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WD 2004/ 057747 PCT/ GB2003/ 005384 1 Power Conversion
Apparatus This invention relates to power conversion
wappanstws for use with, or as part of, el ectr@TaB2003/005384
appar atus whi ch enploys a pul sed current |oad. The
invention is particularly 5 applicable to, but not
limted to, notors and powey supplies. A |large nunber
of power el ectronics applications now require the
generation of an internediate dc vol tage stage.
Taki ng the exanplRower GonyvarsieotbAeparesl notor, shown in
Figure 1, the notor will derive a power supply froma
standard ac nmins supply 10 at the 10 | ocal voltage
This2 il ehfiSHYERRY - to T | P Y ifp
T o OB o PO bR S My T b BTE B par of
elecaiepl appardteushishgmailsysonpilbel quppt oads Thelihvemsioh ds particularly
revent, unwanted signals generated by the equi pnment
app CF‘E*%%BEI?%QOWIGBS\ % t%é‘?‘%ﬂ%”sﬁ%ﬂl‘%?: The “cl eaned’
supply is then converted to dc by a dc |ink stage 20.
The conversion to dc includes a bridge rectifier
A lapde Ddmbed o powef elentrofiice iappliviations how FEQELC eheagdMERion of an
. evgn, éS qp-like, ukfut fromthe rectified signal, _
mtergedipte, de yoltagsstase o rlaking the pxangile ahi darighie spred|mefrr, shown in
; 1 ' tar G ecti
g e T s AP o ot ARt S L L e e
locainonleage ahd yrefpedrow. TAaoddiey suppBiiplfal ©fa mbgs #i3@r 05, Which serves
i ntermedi ate dc stage is . in ac-to-dc-to-dc converters
to progeeh Hiecauent dmn apy sprrioys wienals 9pghe supply as piedlsas to prevent
o ' I i i rst
umw EHE S el ROMB LS BPY ApBRIE 186 SIPL ppstfd S188 g sommly.
The fobepmed eipplglis a@a .conyyriedad dy by pas $ink 8tak@ 20 TRE cBAWRSion to dc
._.conversion which include an I nternedi ate dc stage
includgy @ baidge sedignDdgediandispme forme pf direwitsy tto phedush apworsfeven,
- G, efaornms .25 drawn fro he, .
e A OB A s B, MR NPT o P raBffs s tink
stage( fobludes aUsdsaBcli® PoweeFaof Cofre8idn! itade HRRAAPFCEN,ge) 25
. 61000-3-2 (1995) and in the EMC Directive
whichggll bealesribpd mpse fHly belowccept abl e 1 evel for the

harnoni ¢ content in the current which electrical
equi pnent draws froma mains ac supply, as well as an

AnotBece&pinggi of tevie d¥fan iM@hhediBre HeSstktit A ac-11888-dc converters
. standards place constraints on how power conversion
whick gr¢ wsed for dc power supplies. In these types of power supply a mains ac supply

is first converted to dc before being converted to dc at the required voltage.

Typically, passive forms of power conversion which include an intermediate dc stage
have a disadvantage in that they distort the shape of the voltage and current waveforms
drawn from the mains supply. Electromagnetic Compatibility Standards (EMC), such as
those set out in British Standard EN 61000-3-2 (1995) and in the EMC Directive
(89/336/EEC), define an acceptable level for the harmonic content in the current which
electrical equipment draws from a mains ac supply, as well as an acceptable level of
voltage distortion. These standards place constraints on how power conversion can be

carried out. In addition, the power factor is of concern since this will determine the
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30 carried out. In addition, the power factor is of
concern since this will determ ne the WO 2004/ 057747
wEOMeB2e03/ 005384 2 rating of components SuchCEHEBRIB/005384
mai ns cabl e and whether the | ocal mains supply system
wi || be adequate. The way in which the dc link is
i npl emented varies according to the required output 5
power of the system For a 4ow power |oad, a dc output
can be achieved very sinply by placing a capacitor
ratin@lof aompeserntheuduhptite nfairsheable iaddevietiedri the €bcalimains supply
ra,lel with the load. |In order to maintain a highly
Sy“&égﬂi Iheedediats ol t age, the dc side capacitor Cdc nust
have a high capacity. The | arge capacitor Cdc causes
the input current to have a | ow power factor, and
TheowymnWhmh then Idy lghkaivimpleatentddev aries nScdipp! tﬂ@eéquﬁﬂa@ output
i tude of the 10 mains input voltage (Vac)
powalf atb% BYStetan Fene low P%Flt 198@ ¥ dzgeutputTae be rapm@vqﬂmne aimply by
u
placfnegsa %L@?og?rﬁ% fo%sc‘ 8? Gleﬁbglr I%% ﬁf? g?igxbm B?ﬁaﬁ&w{/l @c%oad

In oidlar ® Ihallhfﬁmlﬂh(hl @Wﬁe@ﬂﬁateﬂftﬂtvd}ﬂag@ tiige ddWide &ﬂﬁ&@@t@ﬁdrﬁuit%‘%e a
ower. systenms only, since for higher power |oads the

p
highreapagiti c The fareh canastiordCee éacsns theeinpetveireent dehiveed 1ty power

h I 0 d t 0. an_unacce
fact&r gncﬁgﬁrrérftgﬁ %i%‘ava” jE:)ralsn IC na SERPLY a\@}éﬁpnogxgn%agmtude of the
malrd;em@llp PERadeO(VAEPIiO \becatdithahahd td¢ Wtakh@VHOPUIThE Lihf)@tn$urrent
Addi tional conponents can be added to the input fil
rese@bkgea sggtest gfespaeed-apaniopeaksy auhucéy caifsgd ' sxgmﬁcmttlowafredpency
oves .the in

rarm G eontOf B B hasstonf Peeerb RERS T dlpieht op lovmgwer
systéxﬁ@onlf%‘inc‘eh@r bR GRMWEr Rfaﬂygl% hra?r%ﬂuf: 'c@ﬁtentc\%ﬁlﬁ Blead Fﬁ tl‘E:Qevcls

drawn fromthe mains supply when the magnitude o

definedibyshe EME ragolatiageorlvadtio ansunageepéebdy lowhpowedrtactoic
vol tage (Vvdc). However, for the valley fill circuit,

current is drawn when the magni tude of the mains

Vari S&PRENnil SesIh AR REn tdRAopA {o ﬁ‘flpﬁ)b@ tl%cq ﬂé§/ 39¢nd Vﬂ)‘ﬁé Lhrrent.

This nmeans that current is taken from't mai ns
Additiongeonpeneatel cath he addedtto dlfe inpet fikitrategay of the ivetdleknown valley

fill’ chutltl ]::anell;é used ullIhI n\%ll fi n01|rc tr Pn\llpergvgsot\ﬁgrln{)&%u%ent 2sl?ape by
splitting the dc link capacitor into two. For the standard bridge rectifier, current is
drawn from the mains supply when the magnitude of the mains input voltage (Vac) is
greater than the dc voltage (Vdc). However, for the valley fill circuit, current is drawn
when the magnitude of the mains supply is greater than half of the dc voltage (Vdc/2).
This means that current is taken from the mains for a longer period than that of the

standard bridge rectifier, resulting in an improved power factor.

Due to the harmonic limitations of the above schemes,actively controlled input rectifiers

are often used. The most common of these is the boost APFC stage shown in Figure 1.

Two control loops — a voltage control loop and a current control loop - define the

switching action of power transistor TR1. The voltage control loop maintains the dc
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Due to the harnonic limtations of the above schenes,
actively controlled input rectifiers are often used.
wdb@408587 conmon of these is the boost APFC stBQUEGBhmaN005384

in Figure 1. Two control | oops - a voltage contro
| oop and a current control |oop - define the 30
swi tching action of power % ransi stor TRL. The vol tage
control |oop maintains the-dc WD 2004/ 057747
PCT/ GB2003/ 005384 3 |ink voltage (Vdc) at the

link veljager @ic) at/die reqirirpdtlencd, ang this hs é@f@@/eﬁ)b}’%j%%g thy ampglitude

of Rt s 1505, SRR RSHERE Pl s OB SrBHET b oy e

inpuf Bk Foll W d MeSefehce aéfﬁfearb@eh@le&tage@omoltm@ Vhik a@iti-loop
control loop. This multi-loop control structure

contgil ctractess digtatesothet prsrolgomusist e dgorhangntTheTiraciab semgntion is
convention i

th t
WWWWMMM@%@%%%%MMMM
(parﬁ@i@eﬁ' ﬁamggu trhd@drt Ie%k{@)r anuﬁm Age k6 @m:smned ?egslt&?}nce 9f the

i mt'ed e tothe imted performance of sl ave
slavé olopp Géﬁﬁmeedllyy incmesimpghegvaliee of athge dof linkecagecitanek (Cdc)
aci ﬁ %m conpensates for this Iimtation. 10

CO“@? 6@%‘“2 $HUYRow both the start-up transient and

the steady state performance of the converter.

