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i nvention relates to the control of swtched reluctance nmachines,
particularly those machi nes which are operated without a sensor to neasure
5 rotor position. In general, a reluctance¢ nmachine is an electrical machine
in which torque is produced by the tendency of its novable part to nove
into a position where, the netic circuit is mnimsed,
i.e. where the ind NI RO Nl b dLk AU I NGE A GEINES | n one
type of reluctance nmachine, the energisation of the phase w ndings occurs
at a controlled frequency. This type is generally referred to as a
synchronous rel Mo [ b operated, ag a nmotor or a
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rel uct ance mac iPE posttpener al |y known as a switched reluctance machine and
it may al so be operated as a notor or a generator. The characteristics of
such swi tched reluctance nachines are well known and are described in. for
exanpl e. "The ¢hagRelAl hSteliisa | nd_ appl i .cation of 20 switched
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exciting winding is maximised. . In one type of reluctance machine, the

energisation of the phase windings occurs at a controlled frequency. This type

is generally referred to as a synchronous reluctance machine, and it may be

operated as a motor or a generator.  In a second type of reluctance machine,

circuitry is provided for detecting the angular position of the rotor and

15 energising the phase windings as a function of the rotor position. Th-is_ sécond
type of reluctance machine is generally known as a switched reluctance
machine and it mav also be operated as a motor or a generator.  The
'characteristics of such switched reluctance machines are well known and are
described in. for example, *The characteristics. design and application of

20 switched reluctance motors and drives” by Stephenson and Blake, PCIM*93,
Niirnberg, 21-24 June 1993, incorporated herein by reference.  That paper
describes in some detail the features of the switched reluctance machine which
together produce the characteristic cyclically varving inductance of the phase
windings.

25

Figure 1 shows the principal components of a typical switched reluctance drive

system. The input DC power supply 11 can be either a battery or a rectified and



Figure 1 shows the principal conponents of a typical swsigeRgthidplbygsance
drive system The input DC power supply I | can be either a battery or a
rectified and 23 Septenber 2003 2 filtered AC supply and can be fixed or
vari able in magnitude. In sone known drihves, the power supply 11 includes
a resonant circuit which produces a DC voltage which rapidly varies

bet ween zero and a predeterm ned value to allow zero voltage sw tching of
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The rotor position detector 15 may take many forms, for example it may take
the form of hardware, as shown schematically in Fig.l. In other systems, the
15 position detector can be a software algorithm which calculates or estimates the
position from other monitored parameters of the drive system.  These systems
are often called “sensorless poéition detector systems” since they do not use a
physical transducer associated with the rotor which measures the position.  As
is well known in the art, many different approaches have been adopted in the

20 quest for a reliable sensorless system. Some of these approaches are discussed

below.

The energisation of the phase windings in a switched reluctance machine
depends on detection of the angular position of the rotor. This may be
25 explained by reference to Figufes 2 and 3, which illustrate the switching of a
reluctance machine operating as a motot. Figure 2 generally shows a rotor

24 with a rotor pole 20 approaching a stator pole 21 of a stator 25 according to



depends on detection of the angular position of the robgiseptHiiser8y3 be 25
expl ai ned by reference to Figures 2 and 3, which illustrate the sw tching
of a reluctance machine operating as a notor. Figure 2 generally shows a
rotor 24 with a rotor pole 20 approachiRg a stator pole 21 of a stator 25
according to 23 Septenber 2003 3 arrow 22. As illustrated in Figures 2 and
3, a portion 23 of a conplete phase w nding 16 is wound around the stator
pol e 21. Wen artoav B3r AisaHugteated if méguramazanmodi;ﬁmia@zarcﬁlwéorﬁfnﬁwph&%' e 21
is energised, a force will be exerted on the rotor, tending to pull rotor
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'S machine is energised in the manner described above, the magnetic field set up

by the flux in the magnetic circuit gives rise to the circumferential forces which,

as described, act to pull the rotor poles into line with the stator poles.

15
In general, the phase winding is energised to effect the rotation of the rotor as
follows. At a first angular positibn of the rotor (called the “turn-on angie™, Boy).
the controller 14 provides switching signals to turn on both switching devices
31 and 32. When the switching devices 31 and 32 are on, the phase winding is
20 coupled to the DC bus, causing an increasing magnetic flux to be established in

the machine. The magnetic flux produces a magnetic field in the air gap which
acts on the rotor poles to produce the motofing torque. The magnetic flux in the
machine is supported by the magneto-motive force (mmf) which is provided by
a current flowing from the DC supply through the switches 31 and 32 and the
25 phase winding 23.  Current feedback is geﬂerally employed and the magnitude
of the phase current is controlled by chopping the current by rapidly switching

one or both of switching devices 31 and/or 32 on and off. Figure 4(a) shows a



20 coupled to the DC bus, causing an increasing nagnet 28 Skbtexnbed 2083
established in the machine. The magnetic flux produces a magnetic field in
the air gap which acts on the rotor poles to produce the notoring torque.
The magnetic flux in the machine is supgorted by the nagneto-notive force
(mf) which is provided by a current fldwing fromthe DC supply through
the switches 31 and 32 and the 25 phase w nding 23. Current feedback is
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<

