WO 2011/ 138626PCT/ 1 B2010/ 000990 A CEI LI NG FAN Field The present invention
relates to a ceiling fan, particularly though not solely to a sensorl ess

si nusoi davoceilizsgef an and a nmet hod of controlling a cePCrnB20fian09%)
Background Ceiling fans are typically powered by high pole nunber AC

I nduction notors, operating directly fromthe utility AC |ine voltage at
hi gh degrees of frequency slip, which nmakes operation very inefficient.
Typi cal donestic ceiling fans nmay 1() be optim sed for |ow cost and | ong
life, but not electrical efficienByCEIRINGeXANpl e a typical donestic ceiling
fan consunes around 75Wof electrical input power, but only generates

ar ound 15¥y f, mechani cal shaft power; an efficiency of just 20% The
eff|C|ency P a ceiling fan nay be greatly inproved by replacing the AC 15
i nduction notor with an Electronically Commutated (EC) notor, conprising a

per nanent Thegiresentoinoentidr Felatel tardteilikig Fan aparticoiatly ﬂﬂom’@tﬂﬁ@t k6leBoloes and a
stator with one or nore phase w ndings controlled bi el ectroni ¢ swi tches.
n

EC m)torssﬁﬂﬁorﬂ%%ﬁq‘fﬂld%ﬂtﬂ%"p&f@c@ﬂ 3 énethed of eapirelingf eriligdfanyr eater, so
that only 25Wof electrical input power is required to generate 15W of
mechangcal shaft 20 power. The use of EC ceiling fans can potentially
reduce energy consunption by as much as 66% conpared to typical AC notor
ceiling fans. Since the use of ceiling fans is w despread throughout the
wor | ds t elBaskgreundr opi cal and subtropical regions inprovements to EC
ceiling fan technol ogy can play an 25inportant role in reducing gl obal

energy CO'E?%lﬂmﬁt i‘a% gl%dt)jpﬁcsalﬁfg&%re%nb)glh?&'?lpole number AC induction motors,

operating directly from the utility AC line voltage at high degrees of frequency
slip, which makes operation very inefficient. Typical domestic ceiling fans may

10  be optimised for low cost and long life, but not electrical efficiency. For example
a typical domestic ceiling fan consumes around 75W of electrical input power,
but only generates around 15W of mechanical shaft power; an efficiency of just
20%.

The efficiency of a ceiling fan may be greatly improved by replacing the AC
15  induction motor with an Electronically Commutated (EC) motor, comprising a
permanent magnet rotor with a plurality of alternating magnetic poles and a
stator with one or more phase windings controlled by electronic switches. EC
motors are typically able to achieve efficiencies of 60% or greater, so that only
25W of electrical input power is required to generate 15W of mechanical shaft

20 power.

The use of EC ceiling fans can potentially reduce energy consumption by as
much as 66% compared to typical AC motor ceiling fans. Since the use of
ceiling fans is widespread throughout the worlds temperate, tropical and sub-
tropical regions improvements to EC ceiling fan technology can play an
25 important role in reducing global energy consumption and its effect on global

climate change.

1
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climate change. 1 CONFI RVATI ON COPY WO 2011/138626PCT/ |1 B2010/ 000990 An EC
ceiling fan requires an electronic controller to detect the position of the
rot or magwetznti/yed2es and energi se the stator w ndings seCrhatoiemooent of
the correct magnitude and polarity flows in the winding to generate
nmotoring torque in the required Direction O Rotation (DOR). 5 The w ndi ng
current waveform anplitude and phasing may al so be controlled in order to
achi eve acoustically quiet operation which may be desirable to consuners.
The el ect AonEC eriling fan egquirasuan edectraniacentiblidrobodetPot the posithem of tige ( RPS)

to det 1 th [y f,th 0t ti I | at i h
stator wi FAPhGRSOtslE podS: Aq o5rose dhelBaM whghiascSa Gef HEnt 8L u
this is exprast M@anm BAH pAMarit)Tiows MBBBalinaMd tb §avsratd MRt lorgue ¢ hal |
effect switches placed in close {)rom mt%)uto t he rotor magnets, which

directly HethedeguiseddlirastiopdPfdRotafiontRORMt puts of these hal |l effect
sensors can then be decoded by logic circuits or a m croprocessor to

det erni ne : r i r i 1T r jyndi ng
i £ i ng "Bannde e ARAR ababihiafE ShOTshas ial 1K bElodMEIBUT

el ect r oni ordesmpm nesttisvearastotaticpibs equiet iopleratidry wisishemayhér eebieddledto n t he
stator due to the device itself and its interconnection with the main
control | eFORFYMBEIS. US patent no 7157872 discloses a ceiling fan with an
outer rotor DC brushless 20 notor with an additional magnetic ring nounted

on the oufrpediediforibLoptrbfeMAqUIRsCs mdaissoPRoBISPESRoNBdnsiid BRPSHRYi ces

to determne rotor position fromoutside of the notor. However using hall
ef fect dedetsminmdhenepsitipnt ef cibeneetos ; magpetiagpalas erelativerde htiei stator

conpl exi ty.of e tor.: y. introduce the possibility of reduced notor
ef fi c?dénc};';wﬁ{'aé%]'n d ag’ggsﬁﬂ@%g'?i Eo r’l}les@ {ﬁah trgs@gﬁ?ga?rpmmbu&tﬂ%és
secondar y erp@ieié.c Atictiemidptionhes aglagnkticAily0rsePeltive, efdbt@midTEallC affert errors
in conmutation timn Summary of the Invention In general ternms the

present iﬁWEﬁ*B?%H'aﬁ?gﬁb§@§eepf@¥if’fl'i%@ thgrfotesinagnetsi which directly sense the
magnet polarity. The outputs of these hall effect sensors can then be decoded

by logic circuits or a microprocessor to determine the rotor location and

15 therefore the timing for the winding switching pattern. However, hall effect
sensors are relatively fragile electronic components and can pose reliability

issues when embedded in the stator due to the device itself and its

interconnection with the main controller circuit.

US patent no 7157872 discloses a ceiling fan with an outer rotor DC brushless
20 motor with an additional magnetic ring mounted on the outside of the external
rotor. This allows the hall effect devices to determine rotor position from outside
of the motor. However using hall effect devices and their interconnects; may
increase the mechanical complexity of the motor; and may introduce the
possibility of reduced motor efficiency and increased acoustic noise due to
25 misalignment of the secondary magnetic disk with the actual rotor poles, which

may cause errors in commutation timing.



efficiency Electronically Comutated (EC) notor with a sensorl ess notor
controller. The sensorless controller may have the advantage of elimnating
the Suse WO 2huali3s@hf ect devices or encoders to determ n@CTABZNO/M®IN i 0N,
providing inproved starting reliability and providi ng snoboth and qui et
operation. The sensorless controller may include a PWM DC-DC converter with
output filtering. For exanple the converter may be a synchronous buck
converter. The converter nay enploy sinusoidal pulse w dth nodul ation
(SPWY) , wSummaey of the Imvenrtiemi t chi ng confi gurati ons dependi ng on speed.

For exanple at | ow speeds the switching waveform may be | argely sinusoidal

with | ow harnoni ¢ contept which chieve very_qui.et erat.i on il e at

b speellt SRGHA: EERTe e, Brai b Vaaor & Spirets’ acctifio AR Bind e bt or m

whi ch nay effieigrieye EdddticHialsy ComiueateBULEC) | metorn@ithngd sefsorkadst Ghotos

configurations ma)ﬁ]rhave t he 15advantage of optim sing effici e.nci/_ and / or
IR

mi ni m si ngoniEelkas. Thasensadess eartreliaitrpay Iavethy advan ef eliraippling the quence
whi ch st h it £t . | '
morory? soUER A" fialb ekt WayRes' 6 chBodérsCRE BeRAARE Soldh SEIAP! Bididind’ 207 &M

di sconnecimsprovél atarting oelistsikty amat prolviding smpotinahd deist opiedationg sequence
whi ch depends on the 20 rotor position when the fan was | ast stopped. This

may have e advant age of i nproving,the c ccess of the startin
sequence. ThReSasHa6eR ctaliRt rpy diends £ AaE] OF Dy EoRvaRST siffcomttn
results i ﬂlte;q‘?rﬁ‘d1 m%nb@bﬁﬁe%ﬂVéﬂépHﬁbeéﬁ%% higHdug BLRKNESHVRser OThEe

! g
common rail for 1/3 of the electrical cCycle. "This nmay have the advantage of
al | owi ng toevertarrmay eroploy sisustidalrpulse widiseedolatiohd SFWMigwithrane atr oss

det or i nemaraendETia.C gl adiindito RRSRERY 12 Bl PR gpeRss 1©
2011/ 1386 GPEMLRAG1AG0SRINOMAYIbS ilanmly) ¥irisoRia) IRt foW HarMBrROWERIEHYPP! ¥

(SMPS) may be used to provide safety isolation fromthe incomng utility
suppl y anWhich mayachiayet veryl auiet \apiaraten.t white |atviighysreads: highes eordes

prot ect ed ele I .S b ) t el i U pplies
conpl yi ngh\%\,{rﬁﬁh'ﬁ%ﬁd‘% éé(f gte ygégécrj a%Ltg\?vg\/%)\}la"t%ah\é@é a\gg\?%f%)ﬁx lNh'&] q'naqum\?éj
efficiency. The output filtering and / or switching configurations may have the

15  advantage of optimising efficiency and / or minimising noise.