Initially (0 <t < 0.005 seconds), the converter is
Figumeschatd dkhed b()thl‘tbe agttiuntrafsient rel thookady statg;qaeirbnnance of the

irreleva Vdc, < I Vac) ). ce the condi
conyerigach Ry Qent SRS by X CHREES 4GEondled ding aciion of
the GO rs&mlgg 1% W&eleDRHL if SHIS gthatc@ n?é’ bizd @Qﬁdfﬁénl Wdc > | vad is

sinusordal,” wt

very good actor
achiéved( LRSS WIPEO magxsadwely ddmemn;euhn idgut mmnmnmmmmmmny
~ is due to the switching action of the boost converter
sinugmidali withivewcgdog pomer fackd. {lhe high fssquenayi germaersemaythpmain
SOHTRl g?)-{l]eentsi? Idgg tt(gghes%%/l#&lhﬁgg%t{ Be&%ﬁg%\sogto on(/QfEﬁ and is directly

greater t

relatB@ftdSTﬂEH SwittHthg Srejides ed TRI.t I’Iﬁe EMEcteﬁtsa/ﬁtdmhgsfreqﬁgnc'&hbr the
present invention seeks to provide an_inproved nethod

convsftepowet be suifisiestlyrereaier han thenpargnais s imposseviey the EMC

Q verter. Accordingly, the present invention provides
fBbwer converter according to claim1l. 25 A converter

of this kind has an advantage in that the current

drawn froman ac suppky can _
The present invention seeks to provide an improved method of power conversion and an

stan

improved type of power converter.

Accordingly, the present invention provides a power converter according to claim 1.

A converter of this kind has an advantage in that the current drawn from an ac supply can
fall within limits imposed by EMC regulations, with a simpler and cheaper apparatus in
comparison to known converters of a similar power rating. For example, the link
capacitor can be constructed as a film-type capacitor which is capable of coping with the
required ripple current and is cost-effective. The converter meets EMC regulations

because the dominant frequency of the supply current, i.e. the frequency with the greatest
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fall wthin limts inposed by EMC regul ations, with a
si npl er and cheaper apparatus in conparison to known
weonnest7ers of a simlar power rating. For exapi/eB200B®05384
link capacitor can be constructed as a fil mtype
capaci tor which is capable of coping with the
required ripple current and,is cost-effective. The
converter neets EMC regul ati ons 30 because t.he
dom nant frequency of the supply current, i.e. the
amiyltadf éh egualite Hhe Heeqgensat fsthe\i0 vaitige eBppyand the majority of the
I t;he
mﬁre %ﬁ%gg{sg??h s‘tvnc%m%r?écg}e%’f u%fp h% p% g& Cthergr}}alo%c} F?q/h%rfnomcs
of thiaaswﬁmmgaﬁe@eﬁ@ﬁt ®ot aIISacHt)thdﬁeop&:‘Mtésﬁﬁtl £ 8ighr @mt@lmgyfr@cﬁuency,
t he pul sed current |oad and harnonics of that
sucly @h @@rghr@eqtd Bigtass 2. sWitshed moda dowst suppbp dhehasnamic eontent will

hi f d
ve 1508 G E M EEVBEY cs gB e TP edP oot v
will 5 be located outside the frequency bands set out

in the EMC standards. Because the capacitor form ng
Becpuget the fcapdpator] forming pgttacgjethgfdctlhéc stogev of ther cdnasrter Basad lsmall

Val%?lﬁg‘?g‘&f‘ ng%an&t & ? ‘Wf st g SRl S0 e iha by the
conpér%frem@bﬁef&ﬁ@te tEﬁQh@blé@&oﬁﬁ?@? lof Yhe c%aalda% i 8Rafd 1919{ stage is

the dc link stage is mat ched to t he anount of
matelradrtg yhet draounit of enerpyg fhet rsecansieoed ifrogu otdeteyeedlenrentt sn the input

file o Fgm BHSaHER G1S e, ToHie BT Gfed T heR one of the
mot¥t QEHAGS 9%%199{})9193)%” glﬁnhécﬁoﬁ"\ﬂhg %H?xgy%cfred 1{]816 wmdmg is

energy stored in g is safe ansterred t
safehyheanferréch ko dapdcilinkr capacitanot keothet ndndigy) mﬂhboutreatmg an

creati ng z—11 excessi ve over-vol tage event. 15 The
eXCRSHNG OV EeYOliage ¥ cul arly wel | -suited to | oads which

can tolerate sone variation in their received power

and which operate at a swtching frequency which lies
Theawhsérte i¢ partichlarlpovellesifited qo éoutls eshisipean fdl@dtei soniehearkhdon in

standards. Swi tched, high speed notors such as
thel%wcw%aowa g HMER ORFR Y amyitohing fregviencyl Whish digs putside the

13: TRy génecfesas Ecifidd E’I‘ff‘rt}tiéT EM]@“ aédlﬁ?kl S":(M'tclhgg l?rgh s% QP motors

ven y acC nverter (0] Sl nce
sucwaﬁlsﬁ\tltcﬁad eluctahee apaoat ivhihs pe el a()ﬂoaidhaldhrfa§|dneim§émr are

be tolerated. Surprisingly, the actual variation
particularly well-suited to being driven by a converter of this kind, since some variation
in the operating speed of the impeller can be tolerated. Surprisingly, the actual variation
in the operating speed of an impeller has been found to amount to less than 1% of the

normal operating speed due to the high inertia of a fast-moving rotor and impeller.

The impeller can form part of a fan or pump for moving a fluid, such as a gas or a
liquid, along a flow duct. In the field of appliances, the impeller can form part of a fan
for drawing dirty air into a vacuum cleaner. In these types of application it is not

critically important that the impeller always operates at a precise speed.
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in the operating speed of an inpeller has been found
to anmount to less than 1% of the normal operating
wepmedsdue to the high inertia of a fast-novi NECT/GBR003/005384
and inpeller. 25 The inpeller can formpart of a fan
or punp for noving a fluid, such as a gas or a
liquid, along a flow duct. in the field of appliances,
the inpeller can formpart of a fan for drawing dirty
air into a vacuumcleaner, In these types of _ )
Embgsdiments of dhe inventionqwidl noyy pe fessriped with aefiesanee tchdie draweings, in
el l er always operates at a precise speed. WO
04/ 057747 PCT/ GB2003/ 005384 5 Enbodi nents of the
invention will now be described with reference to the
~drawings, in which: Figure 1 shows a known form of
Figysewshows g\kapwarfofma of B opnykjtes dovesupplying prokestQ a nwitergusing
a b05 ! plfo@ré% APFC stage; Figures 2 and 3 show the
8%#?0 €& of the power converter of Figure 1;
Figure 4 shows a first operating state of the power
converter of Figure 1; 10 Figure 5 shows the current
Figuiesadvandy shove thearerkormenceoff thei ppires conveReyof Bigareshows a
second operating state of the power converter of
Figure 1; 15 Figure 7 shows the variation in current
FiglP€ 1 WBEWs h AlstlopEditing Bide 2 AR vRR @b AYdrRPoSERLRS ; Of the
power converter of Figure 1; Figure 8 shows current
wavefornms for the power converter of Figure 1; 20
. Figure 9 shows a third operatin fate of the power
Figust A GBOY & {1 SPIRRHTRNN BY tsCRUerieT PELIERAS cur rent 11 ow
in the winding of the notor shown in Figure 1; Figure
11 shows power flows both into and out of the power
Figwwobskowea sabniiogenagng state 25 tHei ppovee cdivesthoakFigurkilr, st
operating state of a power converter in accordance
with an enbodi nent of the present invention; Figure
Fi gué%éﬁlﬂgw% Eﬁéo\l/aI[ﬁQSn WRUSEE BBtweBn HREARPURT seBRY §hdilinPltates of
the power converter of Figure 1;

whi.

