

In addition to the distortions of the stator by the
ovalising magnetic forces, unwanted vibration and

15 acoustic noise may also be produced by abrupt changes in
the magnetic forces in the motor. The abrupt application
or removal of magnetic force can cause the stator to
vibrate at one or more of its natural resonance
frequencies. In generél, the lowest (or fundamental)

20 natural frequency dominates the vibration, although
higher harmonics can be emphasized by repeated excitation
at the appropriate frequency.

In addition to the stator distortions resulting from the
25 ovalising and vibration phenomena described above, the
 fluctuating magnetic forces in the motor can distort the
stator in other ways, as well as distorting the rotor and
other ferromagnetic parts of the machine. These
additional distortions are another potential source of

30 unwanted vibration and noise.

Although the problem of unwanted acoustic noise and
vibration has been recognized, known control systems for
reluctance motors do not adequately solve the problem.



defined by the turn-on and turn-off angles. Typically, " when the
rotor reaches an angul ar position correspondi ng

6 to the turn-off angle, swiitches 33 and 34 are opened, and

the phase current is allowed to drop to zero. At that poi nt the

di odes 35 and 36 turn off, disconnecting the phase wi nding fromthe
power- supply. 5 As those skilled in the art wll appreciate, the
above - di scussion of current control is but one exanple of a

current control "strategy that may be used and that alternative
strategies, e.g., strategies including 10 8 freewheeling, may al so be
used. The circuit illustrated in Figure 3 nmay be also used to

i mpl-ement si ngl e-pul se no curre cqnt r gl e inherently
i nductive nature of leor h%l’éaem%'edd%ﬁtbe céenn%l Op"lclbgaea‘ t°of o u[’set-'-r%sl Wwihe
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than the and Acoustic Noise in the Switched Reluctance Drive®,

5 Proceedings of the Industry Applications Society, IAS '93
Conference, Toronto, 2-8 Oct. 1993, pp. 106-113.

In genéral, the method suggested by Wu and Pollock

involves control of the current in the phase winding such

that the current is controlled in two successive

10 switching steps with the second switching step occurring

approximately one-half of a resonance cycle'after the

first where the resonance cycle is defined by the natural

frequency of the machine. ' This approach is typically

implemented by switching off one of the power devices at

15 - a first point in time to cause a first stepped reduction
in applied voltage, and then later switching off the
second power device. Between the time when the first

switching device is switched off and the second switching
device is switched off, the current is allowed to

20 " freewheel through a freewheeling diode and the second
switching device.

The two-step voltage-reduction approach to noise

reduction in switched reluctance motors discussed above

25 suffers from several limitations and disadvantages. The

two-step voltage-reduction approach limits the

flexibility to dynamically adjust the freewheeling period

for each phase cycle. As discussed above, in the. two-

- step voltage-reduction approach, the duration of the

30 freewheeling period is selected to reduce the noise

produced by the system. There are many instances when it

would be desirable to optimize the freewheeling duration
according to other criteria.



swi tched voltage and a very high rate of increase and decrease. The .
magni t ude of the voltage can damage the 20 swtch elenment. To counter
this it is known to use a so- cal l ed 'snubber' circuit connected
across the switch to suppress the transient voltage spikes in the
switch. In known snubber circuits the rate of increase and decrease
in the voltage transient is typically suppressed w thout 25 effecting
appreci ably the responsi veness of the switch to apply the new
voltage | evel to the phase winding at the desired tine. As
t he above di scussion indicates, as a swi tched 80 rel uctance notor (or
generator) operates, magnetic fl ux I s continuously increasing and

Wil Coccur in oD aaaaonRly TaRbeaffod (g chA AR, | FBhETOY
The changi ng ¥fé¢ductrion| appraadh,ucandit Pblsenngpproachies cekat utilize
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These forces can prog%éféa'T¥”“éﬂiyy'9&5&"’régwﬁe29kﬁé' period per phase
5 energisation cycle, freewheeling generally reduces noise
produced by only a single frequency of the motor system.
Freewheeiing to reduce noise at one freguency does not
necessarily reduce noise produced by other frequencies in
motor systems that have more than one resonance
10 frequency. Accordingly, such approaches do not reduce
" many of the frequencies at which unwanted noise is
produced. A further disadvantage with the freewheeling
approach is that there are several motor switching
circuits that simply do not allow freewheeling. These
is systems cannot use freewheeling to reduce noise.

US-A-5461295 (Horst) discloses apparatus for controlling
the current profile in a switched reluctance motor. The
phase winding current is initially at a first level in a

20 first part of the active period of the switch cycle.
Thereafter, it is linearly reduced over a second part of
the active period. When the current is to decay due to
switching off the switches at the end of the active
period, the transition between the linearly reducing

25 current in the second part of the active period and the
ramp of. the decay of the current is 1less abrupt,
producing a smoother transition.

The present invention overcomes many of the limitations
30 and disadvantages associated with known systems and
provides a circuit for energising the winding phases of
a switched reluctance machine in a particular manner to

reduce unwanted noise and vibrations produced by the
machine.



One maj or nmechani sm by which these forces can create - noi se is the
oval ising of the stator caused by forces 5 across the air-gap.