The sensorless controller may include a stopping sequence which stores the
position of the rotor once stopped in non-volatile program memory so that the
information may be retained when the power supply is disconnected. The
sensorless controller may include a starting sequence which depends on the
20 rotor position when ~the fan was last stopped. This may have the advantage of

improving the chance of success of the starting sequence.

The sensorless controller may employ a switching logic which results in each
phase being continuously sequentially connected to the common rail for 1/3 of
the electrical cycle. This may have the advantage of allowing the current to be
25 determined based on the voltage drop across the switch, and that the current
may be used during starting sequence to determine whether the starting

sequence has been successful.



5 UL1310 Class 2 limts. The power supply may be separated fromthe notor,
in a sealed portion of the nmounting tube. Alternatively the AC DC power
supply nmawohetiza3sen- i sol at ed converter topol ogy wher eby PCAB2E&0000%)
prevented fromcomng into contact with |ive conponents by constructi onal
features of the fan. Alternatively the AC DC power supply may be directly
rectified and filtered from 10 the incom ng AC supply. In a first

parti cul ar exprngﬁsi on %{ the invention there is ovided a ceiling fan

accor di ngAdgitionghan A ng's@@_élegi&ﬂqurﬁlmpln(%wo&rjsrms benésest torpr@vidRanpl e
enbodi ”E”tsﬁeg% iSoltidHERY ﬂg\%ﬂnglaétnrd;ﬁ‘ff’ltfgugﬁtgcédobﬁ%aﬂgf&%‘ir‘?é fbER6Rabe the

fol |l ow ng res, erspective view of an
cei l i ng f & aalewel sihege tthe arseexampbtectst fmretactriv isboekl Hyr e losd eoltage

Fi 2 | | oded perspective vie ting details for the blade
107126 upjsiencurrpaker wlrigeGomving il G Salel SHrd Far Vitasgoende i ew
of thes ECUian1vic1a8s of Inkits. i eopowbosisily Blaybé QbpSatedfrBRt fh‘é%%t&?ﬂ% 3 ol I er

PCBA 351; Figure 4 is an exploded perspecti've view of the EC notor ;
Fi gure 5 isealedrpstioniof ¢helmauntingitube Ateroativelyitbe ASE0C poweedupplyrmag! ow;

Figure 6 i n_electrical hlock sch tic of . th ower .suppl 36 .and
br ('t od o PR pohasBteEt coRu i BimigByaindieny e SURL 1S BxEnrest R
vol tages Abingt#flo ddptdctadith |ivdebmpdAentLbecoRsRdctichal RsatietdbNtheCRINION
poi nt 413; S5Figure 8 is_a software state diagramof the main controller

oper at i ngAdeeEnaiyelyrheuie:BCi ppwerssmphamays be diraeliy restifier andHitesshfrem
oper atj On'thé:in%UFrﬁn&g\d §uﬁpl§-oftware fl owchart of START STATE operati on;

In a first particular expression of the invention there is provided a ceiling fan

according to claim 1.

Brief Description of Drawings

15 One or more example embodiments of the invention will now be described, with

reference to the following figures, in which:

Figure 1 is a perspective view of an EC ceiling fan according to an example

embodiment, viewed from below;

Figure 2 is an exploded perspective view of mounting details for the blades 10,

20 upper cover 15, EC motor 30;

Figure 3 is a partial perspective view of the EC fan viewed from below showing
EC Motor 30, Electronic Controller PCBA 351;

Figure 4 is an exploded perspective view of the EC motor 30;

Figure 5 is perspective detail of EC motor stator 350, viewed from below;



Figure 11 is a software flowhart of RUN STATE operation; Figure 12 is a
software flowchart of RUN STATE PWM | NTERRUPT operation; 10 Figure 13 is a
graph of wbeouoiss@ges Aph 410, Bph4ll and Cph 412 ref er en®aB201@000990 Fi gure
14 is a graph of the voltage Aph 410 referenced to OV; and Figure 15 is a
software flowchart of SHUTDOANN STATE operation. 15 Detail ed Description
Rot or Position Sensing according to the exanple enbodi nent uses el ectronic
sensing neans (Back EMF RPS) to determ ne commutation timng by measuring
t he back Eigared isage elgciticalablodk sichematic afi thei power stpsly el36randitpringed he
hal | effect devices. 20 Th LRlest Back EMF RPS net hod enpl oys a 3 phase
i nverter E6R{ B??rgzaﬁsﬁ"bblﬁ?@b%%F 6-Step switching pattern. In this
nmet hod a 3 phase notor is driven so that at any instant 2 phases are

ener gi sedFirjudle t7hie & gtdproef ihe VelaResetbmn420eBBM 401S CuMES2 2 deftitaacedvhi ch
has zero current flow This WO 2011/138626PCT/1B2010/ 000990 al | ows the
cont r ol | eto the Winding egmemsRoiphd1$ack- enf vol tage (Vbnf) generated in the
3rd phase by novenent of the rotor magnets. The controller typically

det ect | Shfbs {S..as a basis
for ca?c\sfghlr%\ﬂggﬁg\?:%b anafgﬁle%e%‘?a |gi%tf y@ﬁ@gﬁgéﬂgﬁg {bﬁi) r%y%tg?go%tgt € next
comutation 5 instant at which point the sensed phase will turn ON and one
of the enkigyirs &ds pheaftyeanai flawaharnofCFFANRERYO B TdJdéedpemtioont rol | ed ei t her by
varying the DC bus voltage, or by Pulse Wdth Mdul ati on (PW) of one or

Commutat | bUBF HEnt S arAS HoD bR G SEART A I oS has o mmjor

di sadvant age that acoustic noise is generated at each instant when the

w ndi ngs Bigurewitis hesbffware flochartGIFIRUNST ATE S egatiei;at ed may be
unacceptabl e for ceiling fans operating in close proximty to people in

househol d_envi rannent s. i ncl udi ng be t 1.mal s and | ow
acoustic higue @d? asHYYP f@m“%%%@@?%%&%ﬁﬁ@%ﬁgeecﬁtloah EC
notor driven with an SPWM inverter where the wi nding voltages or currents

are algo FRyuré al3list %@ph»ﬁofsﬂh@um ak 4181 BpRA EAnHITSY agbIeftirémead th the
not or Vbnf. | nplenentation of Back E RPS with a SPWMinverter 1s

probl emat facOMecause all wi ndi ngs nust be continuously energised so the
not or Vbnf cannot

Figure 14 is a graph of the voltage Aph 410 referenced to 0V; and

Figure 15 is a software flowchart of SHUTDOWN STATE operation.

15  Detailed Description

Rotor Position Sensing according to the example embodiment uses electronic
sensing means (Back EMF RPS) to determine commutation timing by
measuring the back EMF voltage associated with the windings, thus eliminating

the hall effect devices.

20 The simplest Back EMF RPS method employs a 3 phase inverter controlled in a
2-ON / 1-OFF 6-Step switching pattern. In this method a 3 phase motor is
driven so that at any instant 2 phases are energised and the voltage is

measured on the 3™ disconnected phase which has zero current flow. This



20 be directly measured under conditions of zero current. The term nal

vol tage of the notor is the applied PW voltage and cannot be used directly
to det ermwvoeotihiss®ack EM-. I n that case a high speed m ecogBI@s®0v0
perform ng advanced nmat hematical transformations on neasured voltage and
current are necessary to determ ne rotor position. The cost and conplexity
of these devices and 25associ ated support circuitry nmay be | ess desirable
for ceiling fans. According to the exanpl e enbodi mrent Back EMF sensing is
enpl oyed \aﬂowsahe@nohotberdosiimwb( sepse dhe dbackBaohvaltagen®y/bswh) generated imuck

eu ces. by PR oSS HIGRBHPLER HEMR fol rpadbeiea b8 Sonboie Shicall Heledd
appr oxi maiahdnN¥bRCl fR¥Fsensdad Bddé 118696Pedfd BAQLOSEDAAQ0asT i Bag@Yfor! | oW

for accurate sensing of rotor position in a sinewave notor, and nmay avoid
t he need falculaiing vicnepaalogell digitain@eans deetiming: of ke Pesk cemmmut

constracti ' [ C | l e
enbod: Srant et AR pGROHE Shst Gided Bl AAR AL bR o Sho eflSHr.,
t ube assepbhbhyed Will WirMhO&F. diestor cpeed id tontrolied asithealbyyvarpiegt @ Daf bas Red
LED |l ens 12 fittinnggi htly to the | ower edges of the blades 10, to
provi de r ¥a4agmbPleby g‘l"g%é/vé"&)t e@wlahoraéEWM? of e ahdnergt @ ther BYYerer ow.