31 and/or 32 df “ARBPY Petwrey e fized)lewiond namadrideptemtan, 200Gird-ohypigtal
current waveformin the chogpi rgjg node of operation, where the current is
chopped bet weetPt o Rk ERPSERR (0L the Forrst Rasitien swsratheopentrenking of andntesngl e

90N i s often t |4 Qn. where.t he.centre-line of an
inter- pol ar gﬁ;}ggigboéﬁgtoﬁghé Etﬁ%{ gi agfggg ?é{rﬁ}tgﬂﬁlﬁ (fq{l?rteﬁlénec%? F@Eqriﬂ?ée’ Utnay at or
pol e, butsnmay bdshige stigeargdl€er angle. In many systens, the phase w nding
remai ns connected to the DC bus (or connected intermttently if chopping
is enployed) until the rotor rotates such that it reaches what is referred
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exanpl e 32) and through only one of the diodes 33/34 (in this exanple 34)
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off. Consequently, the current flowing through the phase winding will
continue to flow, but will now flow through only one of the switches (in this
example 32) and through only one of the diodes 33/34 (in this example 34).

15 During the freewheeling period, the voltage drop across the phase winding is
small, and the flux remains substantially constant. The circuit remains in this

freewheeling condition until the rotor rotates to an angular position known as

the "turn-off angle", Bqfr. (e.g. when_ the centre-line of the rotor pole is aligned
with that of the stator pole). When the rotor reaches the turn-off angle, both
20 switches 31 and 32 are turned off and the current in phase winding 23 begins to
flow through diodes 33 and 34. The diodes 33 and 34 then apply the DC
voltage from the DC bus in the opposite sense, causing the magnetic flux in the
machine (and therefore the phase current) to decrease. It is known in the art to
use other switching angles and other current control regimes.
25
As the speed of the machine rises, there is less time for the current to rise to the

chopping level, and the drive is normally run in a “single-pulse” mode of



freewheeling condition until the rotor rotates to an apggepfenitfefbbbpn known
as the "turn-off angle", 0 OFF. (e.g. when the centre-line of the rotor
pole is aligned wth that of the stator pole). Wen the rotor reaches the
turn-of f angle, both 20 switches 31 and 32 are turned off and the current
in phase winding 23 begins to flow throfigh di odes 33 and 34. The diodes 33
and 34 then apply the DC voltage fromthe DC bus in the opposite sense,
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the chopping mode or in the single-pulse mode. Most of the methods which

are suitable for operation in the chopping mode use diagnostic pulses of some

sort which are injected into an idle phase winding. By muonitoring the result

15 of these pulses', the control system is able to estimate the rotor position and

hence determine when the main excitation should be applied to and removed

from the phase windings.

One well-known implementation of this approach is described in “A new
20 sensorless position detector for SR drives” by Mvungi er al. Proc PEVD Conf,
IEE Pub'n No 324, London. 17-19 July 1990, pp 249 — 252. This uses a region
of the rotor cycle when the phase would otherwise be idle. Pulses are injected
at a frequency which is high compared to the rotor speed — the paper suggests a )
frequency of 3.3kHz is possible for the power switches being used. This
25 appears to be a trade-off between loss in the switches and the desire to obtain as
much position information as is possible during the window of opportunity

when the phase is not required to contribute to torque production.
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machi nes present invention is generally applicable to switched reluctance machines

operating as motors or generators.

According to the invention there is provided a switched reluctance drive
15 comprising a reluctance machine having a rotor, a stator and at least one phase
winding, a controller for controlling the output of the machine and means for
injecting diagnostic pulses into at least one of the phase windings for rotor
position detection, the controller being operable to determine the position of the
rotor relative to the stator according to an effect of the diagnostic pulses and to
20 actuate the means for injecting according to a variable frequency to reduce the

perceived noise emitted from the drive.

The invention allows the buzz associated with the diagnostic pulses to be
concealed within other events associated with the switching of the reluctance
25 machine. The energy actually associated with the pulses may not be reduced,
but the perception is that they have been removed. Thus, the operation of the

machine becomes less objectionable to the human ear.



operating as notors or generators. According to the i n22Septemkeh20@3 i s
provided a switched reluctance drive 15 conprising a reluctance machi ne
having a rotor, a stator and at |east one phase winding, a controller for
controlling the output of the machine and nmeans for injecting diagnostic
pul ses into at | east one of the phase windings for rotor position
detection, the controller being operable to determ ne the position of the
rotor rel ativelhointestion aor baemangéchyp varyahe éfehieaicyoh reheiofitago®@s sheed
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pul se frequency w ot or
with rotor speed may be made gradual to avoid any abrupt change between the
two.

The invention also extends to a method of reducing the noise emitted from a
15 switched reluctance machine comprising: controlling the output of the machine
by the energisation of the phase windings according to the pésition of the rotor
relative to the stator; injecting diagnostic pulses into at least one of the
windings; determining the rotor position from the effect of the diagnostic

pulses; and varying the frequency of the pulses to reduce the perceived noise

20 emitted from the machine.