General ly, as the nagnetic fl ux i ncreases al ong a given di aneter of
the stator, the stator is pulled into an oval shape by the nmagnetic
forces. As the magnetic flux decreases, the stator springs back to
Its undistorted shape. This ovalising 10 and springing back of the
stator can cause unwant ed vi bration and audi bl e noi se. In
addition to the distortions of the stator by the oval i sing magnetic
forces, unwanted vibration and 15 ~ acousti aonoi se may al so be produced
by abrupt changes in the nmagnetic forces in the notor. The abrupt

application or_renoval of magnetic force can cause the stator to
vibrate at one or nmofBeoPTepERhatifvaEntiglods detined iR, EhgeAGCOUPanYiRg
general, the | owest @(ndepemiementkdims20 Prefeirredl fehtagasnaye decitedesn

the vibration, altbﬂéggepende £ Rhghgk harnoni cs can be enphasi zed by
repeat ed excitation at the appropriate frequency. In

addition to the stator distortions resulting fromthe 25 oval i sing and
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distorting the rot orkgﬁgréf urcu(g'tthefr%;r %e%?%%agne?%%%ﬁ??ég%%@l eh%YStem
machi ne. ~ These having pt PYAgE GredurtiomsCEFEe ofRX hEhe percRprll PBBERCe

of 30 = unwanted vi kiading afdtheéi @&chine, the AldiwuPmpgrieipgohheacefive
unwant ed acoustic nopge;ggRdyy which Va'lere@{é sgﬂé PSff{hoéeeCﬁP 'péﬁ‘l’erik%‘té’ﬁss
control systens for rel uctance notors do. not adeqguat e sol ve e
probl em 10 the phase winding to maintain a phase current, a _ramp
period in which the current is reduced to zero and an
inactive period in which the phase winding is not
energised, the circuit comprising control means for
controlling the current in the phase winding, a modulator
15 responsive to a current level signal from the control
means to produce a modulated output signal, -current
shaping means for varying the modulation of the output
signal, the control means being operable to determine the
end of the active period and to enable the current
20 shaping means to vary the modulation of the output signal
in a corner period, following the active period, such
that the current in the winding is reduced according to
a curve determined by the control means before the ramp
périod. |
25
The invention provides a so-called corner window in which
the current in a phase winding is controlled to effect a
smooth transition between the active period and the
current decay in the inactive period. The level of
30 current in the active period, the rate of decay in the
inactive period, as well as the speed of and load on the
machine can all contribute to the determination of a
suitable current curve in the corner window.



8 For exanpl e, the general problem of acoustic noise in

swi tched reluctance notor systens is discussed by C Y. W and C.
Pol l ock in "Analysis and Reduction of Vibration and Acoustic Noise in .
the Switched Reluctance Drive", 5 Proceedi ngs of the Industry
Applications Society, |IAS '93 Conf erence, Toronto, 2-8 COct. 1993, pp.
106-113. In general, the nethod suggested by Wi and Pol | ock

i nvol ves control of the current in the phase w nding such . that the
current is controlled in two successive 10 switching steps with the
second swi tching step occurring appr oxitiat el y one-hal f of a
resonance cycle after the first where the resonance cycle is defined

b h | ine. ' A j cal l
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and then later sw t cditaigpl®f fwilthe ;eferencéeQan@haowboﬁlﬁah?mg dedwitys tie
ti me when the first h: switching device is switched off and the second

swi t chi ng ded?5%=|s switched off, the current is allowed to 20 _
freewheel thro¥gh a freedMigdireny hlowtrratest aonioratt reluctanget oatine;
devi ce. ‘ Figures 2A and 2B illustrate chopping mode control
and single  pulse control of a switched reluctance
machine, respectively;
_ Figure 3 illustrates a switching circuit for
10 controlling the energisation of a phase winding of a
switched reluctance machine; _
Figure 4 is a schematic diagram .of an embodiment of
the invention;
_ Figure 5 illustrates winding current waveforms; and
15 Figure 6 illustrates a winding current waveform
according to the invention. '

In the chopping mode of a switched reluctance motor, the
current is typically regulated to a desired level in an
20 active period of the overall cycle of operation, as
previously shown in Fig.2A. In the remaining part of the
phase period, the switches are non-conducting. Each
phase is controlled in sequence in the same way in
accordance with the input demand and the load on the
25 motor. When the switches are non-conducting, 'any current
in the phase winding decays over a finite period. The
invention provides a new way of addressing the transition
from the active period in which the switches are
conducting, to the period when the switches are non-
30 conducting. The circuit of the invention shapes the
current near the end of the active period in a so-called
‘corner window’ and further controls the decay of the
current in a ‘ramp’ period as the current is taken
towards zero. As part of the transition, it is necessary



The two-step voltage-reduction approach to noise reduction in

sw tched reluctance notors di scussed above 25 suffers from several
limtations and di sadvantages. The t wo- st ep vol t age-reducti on
approach limts t he flexibility to dynam cally adjust the
freewheel i ng period for each phase cycle. As discussed above, in the
t wo- step vol tage-reduction approach, the duration of the 30
freewheeling period is selected to reduce the noise produced by the
system There are many instances when it woul d be desirable to
optinize the freewheeling duration accd?ding to other criteria.

9 An additional I[imtation of the two-step voltage- ' reduction

noi se, is that, since ere i1s n
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to reduce noise at Oéﬁéétﬁ%%e[%%&ﬁeﬁe nc% the current and the slope of the
5 ramp are merged smoothly by the invention to avoid an
abrupt transition between them that would otherwise

provide a source of potential vibration and acoustic
noise.

approach, and other APRCARSHER. I wbblLase or snel BERMOREIANG LTSS

10 There are many known methods of current regulation which
can be used to control the current during the active
- period. These methods include hysteresis control (where
the current is allowed to fall from an upper bound to a
lower bound) and pulse width wmodulated (PWM) control
15 (where the duty cycle of the PWM signal is a measure of
the required current). This invention is not dependent
upon any particular type of current regulation. For
convenience, the description below is based on a PWM
controller. Thus, the active period of a conduction
20 cycle for a given phase corresponds to a PWM signal
having a duty cycle consistent with the current level to

be maintained. |

Referring to Figure 4, a drive system for a switched

25 reluctance motor comprises a microprocessor-based
controller 100 that receives an input demand signal on
line 102 that is related to a desired speed or torque
output of the motor.