Fi gures 2gandhipoddeaan expl oded view of the blade mounting arrangenents.
10 Bl adessl al r'gn Wlet%h notor 30 bl ade nount webs 331, and are fastened in

position by screws 312. Figure 3 shows that the | ower cover 11 raised
turrets 3BackabEMie RPBgwih AN hdu@FFngosimutatidasoffers thHeatadvbetagevef 11

can be pushed. vertically upwards and rotated to |lqck into position, A notor
Cont + 50 PRI LbLY fasta HARE ihetdiaridaS 165 baud nBs sRoahdiafill ot , T he

centre of ¢hBR ifBlaMt WRen fheuvRdhgshars switcherl rdrf ONelw OFFECTR®tRiss0, the
nmotor is an external rotor, slotless, axial flux, double rotor

conf i gur agRBAatedmManbg unaceepi@dle foraeeilingrarssopenating imietoseopioxirsiy taicl udes
a rotor speblie3RhodibRBI BN iR <RI diRE baaR0oms.

Optimal smoothness and low acoustic noise for a motor drive may be improved
15 by the use of an EC motor driven with an SPWM inverter where the winding
voltages or currents are also controlled to be sinusoidal and maintained in

synchronism with the motor Vbmf.

Implementation of Back EMF RPS with a SPWM inverter is problematic
because all windings must be continuously energised so the motor Vbmf cannot
20 be directly measured under conditions of zero current. The terminal voltage of
the motor is the applied PWM voltage and cannot be used directly to determine
the Back EMF. In that case a high speed microprocessor performing advanced
mathematical transformations on measured voltage and current are necessary
to determine rotor position. The cost and complexity of these devices and

25 associated support circuitry may be less desirable for ceiling fans.

According to the example embodiment Back EMF sensing is employed with a
synchronous buck converter. Because the synchronous buck converter output
is decoupled from the SPWM of the inverter switching devices by filer

components, the winding voltages are measured to approximate the Back EMF.



20 ferromagnetic material of suitable strength, such as diecast al um nium
or injection noul ded thernoplastic, and provi des bl ade nmount webs 331 and a
beari ng twonret/B3826whi ch provi des nmounti ng for upper be&cirng2@edooasd | ower
bearing 326. Alternatively, rotor shell 330 and upper cover 15 may be
formed as a single integrated conponent. 25 The upper rotor 340 conprises
an annul ar disk of ferromagnetic material, and an annul ar magnetic ring
341, conposed of permanent nmagnetic nmaterial, glued into position and
magnet i sedhig mayldlloyg (orsaeueatensansing of patbe pssitiboris a $iBewave motor, and

2011/ 138626PCT/ 1.B2010/ 00Q990 facing,th tator, 350 upper, surfa The upper
otor 340May ayAddheaers romaiaod ralcTBeSite sRtariRs ine HackENR.e ot or
by 3 nounting screws 327. The stator 350 has a plastic injection noul ded
core W t hFhReomtractioh or shaft 351 pressed in to position and retai ned by
splines 357 and circlip 358. 5The rotor shell 330, fitted with upper rotor
340, bearings 324 and 326, is slid into position down shaft 351 and

retai ned Figusesit ishowsy api EC rpilingfagnaceriding tadhe eareplgaembodinsnt.
provi des i a i r 4ai sk of
Ferr omagnal & tah BIFIRoFo ol Tae pOleRy siddnd a'BEneAZ,A8 SR 13

per manent withgmtwer covieertilalith t&ngallielbcatad s Red AlE RuehsTe@ fitting éighthy t h 16

equi space netic pole ctors, facjing the stator 3 | ower surface. Both
nper " 34110 e foer 8aes of M Blaiies: S0 alePpnide FSaTnadie g ant BIRGHSA i o
mat eri al ,Ap?;nghdh_& MdGhYeravsth lbale at | ow cost as used in | oudspeaker ring

magnet s. ernatively, a conplete ring nmay be fornmed from nulti pl e magnet
15 segnents. Alternatively rare earth Neodym um lron Boron or other high
strengt h piguras&nandeyakewat explated vigw s the ddadeimeuntingrarcamgeroentst i ngs

of 1 naSst BIAsERSY HidtL Pl RS, SRR TP i 03T R PEERRRNSF if !

position by screws 312.

Figure 3 shows that the lower cover 11 raised turrets 314 can be aligned with
mounting slots 315, so that the cover 11 can be pushed vertically upwards and
rotated to lock into position. A motor controller PCBA 351 with InfraRed signal

15  detector 352 is mounted in the centre of the motor 30.

Figure 4 shows an exploded view of EC motor 30, the motor is an external rotor,
slotless, axial flux, double rotor configuration, commonly referred to as a
TORUS motor.

The motor 30 includes a rotor shell 330 which may be formed from non-
20 ferromagnetic material of suitable strength, such as diecast aluminium or
injection moulded thermoplastic, and provides blade mount webs 331 and a
bearing turret 332 which provides mounting for upper bearing 324 and lower
bearing 326. Alternatively, rotor shell 330 and upper cover 15 may be formed

as a single integrated component.

25  The upper rotor 340 comprises an annular disk of ferromagnetic material, and
an annular magnetic ring 341, composed of permanent magnetic material,

glued into position and magnetised with 16 equispaced magnetic pole sectors



is toroidally wound with a 16 pole 3 phase w nding, conprising 15 turns per
pole 20 of 0.9mm di aneter enanel |l ed copper nagnet wire with a resistance of
0.4 ohns wWodoivdse@bance of 180ul-1 per phase. Stator teeCh/1BZ50/600090 or med
frominjection noul ded thernoplastic material, used for the purpose of

gui ding the nmagnet wire during w nding, and do not forman active part of
the notor magnetic circuit. 25 A noulded turret 356 extends fromthe | ower
surface of the stator core, and provides a housing for PCBA 351 which is

retai ned facipgéhe slatom3bGrupper sirfate. Jhessaperatorsi4d israttaohedrigdhe eeter nat e

gbﬁf&ééG%@Eﬁ#‘?QI%i@ %B%Qg? %drgg Oig)r)(%?s%]qugypg\g@o?ﬁ %67'[ o the exanple

enbodi ment the EC notor is energised by the notor controller 351 shown in

Fi gure 6. THeestatr@50chas raoplastic 3gjéction ehadtied caré witthotheesiadt miatoashafl DC
power supplﬁ 136 and not or stav%r W ndi ngs 350._5 Th rmt or control | er 351

general | y SPRdrasRas if tg pasitian anes refaries Uy sRIYes3RT and eirclindd

m crocontroller 368, a driver circuit 367 for the convertor 409 vol t age

sense §i | fppSoff&nafl 330N fttad Hith'uBabtoT B0, Yedfldgd 804 HM ﬂ@ﬁ@gﬁﬂ‘ﬁft&' I er

368. The notor controller 351 1s arranged on a Printed Crcui't Board
Assenbl y pPeBan.dovd Thaft 36dranst tetaided idesisition yairelp 322endwashand23as
speed Vi a:y)ghe i ich are provided at the infrared

recei ver 353V€ Wﬁ@ﬁgﬁrgf%te@\ﬁ% f’%?”%%égql?l%% measures the Back EMF fromthe

vol tage sense filters 386-397 and provi des appropriate switching signals,

anpl i fi edThe lblaer dolor 349 S6mipribes tancamaulse diskrof4fetrontaryetial mutesiag akiting i f
the fan needs to speed up the 15 level of the applied voltage fromthe

convert er an08nNlar TBAGAR Agd 398 COMRasET 6F RATRANGBMAgRRII meaigEaky of
th I 4 j h th
(he 2R8!1 SO oG SHEAAY rSAMEESIH9h R BLIRKE CBSIE e o 0 (e

12Vdc supjhging the stataord330elowss surfalce. SMPS 136 provi des 20 out put current and
overl oad protection for the 12Vdc supply rail. A thermal switch 374

di sconnec 0 not o ontroller, 351 uld internal tenperature
oy cood SoERHR RRBE: 59 605 1BRE RaB SiNd PagBhts 3f BRIl ot aRie tERENE i ont
tenper at Unfatedal3 \WIIEMEE Wi )év%ﬁéblbnéi 'ltﬂﬁsco%t\é%l uaee |he@UH§b@ékér0rl nerate
a 3.3V supply 25 rail for mcrocontroller 368. Capacitors 382 and

provi de sumagngtentAlighaativelst acegplels fogwnay he feroed fovmrovitiple mnﬁﬁtu |
the f r fg power

suppl ;w13%%%95?%co%ﬂgﬁaqge[y%%};@%q%%aﬁg&capac r%n‘g’ggrhtbgﬁ]fﬁ@?

di schar gedtrength pévendrididanagneét maifpia?d iildyl B8 0268 CEitthd2i 1dHrMPIeRPANgs or

formed from multiple magnet segments.