The invention can be put into practice in a number of ways, some of which will

now be described by way of example, with reference to the accompanying

drawings in which:

2
W

Figure 1 shows the principal components of a conventional switched reluctance

drive system;

Figure 2 shows a schematic diagram of a rotor pole approaching a stator pole;



10 Furthernore, the transition between constant freque@sBeptethbdareqo®ncy
variable wth rotor speed may be nmade gradual to avoid any abrupt change
between the two. The invention also extends to a nmethod of reducing the
noi se emtted froma 15 sw tched reluct%Pce machi ne conpri si ng:
controlling the output of the machine by® he energisation of the phase

w ndi ngs according to the position of the rotor relative to the stator;
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the rotor position fromthe effect of the diagnostic pulses; and varyin
t he frequency eokrgibaiquuésthe pheseretulirgst dfe thremaehinedf Bipusel; 20 enmitted from

t he machi ne. e inv ion,c be put into practice in a nunber of ways,
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Sept enmber 2003 8 Figure 3 shows typical switching circuitry in a power
converter thatiegomsier & mashineapsrajed acdosdingfto theinyhasen;wi ndi ngs of the

machi ne of Figure L, Figu 4(a) and.4(b), j.lluystrate typical current
wavef or s of lgwe[scqghgnci gfq}csﬁ“gg‘?'cgosﬁmiééglﬁﬂg? P t]w,q.e% mﬁpgﬁaggoséwcpulse
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profiles and possible pulse injection regions for a nmachi ne operate
accordi ng to tiheemthamgnti on; Figures 6(a) and 6(b) show possible
rel ati onls({li ps bet vvegn t he di agnostic pul se ) L
- igure 7 shows an approximation to the relationships in Figure 6 which can be

easily generated in a microprocessor;

Figure 8 is a schematic block diagram of a first embodiment of the invention:

and

Figure 9 is a schematic block diagram of a second embodiment of the invention.
15
As described above, when a switched reluctance machine is operated in
chopping mode at very low speeds (either motoring or generating) the
eXcitation is typically applied to each phase winding in turn for haif the period
of the cyclical inductance variation, as shown schematically in Figure 5 for
20 motoring operation. When the phase is not being excited in order to produce
torque in the required direction, it is in its so-called “idle” mode and it is
possible to use this period of time to interrogate the phase by injecting
diagnostic pulses and measuring some parameter of the response. For example,
by using the power switching available for controlling the machine to apply
25 voltage pulses to each idle phase, the winding current can be monitored. The
current is a function of the position of the rotor poles relative to the stator poles

and, from this, the rotor angle can be derived from a look-up table. The pulses



frequency and the rotor speed for a control system opermBegtea®epp0dNg. to
the invention; 10. Figure 7 shows an approximtion to the relationships in
Figure 6 which can be easily generated in a mcroprocessor; Figure 8 is a
schematic bl ock diagramof a first enbodigrent of the invention; and Figure
9 is a schematic block diagram of a second enbodi nent of the invention. 15
As descri bed above, when a switched reluctance nachine is operated in
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period of thea‘@ Ll duct ance -vari ation, as shown schematically in
Figure 5 for 20 notoring operation. Wien the phase is not being excited in
order to produce torque in the required direction, it is inits so-called
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switches for that phasg, eg 31 and 32 in Figure 3. One enbodi ment of the
i nvention achi 1@3:"65?%% ér ar%xﬁﬁq AgMEtete ped regular aspessment of rotor position to be
10 made. The number of pulses required for stable machine control is discussed |
below. Clearly there are limits to the range of diagnostic pulse frequency. If
the rotor speed tended towards zero and the pulse rate were proportionately
reduced, the rate of information would also tend to zero and control of the
system would be lost. At the other end of the range, if the rotor speed were
15 very high. the switching rate required for the pulses might be outside the
capability of the switches or the processing speed of the processor, or the
associated switching loss mighfbe excessive. It is therefore preferable to lock
the diagnostic pulse frequency to the rotor speed only over a predetermined
speed range. This is shown in Figure 6(a). where the diagnostic pulse
20 frequency varies between chosen minimum and maximum bounds, and is
directly proportional to rotor speed within these bounds. Figure 6(b) shows a
modification of this where there is a smooth transition of the pulse frequency
from a fixed frequency to one changing with rotor speed at the upper and lower
frequency bounds to avoid abrupt changes in frequency as the rotor passes
25 through the beginning and the end of the range in which pulse frequency

changes with rotor speed. This modification may be beneficial in some drives.