30 The current waveform of the phase winding, when
controlled in the manmner to be described, is shown in
Fig.5(b). The sections of the waveform denoted by
vactive", "corner", "ramp" and "inéctive" are discussed
below. A rotor position signal is fed back from a rotor



necessarily reduce noi se produced by other frequencies in not or

systens that have nore than one resonance 10 frequency. Accordingly,
such approaches do not reduce many of the frequencies at which
unwant ed noise is produced. A further disadvantage with the
freewheel i ng approach is that there are several notor sw tching
circuits that sinply do not allow freewheeling. These 15 systens cannot
use freewheeling to reduce noi se. US- A-5461295 (Horst) discloses
apparatus for controlling the current profile in a swtched

rel uctance notor. The phase wnding curid@nt is initially at a first
| evel in a 20 first part of the active period of the switch cycle.

Thereafter, it is linearly reduced over cond part of he active
period. Vhen the curPeattien trsaseugen, n04 FHat SePRgunteq, o, rorakd wTER' S
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adjusted in its duty cycle for the timed phase
energisation of the stator windings of the motor 106.

10
The-ouﬁput of the pulse width modulator 110 is supplied
as a digital word on the bus 108, having a magnitude
‘corresponding to the duty cycle, to a down counter and
comparator 112. In periods when the pulse width
15 modulation is active for a given phase to control the

current level during phase energisation, an active signal
is transmitted on line 114 from the controller 100 to the
counter and comparator 112 to disable its operation, so
“that the output of the counter and comparator is an
20 unmodified form of the pulse width modulated output
signal in the active period of a cycle. The controller
100 also generates an output that is a signal indicative
of the end of the corner window on a bus 116, i.e.-the.
moment when the cormer shaping ends and the rémp down of
25 current is begun. This is a digital word supplied to a
comparator-and synchronisation circuit 118. The digital
word has a magnitude that is compared with the magnitude
of the pulse width word on bus 120 from the down counter
112 in the corner window. Thus, parity between the two
30 digital words on buses 116 and 120 will cause'an output
from the comparator 118 indicative of .the end of the
corner window period.



10 The present invention is defined in the acconpanying

I ndependent clainms. Preferred features are recited in t he dependent
cl ai ns. 5 In one particular formthe invention provides a current
control circuit for a switched reluctance machi ne system havi ng a
phase conduction cycle for the or each phase wi ndi ng of the nachine,
the cycle conprising an active period in which an energising voltage
is applied across 10 t he phase winding to naintain a phase current, a
ranp period in which the current is reduced to zero and an

I nactive period in which the phase w nding isl#ot energi sed, the
circuit, conprising Control nmeans for controlling the current in the

phase wi nding, a nD | at or sponsive tqQ a curren IeveI nal from
the cont rol Bt ivBa LSO AR, dh ETETOHAR I 108y Panialee
shapi ng neans for vanrwengretmdoymdheatqompauatohelaatmﬂ dlsableS|gt1aI1n e

control means bei ng apefwad lp@r&@ddfﬂ Q»)‘h’ﬂc’ileeﬁé"r?g:i.:sat:.<>n98§I Ae %ﬁsé%iﬂ(ﬁngs
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according to #nd ULHE Qaﬁﬁrsb%édbht RS %nt ngiotffﬁ@%éﬁfc eq.ther V&]
period. 25 The i nvention provid so- cal corner_wn ow1|n
other parameter of current haping for smoot

transition between the active and inactive periods is the
count rate of the counter 112.
10 |
A multiplexer 122 is toggled from transmitting active
pulses in accordancé with control in the active period to
current shaping pulse width modulation in the corner
window by the output of the comparator 118. The firing
15 signals from both the active and corner window periods
are supplied to protection logic 124 which relays the
output of the multiplexer 122 as a firing signal for a
conventional switching circuit 126 for the machine. The
protection logic includes a comparator which compares a
20 signal representative of winding current with a threshold
level. If the threshold is exceeded, an excess current
situation exists and the switching of the motor is shut
down to prevent damage to the system. The protection
logic also produces a firing pulse trailing edge signal
25 on line 128 which is used to synchronise the output of
the down counter such that the variable pulse width
modulation signal in the corner window runs on smoothly
from the pulse width modulation in the active period.

30 The controller and the associated control hardware
described above is implemented in this embodiment as an
application specific integrated circuit (ASIC) as will be-
well known to the skilled person. Other forms of
implementation will be apparent to the skilled person.



the current in a phase winding is controlled to effect a snoot h
transition between the active period and the ) current decay in the
i nactive period. The | evel of 30 current in the active period, the
rate of decay in the i nactive period, as well as the speed of and
| oad on the machi ne can all contribute to the determ nation of a
suitable current curve in the corner w ndow. The
present invention can be put into practice in various ways, sone of
which will now be descri bed by way of exanple with reference to the
acconpanyi ng drawi ngs in which: 5 15 Figure 1 illustrates a
prior art reluctance machi ne; Figures 2A and 2B illustrate
choppi ng node control and single pulse control of a switched | |
rel uct ance nmachigize Sda)cehow|the typical priopy; gyt Akruny grapgition
swtching circuit foinl@urreaéntbetivdeny the artigesgeriopd)f inphddehw titk ng
of a swi t ched NG&H chisne; | QUES 44| @efcﬂg | C
di agram of an enbodiéééégééi .ﬁgi é%erfﬁvéﬁffgnFo_E . gf i?gure B
i |l ustrates w ndi ng RRageivinging.oang thed ramp period. Figure 5(b) shows
S the smooth transition effected according to the invention
in which a rounded current transition is made between the
active period and the generally linear ramp of the .
decaying current. The rounded current shaping is
effected'by the down counter decrementing the duty cycle
10 of the pulse width modulation in the corner window at a

. rate and over a period calculated or retrieved by the
- controller.