Figure 5 shows perspective detail of the stator 350 lower surface, the stator 350
is toroidally wound with a 16 pole 3 phase winding, comprising 15 turns per pole
20 of 0.9mm diameter enamelled copper magnet wire with a resistance of 0.4
ohms and inductance of 180uH per phase. Stator teeth 355 are formed from
injection moulded thermoplastic material, used for the purpose of guiding the
magnet wire during winding, and do not form an active part of the motor

magnetic circuit.

25 A moulded turret 356 extends from the lower surface of the stator core, and
provides a housing for PCBA 351 which is retained in position by mounting clips

354. The stator windings terminate directly to the PCBA via loom and plug 353.



The 12Vdc supply rail is measured periodically by the mcrocontroller 368.
Resi stors 384 and 385 attenuate the 12Vvdc supply voltage to under 3.3V to
al | ow neawsorem#3ge2by mi crocontrol |l er 368. The attenuat e@dCTappilg/o0oasd
voltage is connected to anal ogue-to-digital converter (ND) input ANA. Wen
the 5 voltage drops below 9.5V mcrocontroller 368 goes into an ultra-Iow
power SHUTDOANN STATE. Motor drive is reactivated when the 12Vvdc rail
returns tg/k%reater t han 10.5V. The converter 409 includes a set of nosfet
swi t ches or gey@raller convert the 12V supply DC voltage into a three phase
Pul se Wdth Mdul ated vol tage. The PWMis snoothed into an approxi mately

dal
200- 402" SASKON S B phamBle ERBAERNETEE Rolch it ERGiaist bl MEmOBE T U1°
a val ue otodfroller 365¢ shaowme hies F&fike366 Tiee motor rcddt&ﬂlet B3 iEndleotriedlly

Si nusoi dal PWM ( ESP i ot her words t he V\Mdut cycl e varies throughout
each el ecPPP%%qtggﬁ\é?Qa\bonR?Wﬁf gyRPl% JSeran OFQT%{ @FM‘G‘% ngs 39Re

combi nation of filters 400-405 15 and ESPWM may result in near silent
oper at§ onTag H&ombﬁfrounéfmstisawé@wt FiudesPat Bebﬂaié) ngﬁaﬁ.*bn%h%%naeal

cycle is stored in the mcrocontrolléer 368 internal nmendry as a data table
(WaveTabl epvgrierm0Q,igpmacrogbhtsglierajbthea dswer clmmq@%?ﬁ@ethpewdrtyenmé@%t

at | ow peBfE el PARYS, apBra CBRg o blaY ” Beel hByOC o8 e ihea °°

Accor di ngrﬁlékotbﬁtréwértm Ngheainbedrncontichied @aNtis Artfigedbeh AUPAKie eﬁléunt Bdrv
Cdrv, Aen, Ben are su’ggl ied to the driver circuit 367. The driver 367

t hen sendBOQVQjAﬁW@YgW&F the gate of each switch according to the
Mosfet drive logic shown in the following table: Xen Xdrv Upper Msfet

(361- 363) ThengseBidvidied 34ird86¢0Mrd settings such as speed via the infrared

transmitter 373, which are provided at the infrared receiver 352. The

microcontroller 368 then measures the Back EMF from the voltage sense filters
386-397 and provides appropriate switching signals, amplified by the drivers
367, to the converter 409. Generally speaking if the fan needs to speed up the

15 level of the applied voltage from the converter 409 is increased and vice versa
for slow down. The frequency of the applied voltage from the converter 409 is
always synchronised with the speed of the motor (as measured from the Back
EMF).

SMPS 136 provides a 12Vdc supply to controller 351. The SMPS 136 provides
20 output current and overload protection for the 12Vdc supply rail. A thermal
switch 374 disconnects power to the motor controlier 351 should internal
temperature exceed safe limits, due to a motor or controller fault or excessive

ambient temperature.

3.3V power supply 381 includes a voltage regulator to generate a 3.3V supply
25 rail for microcontroller 368. Capacitors 382 and 383 provide sufficient charge
storage to power the microcontroller 368 until the fan speed has reduced fro;n
maximum rpm to stationary when the AC power supply 135 is disconnected.

Diode 380 isolates capacitor 382 from being discharged into the 12Vdc rail.
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The 12Vdc supply rail is measured periodically by the microcontrolier 368.
Resistors 384 and 385 attenuate the 12Vdc supply voltage to under 3.3V to
allow measurement by microcontroller 368. The attenuated supply rail voltage
is connected to analogue-to-digital converter (A/D) input AN4. When the
5 voltage drops below 9.5V microcontroller 368 goes into an ultra-low power
SHUTDOWN STATE. Motor drive is reactivated when the 12Vdc rail returns to
greater than 10.5V.The converter 409 includes a set of mosfet switches 361-
366 to convert the 12V supply DC voltage into a three phase Puise Width
Modulated voltage. The PWM is smoothed into an approximately sinusoidal
10  voltage (i.e. the harmonics are reduced) by filter inductors 400-402 each with a

value of 50uH, and filter capacitors 403-405 each with a value of 47uF.

The switches 361-366 are controlled to an Enhanced Sinusocidal PWM
(ESPWM). In other words the PWM duty cycle varies throughout each electrical
cycle approximately according to a sinusoid. The combination of filters 400-405

15 and ESPWM may result in near silent operation of the motor.

The ESPWM switching pattern for each electrical cycle is stored in the
microcontroller 368 internal memory as a data table (WaveTablePWM).
Multiple tables may be used to optimise performance at different operating
speeds, for example one table optimised for low noise at low speed and another

20 optimised for best efficiency at high speed.

According to the switching pattern, microcontroller 368 outputs Adrv, Bdrv,
Cdrv, Aen, Ben, Cen are supplied to the driver circuit 367. The driver 367 then
sends a drive signal to the gate of each switch according to the Mosfet drive

logic shown in the following table:

Xen Xdrv Upper Mosfet (361-363) | Lower Mosfet (364-366)
0 0 OFF OFF
0 1 OFF OFF
1 0 OFF ON

10



El ectronic protection is provided via the mcrocontroller software to
detect notor stall or abnormal operating conditions and shutdown. User
control oWof2an/Mf38626ti ons is inplenmented via an | nfra- Re#CTaRI@0@OX r ol 5
transmtter 373, with control signals received by Infra-Red receiver 352,
mounted directly on notor controller PCBA 351. Alternatively a radio
frequency (RF) renpte control transmtter and i nput nodul e and may be used.
Al ternatively |l ow | evel anal ogue voltage or current signal, such as 0-10V
or 4- 20mA, may be'ldirgctlly cgnnect edONo the nj crocontQffl | er 368 i nput
portl RX. to Batk EME_skensing As nentioned earlier when a synchronous buck
converter is used the notor winding 350 voltage is very close to the Back
EMF. Thus according to the exanpl e enbodi ment the three phase wi nding
vol t age i i [ i J < t E i L

vol t age 1 SURPRICErdEtldr rofitblia e Ritrdfdnt i seMilEL fo W WBIBL |, .
7 has t hr etalipirabeeribhbpenating wonditioms tasidysaitdessoi dal . The m crocontrol | er
368 detects the zero crossings of winding voltages to determ ne the

frequency, and phas f._the hack EMF. B njtorin he_frequency and, phase
of “the babBSEEBNTEhar ERh TR ERSe ScPIEReREE] Vo dnbgRes JATEHS 1oTHRS Ur o
wi ndi ngs gaRsPRRIIBTS wikh t&ﬁne‘cﬂrég%lsseee@%@ By dinfra-RBH N Pecdidr” 882,
direction. Mtor control strateqV The notor control strategy is generally
conpr i sedmsfunded dineetihgn angfor contplier RGBAI 3N . aAlbenniativiety santadio eqpencyy

may be. actd b es aenrah REhIMuREn R BndladhetiSs e Tefher el Vo
2011/ 1386 ARBHELVEROA V0 R GnEiogueeschag @hcuiren® sightil esudhaa£odicageam of the
main controller operating states. On receiving a Power On Reset (POR)

si gnal t hé0B¥htnay bediresty pannectgdipiie migtpeontsTRuSe?) inpahredlEes-vi ng a
val id SPEED or ON signal fromthe InfraRed controller 373 the controller

entergya ggéﬁ'ﬁl\ﬁérggﬁsigéTART) wher e

As mentioned earlier, when a synchronous buck converter is used the motor
winding 350 voltage is very close to the Back EMF. Thus according to the
example embodiment the three phase winding voltage is applied to filter circuits

386-397 to attenuate the signal voltage level and reduce electrical noise.