Figure 8 shows current waveforms for the power converter of Figure 1;

Figure 9 shows a third operating state of the power converter of Figure 1;

Figure 10 shows current flow in the winding of the motor shown in Figure 1;

Figure 11 shows power flows both into and out of the power converter of Figure 1;

Figure 12 shows a first operating state of a power converter in accordance with an

embodiment of the present invention;

Figure 13 shows voltage waveforms in the power converter of Figure 12;
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30 WD 2004/ 057747 PCT/ GB2003/ 005384 6 Figure 14 shows
a second operating state of the power converter shown
WO mooosime 12; Figure 15 shows a third oper at POGBR@BA05384
of the power converter shown in Figure 12; 5 Figure 16
shows current drawn fromthe supply by the power
converter of Figure 12; Figure 17 shows a fourth
operating state of the po converter shown in Figure
12; Figure 18 shows current flows through the notor
Figuse idishnyss sieoond bperkiirgustate dPthe powet gotivertdSshoh@vid Figure 12;
vol tage across the dc capacitor shown in Figure 12;
Fi gure 20 shows the variation in voltage pul ses

- ' : 0 ' gure 12:. 15. Fi.qur
Fig BP0 it BelaRE RS St WGl oo s 2
Figure 12; Figure 21b illustrates the effect of
~ reducing the conduction angle on flux build-up in the
Figure Heishoesivrient driayndeom she sppplyiby theepove-cpnvestepaf Figare 12;
application of the power converter of Figure 12 to a
vacuum cl eaner; Figure 25 shows a known type of dc

Figup® Y showsfolith Speratifilt@tef tife ieer dofkerie WRiw SR Lre 11D;
accordance with an enbodi nent of the present
i nvention. Figures 27 and 28 are schematic sectiona

. Vi fromthe side and, front, .show the _,
Figull B Froxis Sfebriiof o fliina SRR wiSdRE HhniiRdiave 43 ( ne
agitator of a surface-treating 30 device. WO
2004/ 057747 PCT/ GB2003/ 005384 7 By way of conpari son,
Figusntp showsrioltagieaciosséhe de capadarshawnlimBigofe the present
i nvention, the conventional technique of active power
factor correction will now be described in nore

Figufte2dHowd thvArfitRh R 061tdeR phils8ddupDliéd to thd 1oad shown in Figure 12;
Figure 21a illustrates flux build-up in the load shown in Figure 12;

Figure 210 illustrates the effect of reducing the conduction angle on flux build-up in the

load shown in Figure 12;

Figures 22-24 show the application of the power converter of Figure 12 to a vacuum

cleaner;
Figure 25 shows a known type of dc power supply;

Figure 26 shows a dc power supply in accordance with an embodiment of the present

invention.

Figures 27 and 28 are schematic sectional views, from the side and front, showing the
application of the power converter of Figure 12 to the agitator of a surface-treating

device.
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5 Looking firstly at Figure 4, the power factor

correction circuit conprises an inductor L2 and a
w@owansswi t chi ng devi ce, such as a power transPGL/GB2003/005384

TR1, placed in parallel across the output of the

bridge rectifier D1-D4. A diode D5 and capacitor Cdc

are placed in parallel wth the power swtching

device TR1, with the dc out’but being taken across 10

capacitor Cdc. Figure 4 also shows a load in the form

of a two-phase switched reluctance notor. The first

phase conprises a pair of power swtching devices TRz,
By Wa3ofi comsparises, andtth paovide adietier WiklersTanding ofdiha g)rw:ntf imwmtion

0 t.at or .phase w ndi ngs of the tor

the ﬁ?ély?nt&naﬂtesglétgu%g agyveppq}yﬁr%léct eﬁtlp%r nﬁﬂ@w be descnbed in

more Iiét@i@&MH%@fetéhget&P{F{@égM L ough the wi nding when the
swtching devices TR2 and TR3 are switched off. A

second phase of the notor has the sane formas the
ri sing_the power swtching device

Lok FrstRgt EGgtintge W AR dRctr SHEE 198, CTEBH CoREriometppisior 12
and ?%o%@f Lgitehl: lﬁd&{gcet E@chpfsce ]?&bé'r%ﬂn%sto? _"l[@d g%g&ﬂjr%f)a(r%neé across

eoperatl e notor swtc
the GURAu2AT th Hrid @B ectifiBH Dil D4 ont diold BY dnd @pagaldct fabplaced in

actively shapes the input current whereas TR2, TR3
paralielawitly {le BP‘tV%de"é’éfébli*gj Apyce dRe havithetfiide cRptpicraing sk across
&ady state running of the notor. For sinplicity,
Cqmeﬁmﬁ%e ‘followi ng description certain assunptions have
been made: 25 - the voltage across the dc |ink
acitor c). is constant and greater than t he peak
Flguf E@]SPlsé@Wéll‘t’ .the ferppokafweRh#g spitehed l}ﬁt@TCGTIF@EOIi sThe

the .1 0a
o D B 4 AP 16 A, S4B, B o
windiffeWsM Tiehwiidirdg WURAGY ofd of thE3taldRphase3WindfAgs of the motor. A
2004/ 057747 PCT/ GB2003/ 005384 8 Three states of

pair efpdipdes ot 1if progisisvarpatihfaritiag, fes-wheeling’ current through the winding
when the switching devices TR2 and TR3 are switched off. A second phase of the

motor has the same form as the first phase, comprising the power switching devices
TR4, TRS, winding W2 and diodes D8, D9. The operation of switch TR1 of the PFC
circuit is independent of the operation of the motor switches TR2 and TR3 (and TR4
and TR5). TR1 is controlled in a manner that actively shapes the input current whereas
TR2, TR3 are controlled according to the required acceleration or steady state running

of the motor.

For simplicity, in the following description certain assumptions have been made:

- the voltage across the dc link capacitor (VCdc) is constant and greater than the peak
rectified voltage;

- the switching frequency of TR1 is much greater than the switching frequency of the
load (i.e. the switching frequency of TR1 is greater than the switching frequency of

TR2-TRS).
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State 1- Figure 4 The PFC switch TRl is on and
swtches TR2, TR3 are off. The period during which 5
wa Rib4/05778W t ched on is chosen so as to acti vel RCEHOBp®3/005384
the input current. Current flows fromthe ac supply,
through the bridge rectifier DI -D4, inductor L2 and
TR1. The on/off time of T is chosen so that the
current through inductor L2 (and thus the input
current |L2) has the shape shown in Figure 5. 10 State
Threg statps aml@r%mme ?@W&flf’%omr?se""?m and TR3 are on.
There are two current loops: 11: Wth TRl off, energy
stored in L2 is transferred to Cdc, which results in a
Statedt- Figagteidt i on in the current in L2 as shown in Figure
In the second Ioolg energy stored on Cdc is

7. 15 12:
The Hiegwiieh TRAJS §R aRdraitsResniR2THR3 g oifurkherperiodgifring which
i nt.a.: isS. - . :
el BAEHEG o i dnos o of U AU RIARRE W DL CURL S ows

front higd ac apgysly,t kol chenbsidge aéctidiy Dli-DB, ind@ak®©r U2 sRETR1. The
difference between input current IL2 and the output
on/off e of TRV chosengy that Hiescuggnsdisough dnduggirtly@nd ithys| the input
f formsh LR Figure 8. The maxi num
Cum?rlﬂpp ehagéh%{b%per%éownslin%@g? I%AV Is inversely related to
t he capacitance of Cdc, i.e. a snmall voltage ripple AV
requires a |arge capacitance. State 3 - Figure 9 25
StatgRt-Figus¢ 6 while TR2 and TR3 are off. There are two
cur t. ] S: - Wth TR off, energy stored in L2
TR O BRP R TR3 & 12| With' TRD and TRO. of f t he

TheeWkd &0 curfenMddds:ng WL reduces and i s recovered back to
Cdc. 30 WD 2004/ 057747 PCT/ GB2003/ 005384 9
I1: With TR1 off, energy stored in L2 is transferred to Cdc, which results in a net

reduction in the current in L2 as shown in Figure 7.

I12: In the second loop, energy stored on Cdc is released through winding W 1.

The net current flowing into Cdc is I1 —I2. The average currents over a period of time
are shown in Figure 8. It can be seen that capacitor Cdc must, at any time, make up the
difference between input current IL2 and the output current (IW1 + IW2). This causes a
voltage ripple on Cdc of the form shown in Figure 8. The maximum ripple is AV. The
size of AV is inversely related to the capacitance of Cdc, i.e. a small voltage ripple AV

requires a large capacitance.

State 3 — Figure 9

TR1 is off while TR2 and TR3 are off.

There are two current loops:

I1 — With TR1 off, energy stored in L2 is transferred to Cdc.