5 selecting the frequency of the diagnostic pul ses to bg supmphidrRogsof the
rotor speed. A series of pulses 40 injected at a particular frequency for a
given rotor speed is illustrated in Figure 5 for the idle node of phase A
This is illustrative only. Each phase wd!| preferably include a nunber of
di agnostic pulses in each idle node for a nore conplete and regul ar
assessnent of rotor position to be 10 nade. The nunber of pul ses required
for stable machihae beonfowid that diesowss bdundéd the. mEtecimipattanb @i praatiee) difed s to
t he range of diagnostic, pulse frequency. If _the rotor speed tended towards
zero and the ptbffggprsﬁ?"él %@C%F%@lﬁ?h‘éﬁﬁ ainyin ehoppieis geherallitmoddst. A

i nformation . control_ of the stem I e
lost. At t hemgépﬁg?ﬁéeﬁ%%e?ﬁ? (I)*lllegr?’ gﬁgag?%l%htﬂheeu?egt%wg%% %PEH%\S%P@H% gh.
the swi tching blaheingsau & Gdglietcyl WAIBUSSES (oSS RUAHTe LreHBRABE 1 1Y
of the switches or the processing speed of the processor, or the

associ at el swi $@hreigminsn fhegpertiva efxibesgapte of Fig.b)tdigbpdtiea piretenshl e t o
| ock the di agnqst.i lLse frequency to,the rotor speed only over a
pr edet er mi nedgze§8€8% (ﬁgcrglagge ‘f’ﬁ'i%sml{ PrEM fiyﬂlcﬁf Bﬁlﬁ%%@aﬁﬁf}cw\w‘ér@ﬁ pkrotor

di agnostic pul ﬁﬁe@%&ﬁl&%eﬂ@ym‘%r3-?2?@5%31’?1&@%% 3 Toltirith t%ﬂgol@)gnguz{n

bounds, and is directly proportio to rotor s wthin Se” bounds.
Fi gure 6(b) shaweravitimbtpdélecati on of this where there is a snooth

transition of the pulse frequency froma fixed frequency to one changi ng
with rotor speed at the upper and | ower frequency bounds to avoid abrupt

changes wp fre : ‘ es. 25 through t he begi nni.ng and,t he
end of t%g ranlg&e{eal%rg?n ngéigt&@gsgﬁ; Pgt%aeéﬁc%‘} sectf:.eaqyixgg W(i]ﬁ’t?‘bﬁjﬁgéi) ok TS
modi fi cati on npjgupe7berifid BigthefafedsROM HE eXffessids: Sept ember 2003 10 It has
been found that the |l ower bound is the nore inportant in practice, since

Pulse rate = 107/(15000 — 7.156w) (1)

{5 where @ is the rotor speed in rev/min. The constants used in equation (1) were
derived for a three phase, twelve stator pole/eight rotor pole reluctance
machine. It will be appreciated by the skilled person that the constants could be

- suitably varied for other machine arrangements. The generalised formula from

the above expression is:

20
Pulse rate = A/(B-Ce
The expression can be readily evaluated by, for example, a microprocessor in
the control system of the machine and the result fed to a pulse generation
25 circuit.



the top speed at which the nmachine is run in chopping 3 SgeteettarPg0Iodest .
A preferred systemfor a 3-phase nmachi ne uses a m ni num frequency of
600Hz, blending into a frequency which is 2.5 tines rotor speed above a
threshold of 5 400 rev/imn. In the portion of the graph of Fig.6(a) or (b)
with a linear non- zero rate of change wkh rotor speed a typical pulse
frequency per unit of rotor speed would be 2.5 for a 3-phase nachine

havi ng a rotor orwth 12.poles..10 An alternative
rel at igonshi p b2 &%@6@25@‘?‘3@%‘2#&@% crl%\%eofn gﬁécgloaqysog%lg%emﬁoélm%e 7.
This i s generasfedhér pivehtion expr @eSi@plenRM&® i5 aliRisTarkl/ (iﬂ-5p%gre7 L5PWhsd 1)
|5 where co is the rotor speed in rev/nmn. The constants us I n equati on
(1) were derisxdperantshavingdikshpasts, as thel sanventional drolecineFigte f odrorgival e
rel uctance chine. It wl reciﬁlt ed by the skilled person that the

| be . .
constants coul KHECICETRCE IBIFralsy i Bhey il grohde” descrbr@ farthembrirentiace e
general i sed foy £ oMsobibg d ' I S0 u r =
A(B-C(..) i Th?%e%;%ressisgn caﬂ&@éﬁﬁégﬁﬁf‘%@%ﬂuzﬁ é"gﬁbﬂé h§q tg‘égmn& fotor,
ni cr opr ocessor position transincer bf ofFipuestt hbs béwh mavede and the result fed to
a pul se generation 25 circuit. 23 Septenber 2003 Il An exanple of a
switched reluctance drive in which any of these enbodi nents of the-

invention can g, i IR SMRALEHleE 1d lpyosvti&east §rea in'éI "8 BurrlhPSS one of the
windings 16 to a controller 50. Similar transducers arranged in relation to the

10 others of the three phases would be provided on an actual machine.