Referring again to Figure 4, the down counter 112 takes

15 in the pulse width modulation signal as the eight-bit

word on bus 108 and latches the value on every falling

edge of the output firing pulses whilst in the active

period. This is to ensufe that at the end of the active

period the latest pulse width modulation signal value is

20 loaded into the counter, ready to start being decremented

to produce progressively shorter pulses and so reduce the

motor current to form the rounded corner. The count rate

is effected by setting the required frequency in the

. controller and transmitting it as a countdown rate signal
25 on -bus 125 to the down counter 112.

The comparator 118 compares the decremented pulse width
with the end pulse width which is also sent as a
calculated value from the microprocessor on bus 116.

30 This produces the corner window period in which the
countdown rate is- decremented. The window starts at the
end of the active period and stops when the decremented
pulse width is equal to the end pulse width.



15 "Figure 6 illustrates a wi ndi ng current waveform accordi ng

t-o the invention. In the chopping node of a switched rel uctance
‘motor, the current is typically regulated to a desired level in an
20 active period of the overall cycle of operation, as

previously shown in Fig.2A. In the remaining part of the phase
period, the switches are non-conducti ng. Each phase is controlled
i n sequence in the same way in accordance with the i nput demand and
the | oad on the 25 notor. Wen the switches are non-conducting, any
current ~in the phase winding decays ovd¥ a finite period. The
invention provides a new way of addressing the transition fronlthe

active period in whigl I}lrnﬁetggi LSHES Hi%dow, the%ﬁ{ﬂm . ﬁﬂsegoc&%gil nvent i on

when the swi tches are no conduct . n U|t
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transition, |t IS nec
is done in such a way as to create a smooth transition of

current from the approximately flat-topped waveform in
the active period to the linear decay in the ramp period.
Because the height of the flat topped current and the
optimal gradient of the ramp will be likely to vary
10 throughout the speed and torgque ranges of a given motor,
‘the controller should have sufficient control over both
the period of the window and the rate at which.the pulse
width is decremented within the window. The corner
window is started at a falling edge of a firing pulse in
15 the active period, timed by the firing pulse trailing
edge on line 128. It finishes when the decremented
pulses reach a predetermined end value, set in this case
as an eight-bit word from the controller on the bus 116.
The frequency at which the firing pulse width is
20 decremented is also set by the controller as an eight-bit
word and sent to the counter 110 on bus 125. With these
two variables it is possible to control the corner shape
adequately over the entire speed/torque range.

25 The values of the length of the corner window and the
rate at which the down count is made can be determined
empirically. That is to say that at each of a set of
motor load points'the current wave shape is observed on
an oscilloscope using, say, a Hall-effect current probe

30 on the winding and the acoustic noise is either measured
in an anechoic chamber or appraised qualitively by ear.
It is then possible to compile a look-up table in the
controller to hold these wvalues. In, for example, a
washing machine drive, the design may only require noise



to determ ne the magnitude of the current near the end of the active
period and the rate of decay of the current in the ranp period in
order for it to be snooth. The ef fective magni tude of the current
and the slope of the 5 ranp are nerged snoothly by the invention to
avoi d an abrupt transition between themthat would ot herw se

provi de a source of potential vibration and acoustic noi se. 10
There are many known nethods of current regul ati on which can be used
to control the current during the active period. These nethods :

i ncl ude hysteresis control (where the clfrent is allowed to fall from
an upper bound to a | ower bound) and pul se wi dt h nodul ated (PWW)

cont ol 15 1 cul Mot Voeyel cedl e FUMSInaLyT Sufrd AR ¢ 0le.
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may be that linear approximation is not sufficiently
accurate. In this case, a best-fit polynomial could be
used, provided the controller is fast enough to compute
the required values in the time available.

15 It is also possible, using the circuit of Figure 4, to
modify the front end of the current waveform. This can
be done either in addition to or as -a replacement. for the
corner window shaping described above. The rising edge
of the waveform can be ’softened’ by adjusting the duty

20 cycle of the PWM signal to give a waveform as shown in

' Figure 6. This can also have benefits for the acoustic
performance of the drive system.

The invention has been described in relation to pulse

25 - width modulation for chopping control of the phase
windings. Other digital modulation schemes could be used
relying on a digital modulation information, e.g. pulse
amplitude modulation. Furthermore, an analogue
implementation of the invention could derive equal

30 benefit from the use of a corner window between the
active and inactive periods of a phase conduction cycle,
similarly computing a best £fit curve to smooth the
transition between the periods.



"active", "corner", "ranp" and "inactive" are discussed bel ow. A
rotor position signal is fed back froma rotor
13 position transducer 104 that is nounted to rotate with a
switched reluctance notor 106 to be controlled. According to
the error e, being the difference between t he demand i nput and the
actual output fromthe notor for 5 a given |load as derived fromthe
out put of the rotor position transducer 104, a pul se-w dt h nodul at ed
si gnal on a bus 108, froma pulse width nodul ator 110, is
adjusted in its duty cycle for the timed phast8 energi sation of the
stator w ndings of the notor 106. 10 The output of the pulse width
nodul ator 110 is supgl.ed . i gltal d ] 1 . jsNQ. a
magni t ude cor B‘ei.islplc;%nd?h% f‘%@%he og"utq'j'/&sgy]ﬁ% ?%g%h}%\ﬁﬁuﬁ%u% %4%%?%
conparator 112. |%iitde thed shopping made vigypSerm gxpmplified RpduheitRweY s
active for a given phase ¢ mltigt.lzal, the will HaUr c@ehxl F}Eﬁbmdultlixéflgaiﬁlﬁﬁ‘é%
energi sation, an activ i.gn i S t 0 [ o
controller 100 to thdeesecrgp%l%go&n & ta{‘r?d %%ca}n%lé'rgg%o%%fl}% o%%i;%q eé‘flggslﬂ’e
operation, so 5 well to the single pulse waveform of Fig.2B to round the
transition at the turn off angle.