I2 — With TR2 and TR3 off, the current in winding W1 reduces and is recovered back to
Cdc.
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Wil e they are not shown, the current flows for
wi nding W2 are the sane as for wnding W. It should
wheooalosEn7 f rom t he above that whil e the overal PCT/OBR03/005384
power PIN, i.e. power taken 5 fromthe ac supply, is
the sane as the overall output power Pour, i.e. power
delivered to the |oad, 24 one cycle of the mains
supply, the input power protile is very different to
-%ée out put power profile, as shown in Figure 11.
Whils{hey prediot serwip éb%@lrwnf flow for windingW ameedhe san¢ asfos wirding
wi between input power and output power. For a high power
| oad, this demands that Cdc nust have a | arge val ue.
As an exanple, for a 1.5kWIload, Cdc 10 nust have a
ue of around 200F. In summary, this schenme provides
It Sh%ulg@sdpleag {rom tbe abaypiheat \Yblllft thge@ Vel iapitt power Bivape pofver taken

from er]? ﬁ!: %@t %n dz{saﬁ/l\@ OVﬁr:i}] g]o&tggﬁ%u\geﬁﬁoﬁ 3 &Eggr](g cieﬁvered to

the 1641TRYBES e ¢y%ld dSIethé @mensf gu@ﬁllyefhwnﬁtﬁ poldRr pfoff@isNVery different to
frequency with 15 the nuc her sw tching frequency

the eutpaivpowhr pmﬁlsupershﬁwostedﬁgnret hé 50kpacgpyClc. copempuith the
rrent s, turned.on and fal

imsafPRER BHte o BB P SR S0 AR UCEeTe FaF & highiovehioad

this GchRafels 1Rt (,Q!iCmUMSH_aVQ AV @vhl@tégﬁsva%l é*%mp[ee foy e{ i BEWRAl0ad, Cde
capacitor which is ﬁ physically large and
mustdhaye asialre. ofzoo@deamubc Capacitor Scheme Wth the
schenme according to the I nvention, as shown in Figure
12, the mains filter C2, L1) and bridge
In f I [ [
SRy, L sk ?%V%‘Sf?éﬁé@s 5 AR (Blage PpERAEeThape of
the lnlapamrternt dGden fionethe swpphoiw mhpati:bles withl BMIQ sdsndards, i.e. the
ca itor Cdc.. The |ink capacitor Cdc has a
domigabi-{trquShe: SARPRRED &5 B SAMEdHRAGRIaHY the aranaias figguengy with
t
the "’é?au*?%‘%ff“?*fhﬁf AR FOSERERE] MR AT O hd e ienal
Inputl @emtnt asesbtsz)Rlaxs fumedivaer andeﬁa/lls ahTR 1dchened bfs Thegenalties of
. hfect t each i TTE one oL t he notor phases. is
this sChemg;ale att‘h"eC%R?éP d¢ Hrushhave ¢ haree |Vﬁ1%‘ec5ﬁ§l§lﬂr’tgo% cpagitor
oint 30 where the
whlc?gsct%cft?PH%Mcil de a%ﬁé@%&?n to conduct and the
requi red notor power is WO 2004/ 057747

CT 2003/ 005384
Small Dé apacitor Scheme

With the scheme according to the invention, as shown in Figure 12, the mains filter (C1,
C2, L1) and bridge rectifier (D1-D4) are retained. However, in place of the inductor L2,
switch TR1, diode D5 and large capacitor Cdc, there is now only a single link capacitor
Cdc. . The link capacitor Cdc has a capacitance which is of a considerably smaller value
than that of the larger capacitor Cdc shown in Figures 1-11. The same two-phase motor

serves as the load, as before.

In overview, this scheme has the effect that, each time one of the motor phases is
energised, the energy stored in the link capacitor Cdc is rapidly removed to the point

where the rectifier diodes D1-D4 begin to conduct and the required motor power is



10

15

20

30

10 taken directly fromthe mains supply. The
conti nuous pul sing of power directly from the mains
weupphy77ep the notor wi ndi ngs WL, W2 resul ts i PCEGB2003/005384
simlarly pulsed i nput current waveshape, shown in
Figure 16. The input "ii' filter fornmed by Cl1, C2 and
L1 reduces the peak input current to an acceptable
| evel and introduces a contiDnuous current 5 wave-shape
simlar to that for an actively control | ed boost APFC
takedt (ﬂ&%tly e HRS ainks rbg?pl‘ff.u MR NMotihius gf BSwe/irdS from
are”shown in Figu 18. Operatio he circult
the \mdnhs supplb & d%motdnedmtlimgmw & & mshl.ts Enarsmﬂzmﬂ;mmhéd input

t he CII‘CUIt wil| be described. 10 State 1- Fig
currgpiw ayrghaprgshwn Mlgalﬁel& orhe: iPwndr é«lt@éfqrﬁ@ddayrfal @2 wd L1

reddces d]lé}teeg ﬁlfpﬁ{ @urp—eﬁg 2 ;J:—%Zlalﬁg ?ev%%r@éggggigeg Q??Xt%eu,oﬂg Gurrent

Cros ClIS equa mai ns
wavﬁlshhlp?e tihglay @ thagforar R%selly \won@bllddtsodsr ABEE st | Theefesulting
di odes. As TR2 and TR3 are turned on, the voltage
currgefs &% ecdadings W&l ansk Y 2cue giemp indiiguie 18.nst ant aneous
value of the rectified mains supply, as shown in
Figure 13. The voltage across Cdc falls very quickly

Opebgivausan®tirddiewdnBdw beJp@eibe@Ne tros deAC. Felk sPhtad Bf thecircuit
Figure 14 TR2 and TR3 remain switched on to. energise

willthigaleggribglng WL. When VCdc falls to the rectified
vol tage | evel, the current/power supplied to the |oad
iIs no longer supplied only by the capacitor Cdc but

Stafe _aF%r@Imwn directly fromthe mains supply, as
shown the current flowin Figure 14. Because Cdc

TR Z%angr 6’3 mﬁwimh¢¢¢retoeﬂmerggsjc,th¢2@ind®¢gzwls forced to follow
the rectified input voltage. This results in a voltage
ripple on Cdc of around 85-100% Power flow to the

Just! RAste (IO &d PRBE ﬁﬁ')led 8n, ABEVORERIaDYssT E@WMsT ERA t e mains

mai ns supply to the w ndings. ere is no significant
peak noltagaentins shemeltagy astass age of te gt hectifvosliodaPF@s BR2 and
TR3 gréa%umgé eh’ | tglél Svlo%ag%easc(r:oss t%,ed(cj: falls very quickly to the instantaneous value
of the rectified mains supply, as shown in Figure 13. The voltage across Cdc falls very

quickly because of the small capacitance of Cdc.

State 2 - Figure 14

TR2 and TR3 remain switched on to energise the winding W1.

When VCdc falls to the rectified voltage level, the current/power supplied to the load is
no longer supplied only by the capacitor Cdc but is also drawn directly from the mains
supply, as shown by the current flow in Figure 14. Because Cdc stores very little energy,
VCdc is forced to follow the rectified input voltage. This results in a voltage ripple on

Cdc of around 85-100%.

Power flow to the load (motor windings) is dominated by flow from the mains supply to
the windings. There is no significant intermediate energy storage, as in the boost APFC

stage previously described.
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WD 2004/ 057747 PCT/ GB2003/005384 11 State 3 - Figure
15 TR2 and TR3 are switched off. There are two
weoorest74fl ows: 5 11 - A, C2 and L1 form an i PQIIGB2003/005384
filter which reduces the switching frequency (notor)
conmponent of the input current. Wien TR2 and TR3 are
turned off, current continues to flowin L1. 12 -
After TR2 and TR3 have been*turned off, current
continues to flow through w nding WL and is recovered
to Cdc. 10 The size of capacitor Cdc is heavily
Sta dejﬁeﬁdent Fpon the total energy transferred from
atgidhid and fromthe inductor LI form ng part of
TRZBR!TI@B’H&sf“h{c‘h@&oﬁU“ ng the time that TR2 and TR3 are
switched off. It 1s also heavily dependent upon the
Theteotraktwe nenrent flawsansf erred from wi nding W2 and fromthe

[ or durln the . tine tha and TR5 are
1 G 30 BT ot Thoieh Gkt Which Teducatihe spaisidg Fauencdrgroton
com ﬁemmh\éqh{g&%n@ﬂplws& TRS rae& §RENE fARALE LurbhiCeohfinues to

ept wthin a predetermned limt: in the énbodi nment
flondimdcl.i bed, that limt is selected to be 400- 500V.

State - Fi 17 20 TR2 and TR3 are swi tched
L ﬁﬁ@ ‘F‘gﬁ’ni heNetgen SPBed I neureat wPRENYSS tA OVbéBWugh
e wwnding current has fallen to
Wm&ﬁgW?%f?lrser?sz%t%aﬁﬁd(ﬁaom into the inductor of the

|nput filter LI and charges Cdc. 25 Fi gure 16 shows
i nput current drawn fromthe ac supply. It can be

Theéé?é‘rpft ¢rpacifasCdg ig hieavibidersadent apon thy ERelrnergyt transferred from

t
o gREETICE S OIS 5 N EI A, 08 o
that ITIRJMztncf TRB are (kdicheddff. L1t)is kRS thehwlysdepehiéens upén @fe toh energy

onponent at the sw tching frequenc and it is
tranif@@;@frgm windingAYZ @and frem ihe mductor L1 during the time that TR4 and

TRS5 are switched off. The capacitance is selected so that the maximum voltage applied

across the capacitor Cdc is kept within a predetermined limit: in the embodiment

described, that limit is selected to be 400-500V.