As part of the control regime, while the machine is running the controller 50
will compute a value for the rotor speed conventionally from rotor position
information. When the next phase (say phase A) into which the diagnostic
15 pulses are to be injected is determined to be in its idle mode, the controller 50
applies the current rotor speed value to a pulse frequency generator 52 which
responds with a pulse frequency value for that speed according to Figure 6(a),
{b) or Figure 7. The pulse frequency generator may take any one of a number
of forms, but in this embodiment is a look-up table in which pulse frequency
20 values are addressed using rotor speed as the ordinate. Another form is
processor-based real-time calculation. The pulse frequency value is used by
the controller 50 to configure the output of a pulse generator according to the
pul.se frequency. The output of the pulse generator determines the period
between pulses and, at the points in time so determined, the controller actuates
25 the switches appropriate to phase A to inject diagnostic pulses into the phase A
windings. The resultant current is sensed by the current transducer 18 and the

rotor position is then computed by the controller as referred to above using the



conponents having |like parts as the conventional drive28Sepicgibee2003r e
given |like reference nunerals. They will not be described further here.
Since the 5 drive uses sensorless rotor position detection, it will be
noted that the rotor position transducer 15 of Figure 1 has been renoved.
The current transducer 18 provides a redding of the current in one of the
windings 16 to a controller 50. Simlar transducers arranged in relation to

the 10 other Cud eIk g : u vi de ctual machi ne.
As part of thgoog{)l#%rg? re%?nrregpﬁl\%ﬁisrloéwt %@l%caﬁéeﬁehﬁgs&%%m gg(t)'ﬁ’é(%%‘i‘? r‘gfll | er
50 will conpuotmee aral flex.f or the rotor speed conventionally fromrotor
position information. Wen the next phase (say phase A) into which the

di agnostic 15 pulses are to be injected is determned to be inits idle
node, the con | | er pLies the current rotor speed value to a pul se
frequency geng?‘gt%orm%ﬂig\r/\hal @h*ur}cﬁgB&F&SrWE A S SHUYS 5¢ &'éﬁi?é%&QmsPQPE’étsf‘ér
that spegd acppngeng. to RKiDupe Hpddciated By e FAWE pérsofD ency
generator nmay '?galge any one of a nuntl)aé? o};‘ f%rsms, bgtrsion @ﬁ?g gﬁ%{é‘%fﬁfgf%{nt is
a | ook-up tabimplemestatoin pliltbie ¢mbodieray vafild deups ther éorad difess agplicdtivg

rotor speed as the ardinate. Another formis processor-based real-tine
cal cul ati on. ‘*‘rﬂ%ﬂﬁﬁﬂg@gwggﬁgﬁw (?/‘gﬂg}e Of & [HYQPIAFesIoRavisht Wil insormwateo

conf i gur e t hegubpube AksAnRiliss AEASRALOY, AGCRA G L0 the pul se

|

frequency. The output o pul se gener at or erm nes the period between
pul ses and, at the points in time so determ ned, the controller actuates 25
the switches appropriate to phase A to inject diagnostic pulses into the
phase A lOwi ndimdke embedimants phihe inyentéon described ebovdyyhe Hmgrnostieptlses are

et 108 B R L RSB Bt R0 S
though it would be expected that the stator deformation due to these pulses
would be the same as before, linking the timing of the occurrence of the pulses
to the dominant noise-producing events in the cycle (for example making the

15 frequency of the pulses a multiple of the frequency of those events) has the
effect of masking the noise associated with the diagnostic pulses. The net

result is that the machine is perceived to be significantly quieter.

An alternative embodiment of this invention uses a pseudo random modulation
20 on the frequency of diagnostic pulses. By choosing a base frequency, say
around 2.5kHz. the period between successive pulses may be modulated so that
there is no constant frequency of acoustic noise presented to an observer. This
is a form of frequency hopping across a bandwidth. The pulse frequency may
be modulated in a number of ways, but for an economic solution the
25 computation involved should be relatively simple and fast. A particular

embodiment which meets these requirements makes use of a mathematical



| ook-up table 56 in which rotor angle values are stored3Geptepsbeprdomat es of
current and flux. The controller and function generator are shown as

di screte conmponents in 5 Figure 8. It will be appreciated by the skilled
person that a convenient inplenentation of this enbodi ment would be in the
formof an application specific i ntegralh’éd circuit (ASIC) or a

m cr oprocessor which will incorporate various of these functions in

software to tenaRiiPwRRM gl hiRutb farkithotlLARRESWRhintNigobavent [ on descri bed
[T o u&

above, the diagnostic pulses are sti t he magni whi ch woul d have

been used on a prior art system and though it would be expected that the
stator deformation due to these pul ses would be the sanme as before,
linking the timing of th@oTclifRerfed B¥Cthe pul ses to the(Zoni nant
noi se- produci ng events in the cycle (for exanple nmaking the 15 frequency of
the pulses a multiple of the frequency of those events) has the effect of

maski ng the ndite fiassioal isttaibnvibmh pdpe 20RBACNUIrRY ReSpes tECNely PFRSYIL 1S
that the machine is perceived to be significantly quieter. An alternative
enbodi ment of @:hpublishednby drambedge Waizarsityr Bredan 98%iul By i weing 2@poopridte

frequency of diagnostic pul ses. By .choosjng a e frequenc ay_ar ound
2 Ske, The pdrldd bbebe gl A 8 o8 Pt e S AT e $6 mRGEon
there i s no copsiank ifteetYentthrly astskid i \Q bserver.
This is a form of frlquency hopp){ ng gﬁfcrt%glsrpgh%g’r\{g\f/m&%frﬁhggrﬂtéggg?%ﬁe)
frequency may be nodul ated in a nunber of ways, but for an economc
solution the 25 conputation involved should be relatively sinple and fast.