Thus, while the invention has been described in
connection with the illustrative embodiments discussed
10 above, those skilled in the art will recognise that many
' variations may be made without departing from the present
invention. Accordingly, the above description is made by

way of example and not for the purposes of limitation.

15 The present invention is intended to be limited only by
the spirit and scope of the following claims.



that the output of the counter and conparator is an 20 unnodi fied form
of the pul se wi dth nodul at ed out put signal in the active period of a
cycle. The controller 100 al so generates an output that is a signal

i ndi cative of the end of the corner window on a bus 116, i.e. the
nonent when the corner shaping ends and the ranp down of 25 current is
begun. This is a digital word supplied to a conpar at or and
synchroni sation circuit 118. The digital word has a nagnitude that
is conpared with the magnitude of the pulse width word on bus 120
fromthe down counter 112 in the corned®w ndow. Thus, parity
between the two 30 digital words on buses 116 and 120 will cause an

out put fron1tE§ fggpar at or 118 indicative of the end of the

corner w ndow peri od: 14
The active signal fromthe controller 100 is al so recei ved by the

conpar at ;)r 118f t '?hdl pabl ey 'éuﬁr@nthéontrol c?iﬁ:tdu\iQ ESE" stWiEdHHd:Q'eluctance
cperl satlon of the RRSREdl i Shaying o Bohis BhdieliEn SRS BREERS
active period 5 earhl phase aipdpegi ofl the machénsmowhitly @fdl@cpetnpnsa'me
an active period in which an energising voltage is
applied across the phase winding to maintain a phase
current, a subsequent corner period, a subsequent ramp
period in which the current is reduced to zero in a
10 substantially linear manner, and a subsequent inactive
period in which the phase winding is not energised, the
circuit including control means operable to'produce a
current level signal for controlling the current in the
‘phase winding .according to the cycle, and operable to
15 determine the end of the active period and to control the
current in the corner period such that the current in the
winding is reduced according to a predetermined curve
before the ramp period. |

20 2. A circuit as claimed in claim 1, including a
modulator responsive to the current level signal from the
control means to produce a modulated output signal for
controlling the current in the or each phase winding.

25 3. A circuit as claimed in claim 2, including current
shaping means for varying the modulation of the output
signal.

4. A circuit as claimed in claim 3, in which the
30 control means are operable to enable the current shgping

means to vary the modulation of the output signal in the

corner period. '
[
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ot her paraneter of current shaping for a snooth transition between
the active and inactive periods is the count rate of the counter
112. 10 A multiplexer 122 is toggled fromtransmtting active

pul ses in accordance with control in the active period-te—————ctrrent—
shapi ng pul se width nodul ation in the corner Wi o by .t he qut ug of !
the conparator 118. The firing 15 signal s from bot i €
corner w ndow peri ods are supplied to protection

relays the out put of the nultiplexer 122 as a ilr

conventional switching circuit 126 for the maéfine. The prot ection

| ogi ¢ i ncludes a conparator which conpares a 20 signal representative

of winding current wsih o ldyeifie! ds claimed $HCbladd 418 bErESPIAIE the
exceeded, an excess current ifuat] on exists and e swtch |ng
the.notor is shut WedulafR, ’tsoapPBQ'/%‘PltW’diatthg\Q platae %st‘f alyhe torpgoduce
protection . | ogi pubse awijpithd modalatéd routpytulsdgnalai | i ng edge signal-

25 on line 128 which is used to synchronise the output of t he
down counter such that the variable pulse w dth nodul ation_signal in
the corner win@ow rufis onfsFbethty as claimedsipe fabm 3eoH At HnnﬂBﬁth FBa

in the active peri odcontB6l meankhare cipevabllecto coitrolheheasmansrgt ellaping
control hardware sdescr ati-?d oV, e t [ ??R%j t

as an - appl i cat;on sgém ﬂ%eﬁ%%e tglg%‘c{ﬁ%? t{T}%SI %‘Eﬁué 1 e
wel | known to the sRFPYLSe pdr Setativedyy,moot rrFsraé‘fsltmn in nphrenEREREF on
w |l be apparent to pbeiedibéewkgrernthencurrent in the active period and the

10 - current in the ramp period.

7. A circuit as claimed in any of claims 1 to 6 in
which the control means comprise a look-up table storing
a current curve profile for the current shaping means in

15 response to inputs, including at least one of the speed
of and load on the machine.

8. A circuit as claimed in any of claims 1 to 6 in
which the control means include processbr means operable

20 to compute a current curve profile for the current
shaping means in response to inputs, including at least
one of the speed of and load on the machine.

9. A circuit as claimed in claim 7 or 8 in which the

25 current shaping means include a counter, the control
means being arranged to supply a count rate signal to the
counter to set the counter count rate, and a signal
indicative of the modulated output signal in the active
phase, the output of the counter corresponding to the

30 current curve profile in a period determined by the
magnitude of the modulated output signal.

10. A circuit as claimed in claim 9 in which the control
means are operable to disable the counter during the

R
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Figure 5(a) shows the typical prior art abrupt transition In current
bet ween the active period, in which the _ chopped current is regul ated
to a desired level in the phase wi nding, and the ranp period. Figure
5(b) shows 5 the snmooth transition effected according to the invention
in which a rounded current transition is nmade between the active
period and the generally linear ranp of the 'ﬂgegay_ng__QULLenL_ The
rounded current shaping is : effected by the down counter
decrenenting the duty cycle 10 of the pul se_w (ﬂt”ﬂ’msrﬁbﬁuﬂa"tﬂ

corner wi ndow at a . rate and over a per@&d ¢al |eved by
t he controller. Referring again to F

counter 112 takes 153ctivd pddi®gPul se width nDduIatlon S|gnal as

ei ght-bit word on bus 108 and | atches the val ue on every falllng
edge of the output firing pulses whilst in the active period. This
is to ensure that atllhe Zndinfuitheamctlaimed in cheim 02 ohelbat dptclpdise

wi dth nodul ation si gpghiyg! :h@aﬁé 1?&pons1k:@a%d i ? cQQEEt 8F . th&aPY14&

start being decrenente produce ressive orter ul ses and
so reduce the ° ﬁg Brmedplated PB PBFn$%$é§¥wﬁﬁh8 E%r?ﬁﬁ €Count
rate Is effected by setting the required frequency in the

controller and tranSﬂhttIﬂgcﬁcaftaasowaqﬁ.wa 3l Cary 082! cZAims 10Tk PUE1 125
to the down counter 112

including a multiplexer operable toc derive the output
signal from the current shaping means and to disable the

10 output signal from the modulator at the end of the active
period.