State 4 - Figure 17

TR2 and TR3 are switched off.

Here, all of the energy stored in the winding has been recovered and hence the winding
current has fallen to zero. Current still flows into the inductor of the input filter L1 and

charges Cdc.

Figure 16 shows the input current drawn from the ac supply. It can be seen that the
input current has a significant component at the frequency of the mains supply, and is
modulated at the switching frequency of the load. The input filter (C1, C2, L1) restricts
the size of the component at the switching frequency, and it is preferable to match the
input filter to the switching frequency. The provision of the small dc link capacitor Cdc

allows the current drawn by the load closely to follow the mains supply. The size of the
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input filter to the switching frequency. The provision

of the small dc |ink capacitor Cdc 30 all ows the
w@worest74dr awn by the | oad closely to foll ow tPer/GBRWS/005384

supply. The size of the WO 2004/ 057747

PCT/ GB2003/ 005384 12 dc link capacitor Cdc is chosen

i n accordance with the workjadenmanded by the | oad

applied to the dc link. As described above, for a |oad

dc iill?k rc%ﬁatcft&r g:r]igfis %h?é%lsﬁdacg@}d%ce Wtﬁdtb%%og‘% ha%{nagflefd g{(( the load

| ar ge enoug
apphae te iRy @ty link.r 20sd&erssd ﬂfoom fdeaclogd ¢ fRAfoPRasTe pulsed motor
wi ndi ngs w t hout exceedi ng the vol tage capability 5
wingfngy ﬁ@ €oHipk rranraitor &xicsingihrbei argei enough 19 aceapt jadl of the energy
d that IS cincuit
nar PR PG bt og e Sty op PO chrevolieg gapabilic
ofﬂ(mﬁﬁpoh@@&@ asrgh@qunwgm@lmnt on the dc |ink voltage
causes a significant variation, over the course of

one cycle of the supply, of the power supplied to 10
t.or

he .| d ' this. has t
te it foaP s B o PREm U rakPabig 3ot 21 Buge ofdoad
Flrsﬁyeﬂi%g eary@| (H&aral 00%, E-i%ﬁ}ée&ﬁﬂﬁ)(ﬁﬁHlal ont fhel ¥4 Rkt U&tage causes a
frequency of the mains Secondly, current

signpfidanbwariagion dreer ghvei ¢asiervg 0f1¢ emlmnﬁ:l\ﬁe etpihefItieaphwappegied to
hi.s de t he sw t ching

jn.t i npyt current. ds t hat i
the |t Y, RHOREE'S ilpr i iag 45 Gk (4 B Hmpesh P phcyrgotor will
t
e el A QUG AL B AR, BBt gl the mains
sup;dbo\'seg:ortdhy s:ument:pulsesaatrtam geitelng ifequelcly-of uhd Bdd} sppeaniy the

es of ch as. a tor where the
inpug R g 3 5 et i GFvaiRaingnBr@enFy qfthe Toad must be
I
suftREGRHAH & l}geg%uytglag i1 lg%g‘ﬂ B AR uni e e BMsthitfrds.

Hovagyer, &vemgn Mcaqwénbfy abcwfe thie cﬁrmdearr@xfgeﬂféhhsot?vemnﬁed tomany
with current EMC reqw rements, which

tYPeﬁﬁEE%IS% 0§3%1ﬁﬁ%a%ﬁ§}ﬂt0rb@§tre gm %@ g forgupReyHs Sjhend where
. [ S f

e TG RS S5k GRS, oy SRRy oS tfon
should lnade taht@ph tdperamgfa&queﬁbyl, of ithep videp OMAK MO @B nidre, intharder to

a. Si |f|cant effect on the speed of the notor.
ComPWd\ég cuprght BMipfeguirgpettat Whigh aeakes this amapggment best suited to

hiehPS&at & Ko ar ia r e r
ighRSRELBOREEISUAT AR BRI RTRRR, BPERAOWG Hiifoxifidiely
35,00&@!11. r Sdrph@fngb)ptlﬂ nasnbeep g6 aid bt the viaH@tion in input power does not
have a significant effect on the speed of the motor. Indeed, for a motor operating at

95,000rpm, a peak-to-peak variation of 800rpm has been observed.

A number of other changes have been found to be required for optimum operation of the

new converter with a pulsed current load.

It is preferable to avoid any significant build-up of flux in the motor windings. To avoid
flux build-up in any magnetic material, the volt-seconds applied during de-energisation

must be substantially equal to the volt-seconds applied during energisation. For equal
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new converter with a pulsed current load. It is
preferable to avoid any significant build-up of flux
w0 mooths77wpt or Wi ndi ngs. To avoid flux buil d- upCT/GB20RY/005384
magnetic material, the volt-seconds applied during
de-energi sation 30 nust be substantially equal to the
vol t-seconds appli ed durin% ener gi sati on. For equal WO
2004/ 057747 PCT/ GB2003/ 005384 13 energi sati on and
de-energi sation periods, the flux build-up will be
energrsetpar tnddekndrgisatidre perialst dgeflapphildedp wWiildier grogértional to the
|IIusEH?tes t he sequence of vol tage pul ses which are -
voltage PPl t o t he windings of 5 the notor during one
hal f cycle of the input supply. Due to the snmall val ue
of Cdc, the input voltage varies widely during the
Figunal® 1lh1ytrhtes theuequenc® of vdliage palses Wahfeh, ard Agpliednpid wig@ings of
of the voltage pulse durln% the off period is greater
the mptor, dprigg %@‘pgfi If gyrde of thedeput suprlngDup e she gl h%u@ peCdc, the

t
v TR, PSP 9, 5 0 08 A
amplihele pé theO\d)lﬁgé) pble duiingrtheofOp&tisl ik Reeald? tRaPIhetangBit@de of the

the voltage pulse during the off period is |less than
voltaggulsspsiuring dlee inmediatelnBeeeding m%’@dchmds arga raselt, flux build-up

o T B Yo PREGE A DA R 0B L S5 D e

ampanﬁedﬁ11we61mg@qiulw1duﬂggme %fﬁ%&dd isLl§§sr fhf he BRAPLTUIESS the
bui | d-up can occur when the o peri od has the Sanme

voltaggrpaise siring thenanmoedipielyi pyeceding mm@nﬁqusnlatﬂum@ﬂd -up
not or

w111§ 8.9' gmq%ffl {)l%%c))(dég i grgg{%gfna 5?1‘51 ggl eP%“é{}é{ ?Hgélre Sfja 1lflllstrates

how Q’Qﬂdﬂﬂﬂh@%aﬂ@@élﬁ,wﬂenqm b1 et ﬁ‘zis'tﬁ@ sdhe Hlﬂﬁtlon as the on period.
energi sation period or “on' pulse. Figure 21b
illustrates hOM/f|UX bui |l d-up can be avoided in this

way.. 20, There ar t.ors. whic be . _.
we B 50 B BE el e Prel Th gediing B@f?rdﬁu%tgatedr Bfijawgs 12-
26 cAXEESDINER Hy@g@lﬁlﬁgﬂle%ngﬁbﬁog BRSO 13@%&9&1&9@(51{ ﬁldth}é\"ei'\érglsatlon
result in periods of not or~ curr ent
peridsagre‘oa’ gelse.i rFeguraIZIEflﬂexﬁIatasrhmm@uhzhuddmpccanobﬁ evdidaf in this
the input current drawn fromthe supply. Al so, there
YaYwi Il be a need to increase the peak current if the
notor is to develop the sanme rated output power with a

reduced energi sation peri od.
There are other factors which must be considered before the energisation period is

reduced. Excessive reduction of the energisation period will result in periods of no
motor current, which will have a detrimental effect on the harmonic content of the input
current drawn from the supply. Also, there will be a need to increase the peak current if

the motor is to develop the same rated output power with a reduced energisation period.