A partidl ar TdeoBariad nbetwser Hsussetstver pulses risthien emodulatedibys applying the
mat hemat i cal ggmﬁﬁﬁtn%%%rrs _2003 13

Period = ran/D + E (3)

15 Suitable selection of values for the integers D and E will vary the period relative
to the base frequency. For example with a base frequency of 2.67kHz, using D
= 8 and E = 2850 varies the effective frequency from 2.15 to 3.51kHz, whereas
using D = 16 and E = 2850 yields a higher frecluency band of 2.67 to 3.51kHz).
Those skilled in the art will appreciate that the availability of the five integers A

20 to E gives a verv flexible systém which can be tailored very easily to a

particular application.

Figure 9 illustrates an example of a switched reluctance drive in which the
pseudo-randomly varying pulse frequency embodiments of the invention can be
25 put into effect. As with Figure 1 and Figure 8, like components are given like

reference numerals.



function which gives pseudo random nunmbers within a rapySeptehmar 203 an * A
+ B)/C (2) 5- This function is taken from page 209 of "Nunerical Recipes in
C'" by Press et al, published by Canbridge University Press, 1988. By using
appropriate values for the constants ( A = 967, B = 3041 and C = 14406)
the function produces integers uniform’y distributed in time over the
range O to 14405.. 10 The period between successive pulses is then

modul at ed by djtiel yomeplldneS0 connBTERIBERAISN ofRBE ifEse WiAMHR b Fac(@gioﬁ%f.
Suitabl e selection of values for the integers D'and EwIT vgry t he period
relative to the spdides fogapleypharor bxahplidlenintodeaobase dfr &muplmgc?,ofhe , 18
2.67kHz, using D 7.8 and E = 2850 varies the effective frequency from 2.
to 3.51 kHz, %HBVSQET a‘i%?sﬁaal.‘)afl‘?%“& CE Senggias 3% whigh prodicsh e Taluepehcy
band of 2.67 dUdBL whi Sk 1Lt 14 iate that
the avail abi Fﬁégﬁ the fWhéﬁh?%f‘ééﬁiSkﬁ%zddgﬁso %{a%%l“é'g bf§?§3$fﬁb§$%ﬁ°89-
system wii ch denbéfere,aturmmegenaaydensa kysulioobeadhapitlie i fhsePpy itkaheent
Figure 9 illustrates texaglgil_e of a switched reluctance drive in which the
pseudo- r andomhAny lﬂ%ﬁrﬂé FRIpydueh the camdsplisrisorhletndetenning wetor positichon can be
25 put into effect. As with Figure 1 and Figure 8, |ike conponents are
given like reference nunmerals. 23 Septenber 2003 14 The controller 50
contr ol s ener glsakdhamyofordiey etsfe Wy RIS WHEHIEH iRlly d gL ahes
for each phase. In the idle node of one of the phases, the “controfler
accesses a rafeioae theiseior Jaerdnaacty assnwincodusimedd efestivdrdampeuas tiod speed

10 rises). Thus, at the lower speeds for which this invention is best suited, it is
better to take as many readings as possible to maximise the accuracy of the
rotor position detection technique that is used. Therefore, it is desirable to fill
the idle mode as far as possible with pulses and to use each idle mode for each
phase in turn. The rotor position detection technique used can be chosen from

15 one of the many described in the articles referred to above. Commonly, though
not exclusively, these will involve injection of a known voltage pulse having a
rectangular shape. However, pulses of current or flux could be used instead.
Similarly, the shape of the pulse. while characteristically rectangﬁlar, could be

of another shape, for example triangular.

20
Though the number of pulses that could occur in a diagnostic (idle) period is
clearly tied to the speed of the rotor, it is necessary for stable control to set a
minimum limit on the number of pulses used in any one diagnostic period.
Typically a minimum value of 3 pulses is required for a 3-phase machine
25 operating at around 1400 rev/min. This is achieved with the illustrative

values given above.



the periods by which the diagnostic pul ses of voltage 88Sepleenbenndosr vy
spaced. 5 As before, current generated as a result of each pulse is sensed
by the current transducer 18 fromwhich the controller is able to

determ ne rotor position. As with any roLsalti ng machi ne, speed fluctuations
are nost likely at |ow speeds (since the“rotor inertia acts as an
increasingly effective danper as the speed 10 rises). Thus, at the | ower
speeds for whiThe phocess DY ebteriaihih® tHesilsS teh@cheyl dods ot et &5 bE‘ﬂeB@rﬁﬁ fs
many readi ngs as possible to maximse the accuracy of the rotor 051 Ti on
det ecti on tech®f datort fed 1 thie embidémentor diowevirs idesyr abl aivaataktdls td he
idle node as far_as possible wth pul.ses and to .use each idle node for each
phase in turn.a%er%teifeqblggﬁ Y%ﬁt@’&laa]?%wst"é‘%ﬁie&%o sddch the weiaipaden
from 15 one of j [ ti gl I Lr . ve,
Comonly, ¢ ot omag PACIEFEE! s 3fih sflicaBietolq fnge o Fofth sped R B Senttsioun
vol t age phl se hegquenyyaf thebammhipateasingvaperotbiospeedr , pul ses of current or
flux could be used instead. Simlarly, the shape of the pulse. while
characteristically rectangular, could be of another shape, for exanple