13. A circuit as claimed in any of claims 1 to 11,
including a comparator, the control means being operable
15 ‘to generate an end signal, indicative of the pulse width
modulated output signal, corresponding to the end of the
corner period, the comparator being arranged to receive
the output of the counter and the end signal and to
transmit an end curve signal to remove the energising

20 voltage applied across the winding at the end of the
curve.

14. A circuit as claimed in any of claims 1 to 13 in
which the control means are operable to determine the

25 start of the active period and to enable the current
shaping means to vary the modulation of the output signal
at . the beginning of the active period ‘such that the
current in the winding is increased according to a curve
determined by the control means before a peak current is

30 reached to provide a relatively smooth transition between
the rising current at the start of the active period and
the peak current.
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The conparator 118 conpares the decrenented pul se width with the end
pul se width which is also sent as a cal cul ated value fromthe

m croprocessor on bus 116. 30 Thi s produces the corner w ndow period in
whi ch the countdown rate is decrenented. The wi ndow starts at the
end of the active period and stops when the decrenented pul se w dth
Is equal to the end pul se w dth.

16 During the corner wi ndow, the firing pul ses continue but

are nmde progressively shorter according to the shorteni ng duty
cycle of the pulse w dth nodul ated sign%?, thus | owering the current
in the wwinding. This 5 I's done in such a way as to create a snooth

transition of 1B 1 8NnkHBH) LR BRPEON] (1B Al Ll drRPRSH S'OURIQEA 1

the active period to the linear e%ﬁ% e ranp perio Because the
hei ght of the flat tSIMEFaRGPr BAThing hawing at 1G§FFnﬁPegPEﬁﬁﬁﬁﬂlﬁﬁlqﬂu%n
ranp will be likely vwhichacyriént fldvwe dughingt atpieaspeehdactdionr gqyele andes

of & given motor. cyele difipf0RLp! haction! febaue kilschRh SANL Ry e

bot h - the peri w_and the Tate_at which
width is decretent ed’%ttaﬁen ltshépﬁ}hﬁ%v\?cm%é'—b@oﬂ?éﬁe winding t° maintain

a phase current, a ramp period in which the current is
reduced to zero and a subsequent inactive period in which
the phase winding is not energised, the method
comprising: .
10 producing a current level signal;
regulating the current in response to the current
level signal in the active period;
determining the end of the active period; and
reducing the current in the winding in a corner
15 period, following the active period, according to a curve
before the ramp period. '

16. A method as claimed in claim 15, including deriving

a pulse modulated signal for regulating the current in
20 the active period.

17. A method as claimed in claim 15 or 16 in which the

current is varied in the corner period to provide a

smooth transition between the current in the active
25 period and the current in the ramp period.

18. A wmethod as claimed. in any of c¢laims 15 to 17,

including deriving a current curve profile in response to

at least one of the speed of and load on the machine, and
30 reducing the current according to the curve profile.

19. A method as claimed in claim 18, including supplying

a count rate signal to a counter in accordance with at
least one of the speed of and load on the machine,

A g



window is started at a falling edge of a firing pulse in 15 the active
period, tinmed by the firing pulse trailing edge on |ine 128. I t
fini shes when the decrenented pul ses reach a predeterm ned end
value, set in this case as an eight-bit word fromthe controller on
t he bus 116. The frequency at which the firing pulse width is 20
decrenented is also set by the controller 'as an eight-bit word and
sent to the counter 110 on bus 125. Wth these two variables it is
possi ble to control the corner shape adequately over the entire
speed/ t or que range. 25 The val ues of thé&3 ength of the corner w ndow
and the rate at which the down count is nmade can be determ ned

enpirica{ly That i a C se | oad
poi nts the current Wgt\}%i)eﬁg Set bélelg\e}c%‘ rded ‘gutput gsfctlﬂl"la' orzgtélglﬁgrﬂsﬁﬁd

say, a Hall-effect CE?-PB%YUHJ @0619931 1n43‘r¢attﬁéfemﬁ>ﬁcﬁh¢gm9ﬁ31?ﬁ%d sErentcin
noi se i s either neasyhed active periaad awc{aneCc@haaber EhedUtPuEehEf the

qualitively by ear. F?unt r ]}‘%“%‘{1&%'&1 bk:ﬁe i I‘ceurVe oogfgget%tljl e

in the contro ese ues or exa

washi ng machi n€ driveerieé @I%"sﬁlgﬂnﬁybwnwe rl@%ﬁﬂirteldﬁoPEethe current in the

17 active period.

20. A method as claimed in claim 19 in which the counter.
is disabled during the active period.

10
21. A method as claimed in claim 19 or 20, when
dependent on claim 16, including timing enablement of the -
counter to the trailing edges of the pulse width
modulated signal.