15 The Back EMF shown in Figure 7 has three phases that are approximately
sinusoidal. The microcontroller 368 detects the zero crossings of winding
voltages to determine the frequency and phase of the back EMF. By monitoring
the frequency and phase of the back EMF, the PWM voltage can be applied in
synchronism to ensure windings are energised in the correct sequence and in

20 the desired direction.

Motor control strategy

The motor control strategy is generally comprised of a starting algorithm, a
running algorithm and a stopping algorithm. Starting and stopping are usually at
the user’'s activation, or may be according to stored data such as scheduled

25  start stop times.

11



5 the notor is step started until it reaches sufficient RPMto enter RUN
STATE (RUN) operation. |If an OFF or SPEED=0 control signal is received in
START or WOMotiesseentrol l er returns to STANDBY. |f VDC e#copgB2beb@ae®. 5V in
any node the controller enters SHUTDOANN STATE ( SHUTDOWN) and can only exit
by a RESET when power is reapplied and reaches 10.5V. 10Back EMF sensing
al so faces difficulties during starting. Since the Vbnf induced in the
stator winding is zero when the rotor is stationary a special starting

routine i §igusqdi shaws Fisoftwarpistate m@gnaoachtheamabbcmmrcdieerogewlngwammdr ngs

ot orspecth (b pOTNEN O REFelPORFuBRRLhel Risist eSS ANRRYI T ow
15 Back EETARES (STANDBYN. Oh TBLeiving %aduﬁcﬂltSBEE@‘ drhON ey dfromy the t hat
froman unknown start position there is only a 50% chance that the rotor

wi || st ar inffaRedicaniraliemar dhe @@t\tratlerre%rrte&wa RTART PRY TEAS TARG} wmge
substapti g BF |sg§%5€sttaﬂeﬁh@nt"qf§efcﬂ@sd§%éﬁ{ RPM {0 b AREIN SO

if the firs iS1ncorrec € many seconds to stop he
r ot or and(RHNE)aipetehmrst Kah QBF 3 SREBDs0 démrtrosSi@hhl Brreceivedrin defaT oy

2ppl vi ng FulyEe gonaletgefans o s TSN VAE digrshmios U0 ooy magnet ¢
sat urati oghd BofthSlleienfdrs smubbovwstrwr@ Jsmbrbcwugw e bRPRx ﬁ'tﬂﬂé" s and

measuring the transfonmer coupling between phases wever these "nmet hods
may conpl RESET whendrawer i& rdapplied amd cdaahestt0/5¥nd gener at e acousti c noi se
in the notor during the detection sequence, which may be undesirable in a

cerlln to X dlrrent the.l as osrtl of t he
otor s BRsk ER G E A BEET Bt 0Ru P Bs e o

i nprove t irjueeanieetf statér HiAdihg386268CheR2(hE0r&8P 99 BtatirtRy sa Isrpebm
starting sequence. This is done_in STANDBY and SHUTDOMN by neasuring each

phase Vbnftastingrireriineg s rfﬁﬂ%ﬁ‘d 388¢j siprlestapprmaghdmayt e nﬁonrangrgrsﬁe thdases

W th the Uialiess o YL ARl HeRt o AVBERS LR RBle TRAHEATRY . A 10

bit ND convert r In exarrp as a reso
3. 2nV/ bi t tvéheotor esfpeednrseshfﬂcrem ao3ie’iéctstebtyorr aif IRotaliboWDQR f anhdNalow

conversion e Si se this all ows fo relia nf

e onSoBackiiE 3PS, rélalonmA alor Hisavantae-ar i g hes man bechadi | i ng
fan notor flas hanNGtkdown SR#t dbsPBnither JSZMH@ Hapog dfh%%e%ﬁﬂmwr 8f hWage
coefficient of 28V/ 1000rpm Therefore the I'owest rpm wh can be reliably

ro detect etarl to yirnen thg a8KcialinectiooOrdroeting. & raton has spbstamtialirestiper
revol utio

. Thi,s is sufficientl ow, t hat t e rot r fa y does
ot cont e B4 slasteend Biaeielof Y™ bt el b JE eR AR s
measur emefdcori@ct v ahdydddiee shany ise@onas fer SBPCEhe rotor and repeat the start
20 sequence. Fan start errors are clearly visible in a ceiling fan and may be

undesirable.

Other approaches include applying large current pulses to the windings to
induce & detect magnetic saturation in the motor, or by injecting high frequency
voltage signals and measuring the transfomer coupling between phases.
25 However these methods may complicate the drive & detection circuitry and
generate acoustic noise in the motor during the detection sequence, which may

be undesirable in a ceiling fan.

According to the example embodiment the last position of the rotor is stored

when the fan is stopped. This position may be used to improve the chance of

12



In order to ensure valid readings the peak-peak Vbnf voltage (Vbnf(pp)) is
15cal cul ated and m ninumvalid Vbnf ( Vbnf(valid)) anplitude specified, so
t hat Vbnfwpppiiasséeaf (nax) - Vbnf (mn), and; Vbnf(valid) P€ViBf¢/p@pot o
ensure the readings are reliable. There are 6 possible valid conbinations
listed as follows wth the maxi rum Vbnf first: AB, BC, CA, BA, CB, AC. The
| ast measured conbination is saved 20 as vari abl e VBMFSTATE and used duri ng
the starting procedure to determ ne which phases to energise to ensure the

start direuccens instheostading. sameineg. ThisTBOIRNE WBHFANDIEY iandndHILTEI@W Nind
when a conti guous .nunber, of readjn re. made w.t ho, VBVEST h in
state the®o Sygngeﬁaoﬁrbe@azfg gpﬁ@ﬂéﬁ&ﬁ?ﬁfﬁ%@f%l'”%&% SQ(?uegi S
saved to EERRFIHIAG theHasekokith e lHighde (VBaiRhak)y drerlMdsedy mode
pl aces the mcrocontroller 368 into an ultra-|ow power operathr‘l_grtr;% e so

that capa¥ibmrmeagarementadsl hbitd\Eurenvertsttincharey@mele qrbedim n@roller
oL bt uc kAT BRI oA DL il RSB e, % AV Yol e )
of rotor paswingforviBncdriveréien sueps antidigna ribiise thigalidwd for reliable Vbmf
measurement down to around 10mV. In the preferred embodiment an EC
ceiling fan motor designed for operation from 12Vdc has a peak winding voltage
coefficient of 28V/1000rpm. Therefore the lowest rpm which can be reliably
10 detected is given by 28V/10mVx1000rpm = 0.36 rpm, or 2.7 minutes per
revolution. This is sufficiently slow so that the rotor-fan assembly does not
continue to rotate sufficiently far beyond the last valid Vbmf measurement to

invalidate starting performance.

In order to ensure valid readings the peak-peak Vbmf voltage (Vbmf(pp)) is

15  calculated and minimum valid Vbmf ( Vbmf(valid)) amplitude specified, so that
Vbmf(pp) = Vbmf(max) — Vbmf(min), and;
Vbmf(valid) <Vbmf(pp) to ensure the readings are reliable.

There are 6 possible valid combinations listed as follows with the maximum
Vbmf first: AB, BC, CA, BA, CB, AC. The last measured combination is saved
20 as variable VBMFSTATE and used during the starting procedure to determine

which phases to energise to ensure the start direction is correct.