A compromise has been found where the energisation period is reduced only to the point
where the problem of flux build-up is eliminated. In the embodiment of a high speed
motor, we have found that acceptable results can be achieved by reducing tﬁe
conduction angle from 90° to 82°. Of course, the conduction angle will differ for other

applications.
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25 A conmprom se has been found where the energisation
period is reduced only to the point where the problem
wo@bkoolthsz4bui | d-up is elimnated. In the enbodi PENGBRGI03A05384
hi gh speed notor, we have found that acceptable
results can be achi eved by reducing the conduction
angle from90 to 82. O course, the conduction angle
will differ for other 30 gpplications. WO 2004/ 057747
PCT/ GB2003/ 005384 14 The val ue of the dc |ink
capacitor Cdc is only governed by the requirenent to
absorb recovered energy fromthe notor, particularly
The SHlutnd tA®HONinRCEFAGIOAT RN s oﬁlyrgdv@nre@ruy&he refiffeatenofd Msorb
the notor, when a phase winding is de-energised the
recomred gyergy ﬁpmdhﬁ mthaParBCWﬁﬂﬂ furgng moopdcasteetiane Pyrmggormal

paci tor Cdc cove [
operﬁ %OP glg THOIOL, d)*h@h%pl}ag? g/dntg o8& eo?nefggecpﬁ{l{a Qrgggsto%gd in that
w1nd1ﬁ§ H fed BhcletdsE R NEikidABadi @ 0der THiseB&IVeYed dnefi daRee as high
wi ndi ng, the capacitor voltage increases. Sizing of

as 33%efdhe tatmp@wazfu thomo®fc Anusisult gk ebsorbisg et reageered energy

i nto agcou to ensu e none of the co n
from (b BIER T5 CoDCh Ol o Pt SO TG W capacior Cde
rnuspt‘éﬁé THOVORAE rR¥MoSiccdint Wb lehsR€ nBRPEaGE BbRPoAIN cRA¥RE to
10 el ectronic conponents are sensitive to over-voltage

the devidmk sapaFitguCds sl 24eshatage keerdpplti veidlt beoappoéciathe that power
ower converter to.drivin I eller of a suction
electfofic FAMBORFRE AP TISHLGEP OV%hVé) t\?%%g‘(? Scl eaner shown here
is an upright type of vacuum cl eaner but the vacuum
cl eaner could equally be a cylinder type of vacuum 15
Fi gucés@ﬂ?@t shag tishappihichtorFofteepoR 2y cblhn@rteladelr'wiog elarimpeliﬁoaf a
onprises an upstanding main body th a fan a
SUCtiRBHBH 1T ASAH™ EAner. (108 VR ClEmets m Bt lﬁgngpﬁslet&we of

acu?ﬂfj llfeﬁﬂz r tfich vﬁ:t@n’f%féﬁﬁerh&ﬁfh J:%lﬁallk;be@lé fifedbr | tppéa%f vacqum

reely articul at Ion on tor aS|ng
cleamct&scuhownhﬁﬁglﬁéﬁi shevanutededner 1 0carhpdvee an Impetdndlﬂ@mam
ough which dirt and dust .can be drawn froma f

bodys mq WaB 2 tip én%mqﬁorb%avgllfe 3 {15 LY e dprah s ngh Fhotor 384 fan
umt.v\%p@hﬁegﬁe%gl 1;5?1§tﬂé :'térlfmfagfaggl)‘pgrrt]lguﬁbé lﬂﬂé%?l??%t?&ﬁf casing
120.dArshyti@ inldt Q\l\6 trromidedhirt the olegiertheed 1 18 #roukh6yhich dirt and dust
can be drawn from a floor surface. The main body 110 supports separating apparatus
112 in the form of a cyclonic separator which can separate dirt, dust and other debris

from a dirty airflow drawn in through the inlet 116.

The fan and motor housing 120 supports an impeller 130 and a motor to drive the
impeller 130. In use, the motor rotates the impeller 130 at a very high speed (of more
than 70,000rpm) to draw air along the paths A — H through the cleaner 100. Dirt-laden
air is drawn into the cleaner head 115 via the dirty air inlet 116. The dirt-laden air is
carried by ducting to a separator 112 which serves to separate dirt, dust and other debris
from the air flow (path B). The separator 112 can be a cyclonic separator, as shown
here, or some other form of separator, such as a filter bag. Cleaned air leaves the

separator 112 along paths C, D before entering, via path E, the fan and motor housing
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The fan and notor housing 120 supports an inpeller 130
and a notor to drive the inpeller 130. In use, the
worzioanset ates the inpeller 130 at a very hi ghpGpeseno3/ 005384
(of more 25 than 70,000rpm to draw air along the
paths A - H through the cleaner 100. Dirt-laden air is
drawn into the cl eaner heag 115 via the dirty air
inIet 116. The dirt-1 aden ? carried by ducting
a separator 112 which serves to separate dirt, dust
120 apﬁdp@trﬁeﬁor fipi isgisualhoplaeadandhe airflevy, pefnbafom)the maeller 130 to

fllteﬁ g@g{ r?et st éélraclg hRﬁ wheré ¥18!]T r%ﬂlogeé g{? Qgrp%}a%f B3> S hown

or 's er form of “separ at or, suc as a
filter bag. Cleaned air |eaves the 30 separator 112
. along paths C, D before entering, via path E the fan
FlgwﬁdZ ﬂ@ R4ndawi g impelen kI srd apteCrhichaye $Hoosskizy the Iotor

tor fi IS usu aced_in e .
nousfi? 126 BES ef Biings 47 Rlench IR 1 BhRE H rormebit gyt an axis
146f TTRE irfipiter P30 {5 @aRRIIMMURtHRITEhE Qhaff EADNEHe liiyfstrf:am end of the

separator 112. Fla((ﬂqur es 23 and 24 show the inpeller 130

shaf hé2. mBilades wiicod radielly outyeddly rfrarh éherotaor body b thsi mgpeller 130

et s. of rings 143 s ort .a shaft 142 whic
towgrt e BGot VU NGB ik i AR OB EagPEA ind the
hous‘i@g’ilBSihﬂ Yhe@kHeti64l sRewA.N&haRafab laﬂd%v@ﬁ Ityr‘tﬁe YRSbF %’i@he'i}gthls
the shaft 142. Bl ades extend radially outward

embbdmmnt, hea seitehed gelycteficetthetor.npld metor haPa statwddd sind laerotor 150
. housi 35 w annel 8 use, ser
whidyy e bty rofilefl Mol (88 AR 4407 Bl A sog Stahoaitungh the
motéhatﬁ&g 542 ks griveR By the Hi‘&&rlsv‘@'t\gﬁg%dl@, E\%éhé'sg switched
e or. T not or

ment, is a switched reluctanc
reludtarceanabat I‘nrcomapﬁsamjstator d80@ havibg fowtsatienti polesol4taab4Qb, 140c

he stator 140. Figure 24 is a section
and [{E&g 3‘}%0 Ebr 140, grﬂfs)@ numb erog p}r@%pg ipsylatqd, avire wound
arouﬂmto FTh $urdls BH\@P]l&ger? pa'ifé’%fpglr%§ Qrfgmh e FYPCLriek € %ﬁ%ﬁ\?mdln g,

notor. It conp a sta avi ng four
e.g. feltess bi0zles1Uidb, 140b0formanddihgON1 shawh ip@igurd 4Qaand the turns
insul ated wire wound 15

140 unber of .turns of
on P%]FBgﬂg: 98‘1 Wigeing WA shoype il FigWisaiax s of poles are

joined in series to formone wnding, e.g. the turns
on poles 140a, 140b formw nding WL shown in Figure 12

The amdut dh@vxtmmﬁgur@ ﬂZﬂQh&ﬂ td$0wer drftDdriveotheietoli AGoWol system
in Fig The circuit shown in Figure 12 is

160 wsaéw Erevwso\fe thﬁﬁléfﬂfbl FZ/Base heengen b, fondetsetinothegpgelanposition

of the rotor 150. In use, the control system 160 uses the information from the sensor
155, together with other information, to energise sequentially the windings W1 and W2
and hence to cause the rotor 150 and the impeller 130 to rotate about the axis 146,
drawing air into the housing 135 along path F and exhausting air along path G. The
windings W1, W2 are energised by turning TR2-TRS5 on and off in the manner
previously described. Control systems of this kind are well known and do not need to be

described further.
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20 160 is al so provided. The shaft 142 has a sensor
155 for detecting the angular position of the rotor
wda.Bd4/05114use, the control system 160 uses the PCT/GB2003/005384
informati on fromthe sensor 155, together with other
information, to energise sequentially the w ndings W
and W and hence to cause the rotor 150 and the
impel ler 130 to rotate abol6é the axis 146, draw ng
air into the housing 135 along path F and exhausting
For §'t5vo HASY s@ﬁEﬁhd@elu-Eba%cg%d%ﬁQ/hHgasn(‘/Mnal erdfiffg §P&I9SSEHund
rning TR2-TR5 on and off 1 n the manner
95 Op®1¢m oushaye dewclrthixable follomingtomspmeaimealws, fohite dicnd shown in
known ggg dg not need to be described further.
Flgum%dmvlé%g repif) GB2003/ 005384 16 For a two- phase
S ched r tance notor with a normal operating
sgggd g 5§%ﬁﬁd 95, 000rpm we have found that the
f oLl e 30gHEonponent val ues, for the circuit shown in
Fi%%re 12, _provide good results: Cl = C2 = 220nF; 5
¢ ®lcdc = 6. 6F The notor illustrated in Fi gures
23 and 24 has a small nunber of poles and a high
operating speed. The invention is equally applicable