15 '
22. A method as claimed in any of claims 19 to 21,
including generating an end signal indicative of the
pulse width modulated output signal, corresponding to the
end of the curve; comparing the output of the counter

20 with the end signal; and tranémitting an end curve .signal
at the end of the curve.



reduction at a few set speeds for different | oads. Therefore, the
anmount of variable data can be |[imted to : the set speeds at the | oad
settings and then fixed in the ASIC. Typically, for each setting the
count rate and the 5 end count is adjusted until subjectively good

noi se reduction is achieved. Alternatively, it is possible to

cal cul ate the values at each load point in real tine from a set of

| i near equations derived fromthe set of nmeasur ed val ues derived
enpirically. In other systens it 10 may beyf hat |inear approximation is
not sufficiently accurate. In this case, a best-fit polynom al could
be used, provided the controller is fast enough to conpute t he
required values in the tinme avail abl e. 15 It is also possible, using
the circuit of Figu nodi fy the front end of the current
waveform This can hﬁgﬁggége d in addition to or as a replacenent
for the cor &R GoREAY F-goestradai Bl NS e i sj ng edge

of the waveform can be 'softened’ by adjusting the duty 20 cycle of the

PWM si gnal toggive & VBYPEQIM 8nBR8IN dikcuit ol ?U{ﬁg thlé_'aé Sr&A i

have benefits for the agoustic , erfornmance o rrve system,
The invention has b&8F BECPFBEHﬁ??IQQA%%FlSHanngu?%éﬂ§Send Rf gtRe active
nodul ati on " for chogppndgpctdonr period éfiea e in whichi bdenpBaséXniding
digital nodul ation sghenRs. d bgwus el Vi agdlgi 1
nmodul ati on informati %, e.'g.]'%%té]'seq‘h% %lsgnﬁjﬁt&dg%h{rlrgag?%t Fg#]ﬂké Fu ses_
Furthermore, an aff€g@Fadually ; refuchdt An ofuly ( R¥CLAyefPi oRbRlbultthe
derive equal 130 hrasigit ibhobetheensahf @urrenter ind sHewwiatddagn imhethe
active and inactive ,ad gpﬁp oqﬂgﬁﬁj C : im |
conputing a best fi ta%'b’\%e%tegfis??oo ﬁzﬁle% Yt Ufent in a Tanp &b
period is smoothed to reduce the forces leading to

vibration and acoustic noise.

'Figure 5b



transition between the periods.

18 Wil e the invention has been described in conjunction W th
t he choppi ng node waveform exenplified by the prior art of Fig.2A it
will be clear fromthe above description that the technique can be
applied equally 5 well to the single pulse waveformof Fig.2B to round

t he transition at the turn off angle. Thus, while the

i nvention has been described in coﬁzgction with the illustrative
enbodi ments di scussed 10 above, those skilled in the art will recognise
t hat many

vari-ati ons may be made w thout departing fromthe present
i nvention. Accordingly,

t he above description is nmade by way of
exanpl e and not for the purposes of

limtation. 15 The present
invention is intended to be limted only by the spirit and scope of
the followng clainms. .
oo
: - 17
19 '
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16 : 18
ol (.|
13

15
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19 CLAI Ms: 1. A current control circuit for a swtched
rel uct ance machi ne system havi ng a phase conduction cycle for the or
5 each phase w nding of the machine, which cycle conprises - an
active period in which an energising voltage is appl i ed across the
phase wi nding to maintain a phase current, a subsequent corner
period, a subsequent ranp period inywyRich the current is reduced to
zero in a 10 substantially |inear nmanner, and a subsequent inactive
period in which the phase winding is not energised, the circuit

i ncl udi ng control neans operable to produce a current |evel signal
for controlling the current in the phase w ndi ng according to the
cycle, and operable to 15 determ ne the end of the active period and to
control the . current in the corner period such that the current in

t he wi nding is reduced according to a predeterm ned curve

before the ranp peri od.
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20 2. A circuit as clainmed inclaim 1, including a

modul at or responsive to the current |evel signal fromthe contro
nmeans to produce a nodul ated out put signal for controlling the
current in the or each phase w ndi ng. 25 3. Acircuit as clained in
claim 2, including current shapi ng neans for varying the nodul ation
of the output si gnal . 4, circuit as clainmed in claim3,
in which the 30 control neans are op€rable to enable the current
shapi ng means to vary the nodul ation of the output signal in the
corner period. 20 5. A
circuit as clainmed in claim3 or 4 in which the : control neans
conprise a | ook-up table storing a current curve profile for the
current shapi ng neans in response ] to inputs, including at |east one
of the speed of and 5 + | oad onéi 6. Acircuit as
clainmed in claim3 or 47 } | means i nclude processor
nmeans operable to conpute a curreht cuqve profile for. the current
shapi ng nmeans in 23

A-35




10 response to inputs, including at |east one of the speed of
and | oad on the machi ne. 7. Acircuit as clainmed in any of clains
3 to 6, including a nmultiplexer operable to derive the output 15
signal fromthe current shaping neans and to disable the out put
signal fromthe nodul ator at the end of the active peri od.

8. Acircuit as clained in.any of clains 3 to 7 in 20 whi ch the
control neans are operable to determne t start of the active
period and to enable the curpent shapi-hg—eans—toeqvary the

nodul ati on of the ouI:ﬁﬁLsig1pl at the Beglnnlng df the active
period such that JfM In thefwinding 13 i ngreased accordi ng
to a curve 25 [m ned by t means beflorgla peak current is
reached to provi ge—a—sbl aMiLRDy s| sitP&ﬂWbetmeen the rising
current at the stlart of the actiy [ t hel |peak current. 30
9. Acircuit a§ §Ta ped in _any ‘Pfr ' 3 to 7. whi ch the

control neans arg dqperablle tp control the 1Fz cuanptvsﬂaging means to

vary the nodul atifon g5 L'\flll-i-output Si prOV|de a relatively

snooth transition iiln the corner perip etween thg current in the
active L ' '
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21, period and the current in the ranp period. 10. A