During SHUTDOWN, VBMFSTATE is monitored and when a contiguous
number of readings are made without VBMFSTATE changing state the rotor is
regarded as stationary and the final VBMFSTATE value is saved to EEPROM
25 memory for recall when power is reapplied. SHUTDOWN mode places the
microcontroller 368 into an ultra-low power operating mode so that capacitors
382 and 383 hold sufficient charge to:power the controller until the fan has

become stationary. Alternatively a standby battery supply may be used to allow

13



Since ceiling fan rotor-bl ade assenblies have relatively high nmass and
Inertia they are not prone to turning due to air novenent over the bl ades
whi | e poweo 2Bi1s138i26connect ed, so saving the | ast known POTAB20p@8IM0ON
provi des an effective nmeans of inproving step starting reliability. In the
event that the rotor is noved when the controller 3.3V supply has dropped
bel ow the m nimumrequired for operation then the controller automatically
recovers on the first restart by follow ng a standard open | oop step

| opat t er ncom'@ml@ 9%@5% of otRtear PostioRT MY Biser AG osuprtyy B8 figr st
entry to QEE ter a power on reset, variables VBMFSTATE and SPEED are
recal | ed rom E’ menory. VBMFSTATE now contains the |ast known rotor
position during the previous SHUTDOM. |f the recall ed SPEED val ue is
15non- zer Sindee ceitingrfahlretordilade aissemitieathave. rel8iVaNDBIGhc ovaiss rarad Inertio| | s

the InfraRed control input, 352, V i nput on Al nput s nANO AN1,
MG and (DR 66 ERPIERATE. BNy AU8 (Bt b Moy S bR bIARR WEIR PAMET O
requesg frsomsbahhaa@a @srgmn%% 144t psrfowrmtbﬁ %SR.B% prloV RIS re@ﬁehﬁ\ve exits
to START. |If VDCdros bel ow 9.5V the control 20 exists to

Fi gure 1orrmmsofanmr@wng:§tep sargorRiiabyity. atlon Sof t war e checks rmtor rpm
to determ ne whether the notor is stationary or already rotating. If
stationary

[ e e r LN
VevesTaTe the e el OB CIer i thBuéd Biéh e SRl BY slihkrbasy 1
ener gi se Uhﬁ)pémsle@o‘fvr szt henimum required for operation then the controller
automatically recovers on the first restart by following a standard open loop step

10  pattern.

Figure 9 shows a flowchart of STANDBY operation. On the first entry to
STANDBY after a power on reset, variables VBMFSTATE and SPEED are
recalled from EEPROM memory. VBMFSTATE now contains the last known
rotor position during the previous SHUTDOWN. If the recalled SPEED value is

15  non-zero the controller starts immediately.

STANDBY continually polls the InfraRed control input 352, VDC input on AN4,

Vbmf inputs on ANO, AN1, AN2 and updates VBMFSTATE. On receipt of a

valid SPEED input or turn ON request from InfraRed remote control transmitter

373, the controller exits to START. If VDC drops below 9.5V the controller
20 exists to SHUTDOWN.

Figure 10 shows a flowchart of START operation. Software checks motor rpm to
determine whether the motor is stationary or already rotating. If stationary, the
DC:DC converter outputs are energised according to VBMFSTATE and an open
loop stepping pattern is initiated to sequentially energise the phases from the
25 VBMFSTATE start position. After the start sequence the DC:DC converter
outputs are disabled and motor Vbmf measured. If the motor has reached
sufficient rpm so that Vbmf(run)<Vbmf(pp) then the controlier exits to RUN. If

Vbmf(pp)<Vbmf(run) the controller continues pulsing the windings according to

14



25 VBMFSTATE start position. After the start sequence the DC:. DC converter
out puts are disabled and notor Vbnf neasured. If the notor has reached
suf fici enworprysss2zshat Vbnf (run) <Vbnf (pp) then the cont PoriiB2o1@RI08% t 0 RUN.
I f Vbnftpp)<Vbnftrun) the controller continues pul sing the w ndings
according to WD 2011/138626PCT/1B2010/ 000990 t he VBMFSTATE pattern until
the Vbnf (run)<Vbnf(pp) or a restart tineout occurs, where the entire START

routine is repeated. Figure 11 shows a fl owchart of RUN operation. RUN
cont i nual the ﬁfBMEStTWJE rﬁat@ﬂedirdtbrthEOmeﬁ(mum)wnf(meor repuestant fineout/bnf

VENESTATEOSaHTS) MMERE i ol s R TRy Rrel et s on 1 or Do B conver ter

out put waveformtimng does not require a high sensitivity ND readi ng, so

t he i nput Figi® fNShaws @uﬂbwh@xaﬁ wa@maatairor SR@NGCéﬁ%JaJIgoébll@kﬂﬂe' evel
detection referenced to the notor w nd g\Corrrmn connection rn 413. 10 At

all tines 'H@R%CMRPUHBUB%?OWQP iRBYt @’ﬁ Nk AVbpbang lowgrempgfat\36dnBGhd t he
oSt et s 01 fid MGG oo ANGAAR 1 YA OO 6@ B/ BB AGE. awa.|%eth8%{>§$9§“d' ng

Al D i nput nce’ nosf et ral n-source resistance
and fil t erunniog dttonf deectior foeBiGDencenverier outpinaanefotrni t&matig duss aot

estimation of th SSOCI t.ed tor,.w ndi ng curr ven b

Vst on) / ¢ Fefbpisd Digh SSRafat oA/ st Sb. BegRoulsA AN Sk Mutinlere o

det ect ed, chRPAFAtbY AG6-A08bPIMNAE 16V %&@Qétﬁmor%?ér%hb@@ TR otbiepmdihddi ng
currents are higher than experienced in normal RUN operation. Figure 12

shows a f Connantconheslin ﬁﬁoma4é§nchron| sation of the DC:DC output waveform
wi th nmotor Vbnf, and PWM signal generation for creating the desired 20

out put o wayef gr f e ervice
ou PUig WG hed B G RURIGIS BRI THRERN philsbel ol M CBIANG T8
tri gger ednfosfen avain-sderendsitige (Vias(on)) @M betmeasuréliedt HenesFadpyrdink6- 408
detect a g\%gr Wi ndi n vol tage 410, 411, 412 crossing the notor Com 413 the

associ at e 'ﬁ[“Qr Mgt pRincermAgies 368366 draimseurcevmistanee (Resthg
(Vzx) eveghq 'fmeﬂﬁfn%gc?r% LAg2 b ah%égﬁﬁ OGRS r3¥%1né{%fé aﬁn"&%ﬁrﬁeﬁ&%‘dﬁ’e

referred to as t rrean corr ectric grees of
t he rmtortl'imakscmréted/anetbommding current, given by Iw Vds(on)/(Rds(on)+Rf). This
15 allows excessive winding currents to be detected, identifying overload or
erroneous operating modes where winding currents are higher than

experienced in normal RUN operation.

Figure 12 shows a flowchart of RUN mode synchronisation of the DC:DC output
waveform with motor Vbmf, and PWM signal generation for creating the desired
20 output waveform. In the preferred embodiment this is an Interrupt Service
Routine (ISR) triggered by the PWM counter/timer. Alternatively it could be

triggered from an independent timer or polled.

When comparators 406-408 detect a motor winding voltage 410, 411, 412
crossing the motor Com 413 the associated comparator output changes state

25 and a Vbmf zero-crossing (Vzx) event is detected.

The time between successive Vzx events can be referred to as the Step Time

and corresponds to 60 electrical degrees of the motor back-emf waveform.
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WO 2011/ 138626PCT/ 1 B2010/ 000990 The duration of the Step Tine is neasured
by a StepTiner increnmented by the m croprocessor 368 internal clock. At
each Vzx woentv/mB3ge6écurrent StepTimer value is saved to wariBWieoNswep and
the StepTiner is reset to tine the next Step period. 5 WaveTabl ePWM data is
i ndexed by vari abl e WaveAddr ess, which nust be continually updated by the
PWM | SR and synchroni sed to the notor Vbnf waveform WaveTabl ePWM data is
divided into 128 increnments per Step with 7 bit anplitude resolution. This
may gi ve dhgodurationof the Stehdime ds Measusedbyta St imer snsremented bprihe ange,

m croprocessor cl ock ed and, PYW, per.i pher specifications. rnatively
O at or o ERCEeRE SRR A P A PatTL 2o B, e, purEia step Time?

M cropr ocgaR@y ishaawBtR s vatiableoT sepaatd dhé fSRepTimémisOfesef to APES Ahé Mbxt

condi ti ons. PWM frequency is 125kHz with an interrupt occurring every

5 PWM periSdelg petisdgi ving a PWM interrupt rate of 25kHz. The notor is a 3
phase 16 pol e machi ne having 48 steps or 6144 \WaveTabl ePVWM i ncrenents per

revol uti o i .S 0] g 'g‘]%[ e e updat e
frequ e% cy M%?E%?§Wkﬁ?6§4fdie%? 2%@ E/%égutag F\66 gg%‘(’: = %gér{p;r[n@'% iI?')s{\"Mltng
adequat e fcontisualcaptiated bprthehPWEMr I8R iand wphclarohiseldi to tiesl rhotoar Ghimd
200rpm for safety reasons. Vbnf conparators 406-408 are polled during the
mai n RUN MEYEfBYand update VBVFSTATE. If a change in VBMFSTATE is detected
on entry to RUN PWM ISR, the Step Tiner is saved to Tstep before being

reset, anqyaldTIDMBORMWI P44t & Q1ii8edt itd M8 QhéRmentdVsdriBie Wity al ugig for
the new VBMFSTATE. 251f the DC. DC out put voltage waveform at 410, 411, 412

i s | aggi n@mplitude resslutiast. drhis/iordys give(a goRd, compromibe ibefweemiawracastic causes

t he - DC_out pu /1 6PCT/ | B2 000990y _ad e, Lri rin
t he %t Og%egv't'ﬂ[oqe?\r{%)i é?',%’%mﬂﬁ'gﬁggrggﬁréseog ?'#g((sfofbese@g@@ﬁt ﬁ?@@eBeé{Rhgg’iducgs
the phase sbagifieaticis. Witetdtiviely Bfesidi prtleggdraicgbltitioh M, bet dinpldydd ite
| eadi ng the actual notor _ ‘

suit different microprocessor hardware platforms and different motors or

operating conditions.