The tntoto hRrstrhiedds Higwie$ @3 aundi ZIhhasl @ ssallt @imhbrg dfrgdeseatl a high
such as a notor having a | arge nunber of poles and a

operptiig sprefat e IBYRAEEN lmqéa&b}hﬁmélcablest@cwhar lasdgl haying a high

at evi S
oG SREAATELN0 5 By Bl S5 0 AL g g 1o
oper@ihg@§peedl 0An Ienarhble offs@t‘:maOIba@ 1@ﬁlé§ffa&at&eallﬁ .de¥ReeTi®h as an
brush bar 170 conprises an el ongated cylindrical

agltagqre@ve dpmswa@m@n@eadﬁgurgs 2esne A8 iheptioici sich e agitator 4n the

for 0 I.%f qﬁ@ as indicated at 172. The brush bar is
DB t2a s unted on an internal coaxial shaft 173

Vi a bearlngs 174, 175. The notor is nmounted centrally

The ‘Urﬁﬁx‘ Balt 190 DEdifitisB@lan 28 En EREMP L BRRIcAl Sfed{ePN171 7ﬁavﬂ{kd ritlially

rotor 177. -The rotor 177 “1s cboaxial wth the stator
exteridifg bristles Lo vioatsr surfaseicds intiabted lae 17Dt cFhertmish bar is rotatably
mounte8 %rrldantlgt%mal coaxial shaft 173 via bearings 174, 175. The motor is mounted
centrally within the brush bar and comprises a stator 176 and a rotor 177. The rotor 177
is coaxial with the stator 176 and surrounds it such that the rotor rotates around the
stator. The shaft 173 is fixed with respect to the stator 176 and the brush bar 170 is
arranged to rotate with the rotor 177. The motor is an eighteen-pole, two-phase switched
reluctance motor. A winding for the motor is indicated at 178 in Figure 28. In use, a
control circuit, such as that shown in Figure 12, is used to power and drive the mbfor.

Each winding is energised in dependence on information from an angular position

sensor (not shown) associated with the rotor.

The motor causes the brushbar 170 to rotate at a typical operating speed of 3,500 rpm.
The brushbar 170 may be included in the vacuum cleaner 100 of Figure 22. The
brushbar is mountable in the cleaner head 115, adjacent the suction inlet 116. Rotation
of the brush bar 170 causes. the bristles 172 to sweep along the surface to be cleaned, for

example a carpet, agitating the fibres of the carpet to loosen dirt and dust and picking up
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20 stator. The shaft 173 is fixed with respect to the
stator 176 and the brush bar 170 is arranged to

WO od0abs77wi th the rotor 177. The notor is an  PCT/GB2003/005384
ei ght een-pol e, two-phase switched reluctance notor. A
wi nding for the notor is indicated at 178 in Figure-
28. In use, a control circuit, such as that shown in
Figure 12, is used to povver”and drive the notor. Each
wi nding is energised in dependence on information from

debasn Theguttam gfad lifisahe d2Garslechsofrofnhe cafpevamy 1ﬁ1$)Sthe 'dﬁty&dr inlet
uses t he brushbar

116Wit<2 the roto The nmotaor c
r 8 ENGE: ko ttéepidl%%ﬁl sepataR ic ﬁ@mé‘ifeébz of the HGW%ﬁiean%e The
bruﬂb%%a}ﬁ@o H@ cﬁﬁgr us%gg&dtoblnf& Qg?é/@%p&g&&%eaner 100

of Figure 22 I'S noun
cl eaner head 115, adj acent the suction inlet 116.
Rotation 30 of the brush bar 170 causes. the bristles

DC Péek SuppRep al ong the surface to be cleaned, for
exanpl € a carpet, agitating the fibres of the carpet
A staonfl gppbeatidinraf t:lm@odmst:om\redtepns:m agicupowAD s2PPK/. 0AT7ipital de

PCT/ GB2003/ 005384 17 debris, The suction of air lifts
POWPHERRIY 1or AW SHEANSY iNosheetiefchar gV ridiuilhridise e uilq egnverter,

as sl%v(/n ﬁrpi:%hre §-6At Wmﬁﬁ@%ﬁ%)ﬁlpts%et ﬂf‘er‘%j,ﬁssﬁn @ﬁ f}@ §UP7641 C1,

112 of the vacuu eaneér
C2) ma@/ a zbhdge retifiercd05ddrbei ta tize Hilgh @oweoalting ol bébsy APFTBtage 310 is

eaner Power Supply A second anI i cati on of the
usuag’éfwé‘?co%)ﬁ%té %?th Y |er95‘§edéatt§&&é‘?rysw ycurgng y}ﬁﬁfmﬁﬂlcélc By

mco&%?%ﬁgsﬁ é% ,SPF@% Cgﬁ{:/_g?g@}l' 43 gféﬁlgzﬁﬁecf)gt F_a.rz Wst'alslt dc
volte. The bbest mﬂm saEP Solkinadd, byt Atk brkl fgaraohvaat& 3f15! tWﬁth a

300 (L1, 4, 10 CZA% and a bridge rectifier 305. Due to

cons{apé dﬁ.h@k vobwes VeatA rigntral efotstfulbridze compsrten & stepightforward,
| t f

depeb:& a}rﬁ%edﬁl Y a?i(r%{)vﬁﬂé@n 1% 105 n’l&l%er%ug a#’ .rfﬁhesf”# %88 @r%lf%lg%s 15

fed &t agensftiaerA320 hid be diIEpulﬂtfﬂteB%léﬁ nﬂzhﬁ&arancﬁﬁﬁét@f”l_zd&ld an
vol tage. The boost APFC stage is followed by a full
outpyf gy @%Paé'é?rv@f't SfdcaB gs theydhowfputcymiegeaef thicdd pewensipplygeThe

sw1téf?§%ﬁe%§eggﬁ 0P hgogrhcgggon\lflelrl I % élj g%felec %}/ f rrtgler{}g#sieatp? SWeiorﬁ the
outph@@lﬂcnn‘@%nﬁi&@ﬂt& (o4, (M)@vlfll&k hiﬁuﬁﬂﬂirfgoickéiﬂamé 16498 BlRe pSwer
electronic devices of the bridge converter 315. However, the selection of the output
capacitor C4 is further complicated by standard requirements that the output voltage
should be ‘held up’ for a defined period after the input supply has been removed, i.e. the
output should remain on for a fixed time period after the input supply has been removed,
such as during a power cut. This generally results in the capacitor C4 having a fairly

large value, often in the range of 100s of mF.

Using a boost APFC stage 310 has the same problems as in the power converter shown
previously in Figure 1, in that it requires C3 to be large (100 - 150uF) and increases the

component count, size and cost of the overall power supply.
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fed to a transforner 320 and an output filter which
i ncludes an inductor L2 and an output dc capacitor
W@20040604B i s the dc output voltage of the dc pomeB2003/005384

supply. The swtching frequency of the bridge

converter 315 is selected to mnimse the size of the

output filtering conponents (L2, C4) whil st

mai nt ai ni ng accept abl e | osé®&s in the power 20

el ectroni c devices of the bridge converter 315.
Usinigonereehniqudhginsiédrewt than defcrited previoutly, capapoweosufply icin be

further conplicated b stapdard requi rements that the
modgiedine Way thalgemoxesdhe fopt AREK $fagry3 10; gytaigingmih gapacitor C3

.nel- t i b ’ i .
of st R By i, B Yot B RRE S5, A EERRIEHc bf Romoving

the tbbteAPFO&tdge 300, VAR yowams hean 000 Eppld. PoSKE fradder from the
~during a power cut. This enerallqy results inthe
bridgeapeicrter 3¢3. Huovghythe transionner 232Q) t ghe ouipyle stage.t whichpis a

func{ilglg o{ ﬁ%% lpﬂck %O?%%? @W%J—T‘a‘ig’ Lﬁ&;{lf tggngs ot{,%gﬁ CAPﬁl iséu?%gl gr\:lltﬁo the

salre e power conver

transBrener 01aby thkenFaigeele flom it s shpﬂlw,egm}d % sehllt éphdtor C3
| arge (100 - 150F) and increases the conponent count,

storegjvewy 1#He coergy. d¥s befrae.dlusr biild yioinethe Sapnsormer 3pistpy avoided by

. 2004/,.057747, PCT/ GB2003/ 00538 1 i ng_a-techni

imp g PS5 PR & e(EREEPT BRAODPL o IET e THEvere b gral

capa€iédt ©F is HBAlilyl @Ppehdend upByy tHeh@tal reeRN OParkstereB RS (RpSmary
~ stage 310, retaining only a capacitor C3 of

windéngyNpfaf dhentrinsfemer laed froal the indistarHdvierminghiaguefehe Bipupbilter

.a consequence,. of renpvin e boost APFC stage 310,
during{ iﬂpﬁg&f"h8€thﬁé’5lflg%fﬁ%eﬁ?rp—{}:ge. Power transfer from
the 5 bridge converter 315, through the transforner

320 to the output stage, which is a function of the
Remgdueingith& booktt AGEC( dfege A)Q haovhey appasent alrawbackntbat Teeswitching

' h fqrr ' o
freaugPRLEF I RO e 1 |SE Aot he ol o g putpu fiterng
com leﬁ@mr%&% CathPGTA W hhd foltetiRA%H Gpe with BRf ng power

ux buil p i'n the transformer nust be avoi de

transfarpebichgs & furiction ohthemeaiengipglisaitquencipelilbwevenfit hiwebeen found
o S e S T s A e g
i AT §BGPSAESE ARG, 4y AOSIEARS 00 for e
output ‘hold up’ period already dictates a large value of capacitor C4. The majority of
the energy storage capacitance is present on the low voltage side, which has advantages

in both cost and size.