circuit as clainmed in any of clains 3 to 9 in whi ch-the current
shapi ng neans include a counter, the 5 control neans being arranged to
supply a count rate signal to the counter to set the counter count
rate, and a signal indicative of the nodul ated output signal in the
acti-ve phase, the output of the counter cosiyésponding to t he current
curve profile in a period determ ned by the 10 magni t ude of the
nodul at ed out put S|gnal 11. Acircuit as clainmed in claim10 in
whi ch the co MRAN ' i 4 | aduring
the active period. 11,

i ncl udi ng ti i ng neans respon3|ve tCfgtraili ng edges of thefpul se

ounter. 20 13.
in whi ch the
produce a pul se w g
gt as clainmed in a
he control neans gbei ng
ative of the pul
1 of the

wi dt h nodul at ed out put signal to enable the
circuit as clainmed gn any of clains 2 to 12,
is a pulse width noflul at or operabl e t d
nodul at ed out put sifgnal . 14. A circh
claims 1 to 13, 25 ~including a conparator,
oper abl e tofgenerate an end signal, indi
nodul at ed out put sifgnal, corresponding to the e
period, the cogpardtor being arranged to receive

counter and the end signal and to
FG 5a

ACTIVE

~ CORNER

bime

FIG 56



30; transmt an end curve signal to renpve the energising | vol t age

applied across the winding at the end of the curve.

REPLACEMENT SHEET 22

15. A nethod of controlling the current in a swtched rel uct ance
machi ne having at | east one phase winding in whi ch current flows
during a phase conduction cycle, the 6 fo/Cl e conprising an active
period in which an energising 5 voltage 'is applied across the phase

wi nding to maintain a phase current, a ranmp period in which the
current is reduced to zero and a subsequent inactive period in which
the phase winding is not energised, the nethod conprising: 10
producing a current | g WaTee - ' ge current in

response to the curre AR T eri od;
determning the end of B

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



QIvUN~F

reducing the current in the wnding in a corner 15 peri od, folle 19 o é
the active period, according to a curve - before the ranp perloﬁb ry
16.° A nethod as clainmed in claim15, including deriving a pul se
moddl at ed signal for regulating the current in 20 the active period.

17. A nethod as clained in claim15 or 16 in2fhich the current is
varied in the corner period to provide a snooth transition between

the current in the activ period. and the cu&rent in the ra eri od.

18. A nethod as cl af med |ﬁlgﬁyﬁﬁ 35 FHalNed dny flaim 3 ox ¢ imj Which the

deriving a current conveopraéiahe compeapenselbok up tabdle Istastingnea eurirbat

speed of and |oad opthe pRahiie, A AR corfafloLignifle GULLEN-2Geardhng

to the curve profilé
i ncl udi ng supplylngto 1npun§mxnmnlm@;@gsagn&eastepngunfemhewsmngddaﬁcend
. With at 5 | easio98€ohf thRemapregthedf and load on the nachine,

6. A circuit as claimed in claim 3 or 4 in which the

control means include processor means operable to compute

a current curve profile for the current shaping means in
10 response to inputs, including at least one of the speed
| of and load on the machine.

7. A circuit as claimed in any of claims 3 to 6,

~ including a multiplexer operable to derive the output
' 15 signal from the current shaping means and to disable the
output signal from the modulator at the end of the active

period.
8. A circuit as claimed in any of claims 3 to 7 in
20 which the control means are operable to determine the

start of the active period and to enable the current

shaping means to vary the modulation of the output signal

at the beginning of the active period such that the

current in the winding is increased according to a curve

25 determined by the control means before a peak current is

W reached to provide a relatively smooth transition between
the rising current at the start of the active period and

the peak current.

30 9. A circuit as claimed in any of claims 3 to 7, in
which the control means are operable to control the
current shaping means to wvary the modulation of the
output signal to provide a relatively smooth transition

in the corner period between the current in the active

‘REPLACEMENT SHEET
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23 , thereby setting the count rate output of the counter, and

suppl ying a signal indicative of the nodulated current in the active
period {0 the counter, the output of the counter corresponding to
the turrent curve profilein ab peri od detg{nined by the magnitude -of
the current. in the active period. 20. A nethod as clai ned
in claim19 in which the counter I s disabl ed during the active
period. 10 21. t cl.al [ l,ai m.19 ar 20,.when

dependent on cl ai m %g,éiogl%}?a‘?n%% iérﬁ%lgg&a%f g%%trad?p fRFIOd T counter to
the trailing edges of the pulse width nodul at ed signal. 15

22. A method as clahged i 80¥cAicClal E1dind® 2 any of LRGIMEINO co o in
generating an end signal 1ndicative of the pul'se w dt h" nodul at ed
out put signal, corré&@dﬂﬁi%@etéuFﬁént shapigagq nganseinehyde @ompuntey.t ke

out put of thegcount @orddol ndahd theifgd HhaYed AR tHAPIY t bi Nk eRdte
curve signal at the end .of the curve.
signal to ;he counter to set the counter count rate, and
a signal indicative of the modulated output signal in the
active phase, the output of the counter corresponding to
the current curve profile in a period determined by the

10 magnitude of the modulated output signal.

e 11. A circuit as claimed in claim 10 in which the
. control means are operable to disable the counter during
[ the active period.
15
12. A circuit as claimed in claim 10 or 11, including
timing means responsive to trailing edges of the pulse
width modulated output signal to enable the counter.

20 13. A circuit as claiﬁed in any of claims 2 to 12, in
which the modulator is a pulse width modulator operable
to produce a pulse width modulated output signal.

14. A circuit as claimed in any of claims 1 to 13,
25 including a comparator, the control means being operable
to generate an end'signal, indicative of the pulse width
modulated output signal, correspondiﬁg to the end of the
corner period, the comparator being arranged to receive
the output of the counter and the end signal and to
30 transmit an end curve signal to remove the energising
voltage applied across the winding at the end of the

curve.
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