triangular. 2 . r. of pul.ses th coul d occur.in a diagnhostic
(idle) peri od%ggqtéggéét&% {3)?3%?1{383 teH@OQBB%‘HS %Itthﬁemysrﬁtb?‘? 13 t‘nitgn?ﬁeeggheary
for stabl e contbohinkovisied nanidd. StaFLb id Mdth@ b ﬁvi@ﬁfdrgsfse@”fo%ﬁarﬂﬁl%d 'n
any one diagnostic period. Typically a m ninmmvalue of pul ses 1s"

required for an3thehranst hycRinend 2 idpahadty mfemed a0 aboek. 1406he eschnique ik s is

achieved,with the .illustrative values given above. 23 Septenber 2003 15
The pr océ@ns of&fi:f’&'fl Fri A P O 15t ﬁi%ﬁﬁ@ﬁé9 QYo®XCitiag anpaie of phaes in a
dependent

polyphase machine and deriving the appropriate phase to excite from a

correlation between the results of the diagnosis in both phases.

It will be realised that. while the above examples have been described in
relation to a three-phase machine, the invention can be applied to any polyphase
switched reluctance machine with any number of poles and operating in either
the motoring or generating mode. Similarly. the invention could be applied to a
linear machine where the moving part (often referred to as a “rotor”) travels
linearly. Thus. the skilled person will appreciate that variation of the disclosed
20 arrangements are possible without departing from the invention. Accordingly.

the above description of several embodiments is made by way of example and

not tor the purposes of limitation. The present invention is intended to be

limited only by the spirit and scope of the following claims.



on rotor speed in this enbodi nent. However, it may be 2d%epteadeod803 o
arrange the frequency variation into bands within each of which the
variation is random Each band is then applicable to a range of rotor
speed with the centre 5 frequency of the band increasing with rotor speed.
The description of various enbodi nents of6 the invention is in terns of the
machine while running. Start-up is another matter. It is addressed, for
exanple, in ;ﬁggeﬁﬂgr by Ray and Al -Bahadly referred to above. In the

t echni que the s5cribe, initial rotor position is determ ned by
exciting a pair of phases in a polyphase machi ne and deriving the
appropriate phase to excite froma correlation between the results of the
di agnosis in Both pﬂha'gfetghed Eelwr:llahc&beirweazlommutmatrelumﬂante nidehirRbbydEng a
exanpl es have been ation to a three-phase machine, the

bed
i nvention can B@raﬁﬁ‘fﬁ%‘g{jg? a&hinﬂsbé?lﬂﬁ:i’i’é%%“’éwlﬂéh%&oﬁ‘é@k@tE’ﬁd@ﬂﬁfﬁﬂmmﬁlm th
any nunbey of oﬁ?ﬁtﬁ%ﬁﬂgnﬁgﬁfr@tdﬂgm sef*oP g&géﬁtlr{gﬁg@)&sﬂ pﬂgsgaﬂntﬁégﬁfiﬁtea‘jﬁ ore

node. Simlarly, the I nvention cou

the moving pardne(pifase windihgrfoe dotop pa&tlan-dete!@ﬁ@ﬂi 'the cbairsll & bélﬁ%"%ﬁéz‘a}:’ale phus.
the skilled person will appreciate that variation of the disclosed
arrangenent s &eterpenagths I@SWth@mhechMrf@Iﬁhge ta bmstater dacosting tman effect of

A d ly, di { de by
of “oxanpl e andt AFERN e 1B, P 38 et 5 PogeRE 101 igcie adrrai dhis on

i s intended tQabgble fréfiegd {?%&?ﬁ f ol | owi ng
clains. 23 Septenber é%03 }igﬂaﬁ,&#& tﬁé’%réél'vé%mﬁ?%ﬁg re uc@atg%:gﬁ IE:I ve

conprisiMh a reluctance machine having a rotor, a stator and at |east one

phase w nding,, a controller for control]ing._the
2. A drive as claimed in claim 1 in Which the controller is operable to vary

the frequency of the pulses with rotor speed.

3. A drive as claimed in claim 2 in which the controller is operable to vary
15 the frequency in direct proportionality to rotor speed.
4. A drive as claimed in any of claims 1 to 3 in which the controller is

operable to vary the frequency of the pulses above a lower threshold of rotor

speed.
20
3. A drive as claimed in claim 4 in which the control is opérable to vary the
frequency below an upper threshold of rotor speed.
6. A drive as claimed in claim 2 in which the rotor is operable to vary the
25 frequency according to the formula:

Puise frequency = A/(B-Cw)

where o is the rotor angular speed and A, B and C are constants.