PWM frequency is 125kHz with an interrupt occurring every 5 PWM periods,
15 giving a PWM interrupt rate of 25kHz.

The motor is a 3 phase 16 pole machine having 48 steps or 6144

WaveTablePWM increments per revolution.

Maximum rpm is limited by the maximum WaveTablePWM update frequency,
which is 25kHz/6144 increments x 60sec = 244rpm. This is adequate for a

20 ceiling fan where rpm is typically limited to around 200rpm for safety reasons.

Vbmf comparators 406-408 are polled during the main RUN routine and update
VBMFSTATE. If a change in VBMFSTATE is detected on entry to RUN PWM
ISR, the Step Timer is saved to Tstep before being reset, and all PWM outputs
are set to the correct WaveTablePWM vélues for the new VBMFSTATE.

25 If the DC:DC output voltage waveform at 410, 411, 412 is lagging the actual
motor Vbmf's 420, 421, 422, then the motor Vbmf causes the DC:DC output to
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Vbnfs 420, 421, 422, then the notor Vbnf places additional |oad on the
5converter output, causing it to delay the next Vzx event, and increase the
subsequernwODstigEsehi ch reduces the phase | ead error. IfPCmﬂBﬁm)/%Dergrter
out put waveform and Vbnf are out of synchronismby a fraction of an

el ectrical cycle less than 60degE then the electrical |oad placed on the
DC. DC converter output by the notor Vbnf shifts the timng of the 10
subsequent Vzx event to nove the system back into synchronisation. Due to

the hi gh Beeanges taggering the nexblax evemt easiernuhicthsedicesi hei subseauept over

correct _er ParsetFeicBR e Pudéd HFLER: o [ Rduct or s 400- 402 and capaci tor s
403- 405 decoupl e the DC. DC out put 15 waveform at 410, 411, 412 fromthe

SPWM i nvelftihe B@:DChodplit It efornpuits4 €0, oM ng12 hie leadiny MenbstudRotéRl, 422
to infl ue% the Vzx event detection timng,, allow EQSPV\M nodul ati on of

t he m)tor § ﬁag 1481bé128setaennth@omq}ﬁbt\(tanf wiagespagditionel tees @8 Qi on.
20 After IshRidrs ﬁ'ﬂ@ﬁ%‘t@&é .P%'&&ﬁgftpeaﬁéxtV\mTé\mr&P\éﬁb m%FééB%nihé or the

next St ep I's ca éd as 5 For t I'rst 1 ncrenment
St epTi rrersmq‘uesttEmdhtcb reduces theyplradd leSR driee. St epTi ner is checked to
determ ne whether to increnent WaveAddr ess.

If the DC:DC converter output waveform and Vbmf are out of synchronism by a
fraction of an electrical cycle less than 60degE then the electrical load placed
on the DC:DC converter output by the motor Vbmf shifts the timing of the
10  subsequent Vzx event to move the system back into synchronisation. Due to
the high inertia of the fan, motor rpm does not change significantly over one
electrical cycle so the Vzx detection routine is able to continually correct errors

in synchronisation.

Filter inductors 400-402 and capacitors 403-405 decouple the DC:DC output

15  waveform at 410, 411, 412 from the SPWM inverter switch 361-366 outputs
allowing the motor Vbmfs 420, 421, 422 to influence the Vzx event detection
timing, allowing SPWM modulation of the motor windings to be used in
conjunction with Back EMF RPS detection.

20 After Tstep is updated the period of each WaveTablePWM increment for the
next Step is calculated as:
Tinc = StepTimer/128
For the first increment:
Tinc->Tupdate
25
At every PWM ISR the StepTimer is checked to determine whether to increment
WaveAddress.
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When Tupdat e<St epTi mer the WaveAddress is increnented and Tupdate is

i ncreased by Tinc. I f WaveAddress is updated, the WaveTabl ePWM data for
t hat val weoOi2s1vBse26eved 5 from nenory, i s scal ed by thePsetiBSpeedhIval ue,
then used to update the actual DC.DC converter PWM duty cycle registers.
The resulting voltage applied to the notor wi ndings is an anal ogue version

of the digitised WaveTabl ePVWM data, synchronised to the notor Vbnf
vol tage 10wi th_overal |l anplitude \&roporti onal to the Speed_control signal.
Fi gure 13WeswEupdaientand imehiBe\Wavedddrgss iy inceerpantesdndivhyedateds 410,

t he | owest Cswitched to OV in each period 15Fi gure 14 shows

detail of the Aphase 410 inverter output drive voltage waveformonly. From
Figure 13 it can be seen that e 410 e i, s lower than Bph 411 or
b 412 dbVaeAUesR i saoated. BRoNaugRabiel M garer that Velueda rekeyedn « na
this tya batrﬁén{o?yt-g%cé@wtﬂeowrs%&wén 86theR&ised t8UPdBS e Q041 nual |y
to 20 puln‘$ t he Aph ’4‘10 output to OV duri ngut’ﬁ"?‘se peri od?fdl’n fact the voltage
i s slight DZ:D@mreerter &@Vdieduty cyhle registerge drop across the switch and
filter inductor. This can be used to determ ne a reasonable estimte of the
phase current since the switch on resistance and filter inductor resistance

are knownThd hésulfify vERagts pad toheirh8tor MndIHEE &S8R anbbdgiet wirsioReff aul t
conditions (instability or oscillation 25duri n? starting or drop out of
Gl g(kéﬁ

t
synchr oni e digitised Wavel akjgPWM date, syinchraniseq, taatheraptas fyplteger to nore
ly. | t i | t of SHUTDOWN
oper attl oG A PlER Fheonisnl in P Sadrd BIBIR. o ps berow 9. sv.

Figure 13 shows the DC:DC converter output drive voltage waveforms 410,

411, 412 %Bgenatasls%g W-b? i.ng common point 413 referenced to the OV rail wth

411, 412 and the winding common point 413 referenced to the OV rail with the

lowest phase Vbmf switched to OV in each period

15 Figure 14 shows detail of the Aphase 410 inverter output drive voltage

waveform only.

From Figure 13 it can be seen that Aphase 410 voltage is lower than Bph 411
or Cph 412 during the period 210-330 degE. From Figure 14 it can be seen that
this translates to the Aphase lower mosfet 364 being energised continually to
20 pull the Aph 410 output to 0V during this period. In fact the voltage is slightly
-above zero due to the voltage drop across the switch and filter inductor. This
can be used to determine a reasonable estimate of the phase current since the
switch on resistance and filter inductor resistance are known. This may be used
for monitoring purposes, to determine fault conditions (instability or osciliation
25 during starting or drop out of synchronism during running), to log or display

actual power use or to more accurately control the motor..

Figure 15 shows a flowchart of SHUTDOWN operation. SHUTDOWN is
triggered from all states when VDC drops below 9.5V.
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WO 2011/ 138626PCT/ 1 B2010/ 000990 All m crocontroll er 368 peripherals and I/0O
are set to mninmumcurrent drain states and the current SPEED val ue is
saved t o WORROM3842ef ore entering a | ow power SLEEP nodePCT/IE1BLEERN wakeup
the mcrocontroller 368 AID is re-enabled and reads VDC 5 i nput on AN4, Aph
410, Bph 411 and Cph 412 inputs on ANO, ANl, AN2 and updates VBMFSTATE. |If
VDC ri ses above 10.5V SHUTDOM exits and RESETs. When VBMFSTATE has

remai ned unchanged for a nunmber of cycles the rotor is considered to be

st at i onar WlartcroppmsTiRrE368 pasipberals aFaPHOVare set Jo Toinimute cueal Heainat t he

next power, i.nvent n have
been descrslt%ea a%%egiet w}rgﬁﬁ%ﬁgr\%&ﬁ gngg ﬁ%ﬁf‘%?yﬁ?ﬁfﬂf%e{‘ '”@c%pe of
t he i nventowpoasr SlLEBER@ede.W || be clear to a skilled reader. CLAI M5

1. Aceiling fan conprising: an EC notor to drive a plurality of fan

bl ades, E[%rmtor c ntroIIer configured to determ ne the rotor
position (¥ R ev‘@kﬁéﬂé’k EI\F"%{HBO'HHHW S UPRUS é‘?réﬁ”@p?@ ane reade VDC
accordsngnﬁ&:ttd?ﬁAW% P81 B@ 15‘.H§ﬁ %tAWtARH‘SAr\PE‘Qné‘”
output filter coupli the out put o he contro not or . 2

The fan |diamsWRMﬂ‘\Eél'/keTE t he control | er includes a DC-DC convener 10
configured to energise the notor. 3. The fan in claim2 wherein the output

of the co SP, 4. The f in_claim3 wherein the
out put fi ert/\Z[pE; rsegoqﬁqvgum\l/%Hgl Ir-ﬁjé?\?y?\[ ﬁ’é!t%ﬁﬂm&%- voltage into a
substantial ly sinusoi dal anal ogue vol t age.