It will be appreciated that the invention is not limited to the embodiment illustrated in
the drawings. Specifically, the invention can be applied to multi-phase systems, for

example with independent rectification for each phase.
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during the operation of the bridge converter 315.
Renovi ng the boost APFC stage 310 has the apparent
waoleawbsokr t hat the switching 15 frequency of PEEGB2003/005384
bri dge converter no | onger defines the values of the
output filtering conponents (L2, C4). Capacitor C4
now has to be sized to copggwith the varying power
transfer, which is a function of the mains supply
Clfrequency. However, it has been found that the val ue
=AW capacitance C4 which is required with this new
schene is simlar to that which would have been
required previously, as the standard requirenent for
1. t hé\ poweutquyersidiodppparapls foecoodrtidg padyt frlbrataatadermting source
| ar ge val ue of capacitor C4. The mgjority of the
to dg, CRMNISIOELr age capacitance is present on the | ow
vol i.d G ' C.OS:
o 2 Sl for e B A RO ey bt Ol M poge
inclideriah étput Gltthe enbodi nent illustrated in 25 the
drawi ngs. Specjfically, the invention can be applied

t o TFRYEYING BisaRtios yectifyiag thepliprnagngsignal, wi t h i ndependent

e85 B0 R SR80 EPERE e AR " Conver i on
appaioatpus fdr outptietimgaiciven fropohe kectif A aftard ARY tAetifiditor to the

source to dc, conprising: 5 an input stage for
pulseglogflyi ng power fromthe alternating source, which

w8 85 B KB BB: LORM R over rom

the @ApaCbidWhein $eOtdpagite? e diierdsionet tsGeh iee tthd VSithge across the
signal, an output for outputting power fromthe

ig .
capagigest fafly ibglpwhd afesofathg nominad ysakireasifiedovaltage of thepsduseduring

I ? m(}e i.n.the pulsed | oad has at |east one
eaChsc&né]1 c%e 2\{/lvlgﬁn |tlﬁéso reh receives power from the

out put, and wherein the capacitor is dinmensioned such
that the voltage across the capacitor falls below 15%
of At PRWeTOFANNENSIOpeapiparagust adcprsitng/ tr} thage lofwhenein gbeicaprcitor is

dime%yiroh&g such that the voltage across the capacitor falls below 10% of the nominal

peak rectified voltage of the source during each cycle of the alternating source.

3. A power conversion apparatus according to claim 1 or 2, wherein the capacitor is
dimensioned such that the voltage across the capacitor falls below 5% of the nominal

peak rectified voltage of the source during each cycle of the alternating source..

4. A power conversion apparatus according to any one of the preceding claims,
wherein the capacitor is dimensioned to store the amount of energy which is released

from the winding when the winding is switched off.

5. A power conversion apparatus according to any one of the preceding claims,

wherein the pulsed load has a switching frequency which is greater than 2KHz.
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each cycle of the alternating source. 15 2. A power
conversi on apparatus according to claiml1, wherein the
wa@apaost7ar is di mensi oned such that the volt apeT/aBe@sH05384
the capacitor falls below 10% of the nom nal peak
rectified voltage of the source during each cycle of
the alternating source. 20,g3. A power conversion
appar at us accor ding to claim1l or 2 wherein the

a acitor is di uch..t t,he .v 08
6. R By rodiernof Forars s ByegiaBhas T ORI GRAbEr i
referér?det t'of arfAoNObt AL eMboditRnEOHSH HUF gig:seBL o chdne 26 of the
he altérnating source.. 4. A power conversion
accompp@mgdnsmangsor ding to any one of the preceding
clainms, 25 wherein the capacitor is dinmensioned to
store the anount of energy which is released fromthe
7. W AdidNgayen %ﬁtu‘@”c@%gﬁgm Sy pYWECfeRidn apﬁ)araﬁlsp&‘é@fdmg to
conver si on a aratus accordihg to any one
any quieed ¢t prgceetineg ¢isims anidermilsedtlbagl. pul sed | oad has a
switching frequency which is greater than 2KHz. 30 WD
2004/ 057747 PCT/ GB2003/ 005384 20 6. A power
8. Coﬂxeél%étgg'al afafl u§cc§i‘&?§é 38l ¥, %eﬁéﬁ{ ﬁ*\enB@lE&f foad is an
descri reference’to any one of
mducﬁtm@oma&ewhlshshampeatedlflsgmuchaj bdtweon 2h amd;teﬁs apfl anheff state,

acconpanyi ng draw ngs. 7. An el ectrical ar.at us
WheTEohiBE (BTN SRt SR S5 2981 T ohd 6 S0 A8 LOPURIA &7 avoid

flux 1¥d\?€%¥t% @%n%ﬁ)‘éﬁd' ng clainms and a pul sed | oad. 8.

apparatus according to claim?7, wherein
the pulsed load is an inductive |load which is
repeat edly switched between an on_state and an off
9. sténeelectr.ngalmwt% BSROTHDE 4P| GHMLF Phé. SHhesdimthe jpylsed load

comgqses amrbzw alfsav?n OzItflc%a%{ 8k (ﬁi&th Bﬂzﬁg'@dﬁﬁl ..S e or avoi d

ein An el ectrical
appar at us accordlng to claim7 or 8, wherein the
pul sed | oad conprises a notor having at |east one
10. swAncdhesdrigh apparpjug dicpeyding to claim 9, wherein the motor is a switched

reluctance motor.

11. An electrical apparatus according to claim 9 or 10, further comprising an

impeller which is driven by the motor.

12.  An electrical apparatus according to claim 11 in the form of a vacuum cleaner
with an airflow path, wherein the impeller is a suction fan for drawing air along the

airflow path.

13.  An electrical apparatus according to claim 9 or 10, further comprising a surface-

treating device which is driven by the motor.

14. An electrical apparatus according to claim 13, in which the surface-treating

device comprises an agitator which is rotatable by the motor.
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15 10. An electrical apparatus according to claim?9,
wherein the notor is a swwtched reluctance notor. 11.
w@moahewaT i cal apparatus according to clai m9 pPeT/GEB2003/005384
further conprising an 20 inpeller which is driven by
the notor. 12. An electrical apparatus according to
claim1l in the formof a cuum cl eaner wth an
airflow path, wherein the inpeller is a suction fan
for drawing air along the airflow path. 25 13. An
el ectrical apparatus according to claim9 or 10,
15. f UANEECHEAPDD&IaRE Rctinkd6 &1aib! £ tjﬂ? £ bE & VAR clefiner
driven by the notor. 14. “An eal ectrical apparatus ’
wheeetr thedigitgtor & lo¢aaedniniBe cleaenheatortflver saolf ace-t r eat i ng
30 device conprises an agitator which is rotatable by
the motor. WO 2004/057747 PCT/ GB2003/005384 21 15. An
16. o &y ¢lpctiral Apparats asceidingrtaichimt b ox Bawherein the pulssdfloadis a
: erein the aqgitator is |ocated
pow?{]suﬁﬁé/?gﬂrﬁé{yﬁgbﬁﬁf(g%w%@ i et i 4oy t.rarg% °C-An el ectrical
apparatus according to claim7 or 8, wherein the
pul sed load is a power supply, and the swtched
17. wi Adi @igct@@amppgr@wasuhsanéalgw aehereinPeforndescabed,i wigh reference

: stantjally.as. herei.nbef.ore descri bed,
o, of BPHELHES iTART AT B Rl i B s L bt end 26 to
28 of the aecdapgtinyRiptdzawiigyn in Figures 11 to 24 and 26 to
10 28 of the acconpanyi ng draw ngs.