5 output of the machine and neans for injecting di agnogsiseperbeesoddto the
at |l east one phase winding for rotor position detection, the controller
bei ng operable to determne the position of the rotor relative to the
stator according to an effect of the diagnostic pulses and to actuate the
nmeans for injecting according to a varihble frequency to reduce the

percei ved noise emtted fromthe drive. 10 2. Adrive as clained in claim|l

in which the cpntrohlgive s c‘mﬁ{eﬂt%:n%lﬁﬁ)n Y.El‘ﬁXvI}i&l{-'ﬂlef éo%%\?lﬁf gsn&{eﬁ%b g 5&3’%{%}?? or

with rotor speed. 3. Adrive as clained in claimz21n

i s operabl e tothedrequedsy dbhibefputgyereydd-mndbm@et proportionality to rotor
speed. 4. A drive as clained in any of clains 1 to 3 in which the
controller is operable to vary the frequency of the pul ses above a | ower

threshold of rgtor ,s d. 20 5., A drive.as .clainmed in claim4 in which the
control is opeg'abl eAtdc%)R@aarsyC%%lﬁrgd Wrcgﬁlﬂbﬁdg* Viue fheePrmobler is ppesablsita vary

rotor speed. GtheAralucney abthe! e betwed! ag]g -srpg;%r bl }g’g&x@@r fr%erng%)ﬁﬁnits

operable to vary the 25 frequency accor tot formul a: S€é
frequency = A/ (B-Cco) where co is the rotor angular speed and A. B and C
are constants. .23 ggpqﬁenber 003 17 7. A drive as clained inclaim1l in
whi ch the contfol | ef $idvoperkimedig anyr of clagras fly iy 8eincyhish thisecomtodles is

do- doni i i im 7 i.ch th troll
ip:egpgr ;glneot Oéfr\;%rf%/ed'%o HieG Atrdlled oFpdiskih M Windide Mfr'u?g an idle perod. | o
10 10. A drive as claimed in any of claims 1 to 9 in which the means for

injecting are operable to inject a voltage pulse.

11. A method of reducing the noise emitted from a switched reluctance
machine comprising:
15 controlling the output of the machine by the energisation of at least one
phase winding according to the position of the rotor relative to the stator;
injecting diagnostic pulses into the at least one winding;
determining the rotor position from an effect of the diagnostic pulses:

and

20 varying the frequency of the pulses to reduce the perceived noise emitted

from the machine.

12. A method as claimed in claim 11 in which the frequency of the pulses is
varied with rotor speed.
25

13. A method as claimed in claim 12 in which the frequency of the pulses is

varied directly proportionally with rotor speed.



5 the frequency of the pul ses between an upper and a | owee {mpg@@y limt.
9. Adrive as clained in any of clains 1 to 8 in which the controller IS
arranged to inject a plurality of pulses into the winding during an idle
period. 10 10. A drive as clained in any of clains 1 to 9 in which the
means for injecting are operable to injléct a voltage pulse. 11. A nethod
of reducing the noise emtted froma switched reluctance nachine

conpri sing: 1pgcontyr & t. h ne. by the rgisatjon of
at | east one q)ghasgeq g\n{enﬂl ng Q%ig%;d B% a‘{rbl%l% @? Beofke “Fﬁé’?q!ﬂlb‘#f’?selsatl ve
to the stator ;anaqiacctordglgdbam@ﬁﬁﬁiu@a,pul ses into the at |east one w nding;
determ ning the rotor position froman effect of the diagnostic pul ses: and
?0 varying the frequency of the pulses to reduce the perceived noise
emtted fromthe machine. 12. A nethod as clainmed in claiml1 I in which
the frequency of the pulses is &% EHUMEN T(BrCopeed. 25 13. A nethod as
clainmed kn claim12 in which the frequency of the pulses is varied
directly proportionally with rotor speed. 23 Septenber 2003 18 5 10 14. A
met hod as cl aivieee b:rhstth@tdtbrls’peb@anm Hadde &k eotgRGY, of the pulses is

vari ed according to the formila:

15. A method as claimed in any of claims 11 to 14 in which the pulse

frequency is varied above a predetermined lower threshold of rotor speed.

10
16. A method as claimed in claim 15 in which the pulse frequency is varied
below a predetermined upper threshold of rotor speed.
17. A method as claimed in claim 11 in which the pulse frequency is varied
15 pseudo-randomly.
18. A method as claimed in claim 17 in which the pulse frequency is varied
between an upper and a lower frequency.
20 19. A method as claimed in any of claims 11 to 18 in which the plurality of

pulses are injected into the winding during an idle period.



Pul se frequency = A/ (B-Cco) where co is the rotor spes8 SepgnberBogdd C are
constants. 15. A nethod as clained in any of clains 11 to 14 in which the
pul se frequency is varied above a predeterm ned | ower threshold of rotor
speed. 16. A nethod as clained in clai 5 in which the pul se frequency is
varied below a predeterm ned upper threShold of rotor speed. 17. A nethod
as clainmed in claim11 in which the pulse. frequency is varied 15
pseudo- r andoiBSTRACTHR nethod as clainmed in claim 17 in which the pul se
frequency is varied between an upper and a | ower frequency. 20 19. A
method as clained in any of clains 11 to 18 in which the plurality of

pul ses are i pGEQEEhT HE SRR JuUri-ng an i dl e period. 23 Septenber
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idle period of each phase winding in a chopping mode. Acoustic noise

10 ‘associated with the injected pulses is concealed by varving the frequency at
which the pulses are injected according to rotor speed. In an altemative

embodiment the frequency is varied psclido—randomiy.
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