When VBMFSTATE has remained unchanged for a number of cycles the rotor

is considered to be stationary and VBMFSTATE is saved to EEPROM memory
10  to be recalled at the next power on reset.

Whilst exemplary embodiments of the invention have been described in detail,
many variations are possible within the scope of the invention as claimed as will

be clear to a skilled reader.
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5.The fan in any one of the preceding clainms wherein the output filter is a
mul tiphase LC filter_ 20 B.The fan in any one of clains 2 toP@TAB}1E/0009%e
DC-DC converter is a Synchronous Buck convertor. 20 -""a- AMRNREVIS] 3/&EEI011

| PEA/AU 7.The fan in any one of the preceding clains wherein, the
controller is configured to determne the rotor position based on the zero
crossings of the notor termnal voltage. 5 8. The fan In claim7 wherein
the notor term nal voltage is sensed while the wi ndings are energised.

9. The fan GHAIMS8 m 8 wherein the EC notor includes a plurality of phase 10
wi ndi ngs, and wherein all of the phase w ndings are energi sed continuously.
10. The fan4in apefling fai cdmprigingcedi ng cl ai s wherein the predeterm ned

i nstructions includes a stopping sequence which stores the rotor position

once stopped. 156n EC motor to drive a plurality of fan blades,

a motor controller configured to determine the rotor position using the
5 back EMF and configured to energise the motor according to the rotor pasition
and predetermined instructions, and

an output fliter coupling the output of the controlier to the motor.

2. The fan in claim 1 wherein the controller includaes a DC-DC converter
10  configured to energise the motor.

3. .-The fan in claim 2 wherein the output of the converter is a SPWM
voltage.

15 4. The fan in claim 3 wherein the output filter is configured to smooth the
SPWM output voltage into a substantially sinusol_dal analogue voltage.

5. The fan in any one of the preceding claims wherein the output filter is a
multiphase LC filter.

20
6.  The fan in any one of claims 2 to 4 wherein the DC-DC converter is a

Synchronous Buck convertor.

FAANBIN 1M A la. ATVAAR AAAAAS —"AI\IIEN])ED'SIEET A Mms amem 4 Amsae N mmse mm s
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11. The fan in claim 10 wherein the predeterm ned instructions includes a
starting sequence which depends on the | ast stopped rotor pdGT/IREP10/000990
12. The fan in any one of the preceding clains wherein the meesaidermmam 120
instructions include at | east one SPWM switching configuration. 21 13. The
fan in claim 12 wherein the predetermned instructions include a plurality
of SPWM swi tching configurations, the controller configured to select a
switching configuration based on the speed. s 14. The fan in any one of the
precedi ng clains wherein the predeterm ned Instructions Include a shutdown
state based on one or nore fault conditions. 15.The fan in claim 14 wherein

the fault cendi t1iN$ard if laH¢®reO¥f IHaPEecyBihg alimsOWRéreincRCEGHIMNEr &N hi gh
starting current 10 16.The fan In claim 15 wherein thé high starting

current |'s 889U iydetganigedhe reter pasition baggd gn dhe gp HRESBIHPT hee not or,
when that phats tefmif@Getagé al |y continuously connected to a negative DC
supply rail. 1517.The fan in claim7 further conprising an attenuation and
filter circuit to supply the notor termnal voltage to the controller to
determ ne the Back EMF. 18. The fan In claim 11l wherein the starting
sequence has a better than 50% chance of success.

8. The fan in claim 7 wherein the motor terminal voltage is sensed while the
windings are energised.
9. The fan in claim 8 wherein the EC motor includes a plurality of phase

10 windings, and wherein all of the phase windings are energised continuously.

10. The fan in any one of the preceding claims wherein the predetermined
instructions includes a stopping sequence which stores the rotor position once
stopped.

15

11. The fan in claim 10 wherein the predeteimined instructions includes a
starting sequence which depends on the last stopped rotor position.

12. The fan in any one of the preceding claims wherein the predetermined
20 instructions include at least one SPWM switching configuration.

21
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20 19. The fan in any one of the preceding clains wherein the
predeterm ned instructions including an ultra | ow power stanBOy/1B26H0£00230

1.11"... Seers ...... 20. The fan in any one of the precgdi.8de£1H072011
wherein the notor is a 3 phase notor and the controller is a 3 phase
controller. ' 21. A nethod of controlling a ceiling fan conpri sing:
5determ ning the Back EMF of an EC notor, and ener gi sing the notor

with a notor controller to drive the fan based on the , Back EMF and
pr edet er mi nd@. i nThe fa iinrcigimt 12 whearein rthé wredateramined) instrucorist Iacludeuapl ing the

mgfgit nc.)I hfa con@? %er | MCQHQW }'gbﬁ'\%er;gggu%gc%ﬁ%h%@ %bépnagrgl se

t he notor. ZW¥itching configusatianbasbdiomti¥®@speded: ei n t he out put of the converter
is a SPPWM voltage. 15 24. The nethod In claim23 wherein the output filter
I's configured to snooth the SPWM out put voltage into a substantially

si nusoi dal anal ogue vol t age. 25. The nethod in any one of clains 21 to

24 vvherelnt term ned 20.i.nstruc |on |ncludeoeor
Ci e o AT P IRE T eRE B B 1 blekaing e uikiSinrhe peadleringd, 5.
wher ei n t he infriboroincledé arshutdownsyate bassbors ohel ok mocsfaelt cenditichs.

15. © The fan in claim 14 wherein the fault conditions include tow input voltage,
over temperature and high starting current.
10

~16.  The fan In claim 15 wherein the high starting current is determined based
on the voltage of a single phase of the motor, when that phase is sequentially
continuously connected to a negative DC supply rail.

15 17. The fan in claim 7 further comprising an attenuation and filter circuit to
supply the motor terminal voitage to the controller to determine the Back EMF.

18. The fan In claim 11 wherein the starting sequence has a better than 50%
chance of success.

19. The fan in any one of the preceding claims wherein the predetermined
instructions including an ultra low power standby state.

PANANREN 1T R, ARMVAA AAARAL -~ .MWED-SITEET S ma amem + Asea o mmas mem e
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27. The nmethod in any one of clains 21 to 26 wherein. the controller is
confi'gured to determne the rotor position based on the zer oPCTABZ010HH09F0
the notor terminal voltage. 5 28. The method in claim?27 “ﬁ&%&b&ifﬁ@?@%ﬁﬂ”
term nal voltage is sensed while the windings are energised -

met hod in clai'm28 wherein the EC nmotor includes a plurality of io phase

wi ndi ngs, and wherein all of the phase w ndings are energi sed continuously.
30. The nethod In any one of clainms 21 to 29 further conprising stopping
the notor an2d.st dherfgntiheanyosret bbtheo[)rebwlngcdlatmsonlmeiatmppﬁdtorlﬁa 31. The

e Do s S L9 a1 B o e Lo

21. A method of controlling a ceiling fan comprising:
5 determining the Back EMF of an EC motor, and

energising the motor with a motor controller to drive the fan based on the
Back EMF and predetermined instructions, the fan including an output filer
coupling the output of the controlier to the motor.

10 22 'The method in claim 21 wherein the controlier includes a DC-DC
converter configured to energise the motor. '

23. The method in claim 22 wherein the output of the converter is a SPWM
voltage.

16

24. The method in claim 23 wherein the output filter is configured to smooth
the SPWM output voltage into a substantially sinusoidal analogue voltage.

25. The method in any one of claims 21 to 24 wherein the predetermined
20 instructions include ona or more SPWM switching configurations

26. The method in any one of claims 22 to 24 wherein the DC-DC converter
is a synchronous buck converter.
23
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27. The method in any one of claims 21 to 26 wherein the controller is
configured to determine the rotor position based on the zero crossings of the
motor terminal voltage.

28. The method in claim 27 wherein the motor terminal voltage is sensed
while the windings are energised.

29. The method in claim 28 wherein the EC motor includes a plurality of
phase windings, and wherein all of the phase windings are energised
continuously. ' ‘

30. The method in any one of claims 21 to 29 further comprising stopping the

motor and storing the location of the rotor once stopped.

31. The method in claim 30 further comprising starting the motor based on
the last stopped rotor position.

24
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