WO 2011/ 138626PCT/ 1B2010/ 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 10 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 manent Tiegsretentoinoentidr Felates! torakteiivig #an agbérﬁwlaﬂyﬂﬂomﬂét k6leBoloes and a
stator with one or nore phase w ndings controlled by electronic swtches.
EC m)torssﬁﬂﬁorﬂ%%ﬁq‘fﬂld%ﬂtﬂ%"p&f@c@ﬂ @@@PPF’Q@RBV@%“@@ elinpfargr 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

Ceiling fans are typically powered by high pole 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.
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25i nportant role in reducing global energy consunption and its effect on

gl obal climte change. 1 CONFI RVATI ON COPY WD 2011/138626PCT/ 1B2010/ 000990
An EC ceiwODngif@ss26equi res an el ectronic controller to @eraB210/h@omositi on
of the rotor magnetic poles and energise the stator w ndings so that
current of the correct nagnitude and polarity flows in the winding to
generate notoring torque in the required Direction O Rotation (DOR). 5 The
wi ndi ng current waveform anplitude and phasing may al so be controlled in
order to AchEGveeilingfan regquites amiedectogree sontollathioctieteat theepdgitom abitiee t o

Seneing ¢ FlS Todinirtienphle St enpraift e Hrl nuRdlie Sadbabehepbpnsne "
rel ative terrbbemabalt@de dAd\WoNskit) FowsInethBAsiRtRId fof yerderatePmbtsring torgle

resol ution encoder, but this is expensive. Another option is nmagnetically
sensi ti veirethedeapiipd Dheactioa@feRotatiant(B¥AR). pl aced in close proxinmity to the
rotor nmagnets, which directly sense the magnet polarity. The outputs of

these hal *rhsfvhﬁgfggsdg{w&wée@%ﬁn%aﬁu SR ep%algvnrcjdﬁ%gﬁquga rb%%otrﬁroﬁé% L. g

m cr opr ocessor ermn e rotor Tocation a erefore

for the wordbrn¢p sagHieve racouatitaltyn.quieweperatidralwhiehf ecly densiessalblee to
relatively fragile electronic conponents and can pose reliability issues
when enmbel8BHTRES he stator due to the device itself and its

i nterconnection with the main controller circuit. US patent no 7157872

di scl oses TheAbétrdHic fcdRtrdiléMretfui@st £ mésHObf R&&rpémisﬁ%e%%m@fr@ﬁs kdh an
addi tional magnetic ring nounted on the outside of the external rotor. This

al | ows t hdeteaminefthecpogitiohcet the detoer magoetiotpoleporsiativen tér the statsi de of
t he or.. . ve sing_hall effe devices and t.heir interconnects: may
i ncr ggse %’ggﬁ@%h ﬂ%cﬁogl?@% e'gi [%/(i’t@fe %hg' fErOHERY ?r%‘ipqteﬁt &’6‘&&5@ t'%e
possi bi | i expeisivedugrihedtoptionf fis cmeigaktiedlly isepsRiRee@latInt | KalnQifeRt due to

25 mi salignnment of the secondary magnetic disk with the actual rotor poles,
whi ch may SwieRes Blacgd dn closedraiinity ortheirpiaignagnets, 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.



Summary of the Invention In general terns the present invention proposes a
ceiling fan using a high efficiency Electronically Conmutated (EC) notor

W th a seweanisss2aot or controller. The sensorless cont PeTB21N%IAYE t he
advantage of elimnating the Suse of hall effect devices or encoders to
determ ne rotor position, providing inproved starting reliability and

provi di ng snmooth and qui et operation. The sensorless controller may include
a PWM DC-DC converter with output filtering. For exanple the converter nmay
be a syncBuommasy ofithe tnvemtiomwr. The converter may enpl oy sinusoidal pul se
wi dt h nodul ation (SPW) , with one or lo nore switching configurations

dependi ng, 0on SR dt Fortexa h Iotw speeds the s 2 wavef qr.m may be
ar el y Sl asREHL tepirsn i e hy e sk RERROss BrcugS deR g B R i o
oper at i oneffikdncy Eﬂedtrcghcéine@iﬁnﬂmwh@ti ?EO)?fmbﬁfrnWﬂhCS @%Msdmaes%dMoto t he

swi tchi ng wavef orm whi ch may i nprove efficienc The output filtering and /
or swi t chFegtrellas TQ@rS@LniS@HQS?rrﬁWtIﬁ%NRe' PAK hfgadbmdag@taw pr@'lW@t'ﬂ@ the

efficiency ang haPler@:n il Rl ngrngbﬁgder-ghfo as&%gp.#g&& it eférogfc%f)p%“c' ude

a stoppi ng seq uSACE WA Ch Stor e tion he 1 ot or oric ed in

non- vol at |moropedg;ta1uingemulnt§'@rtdwbvtdmg siiootimahd quist@pebatioret ai ned when
the power supply is disconnected. The sensorless controller may include a

starting uence whi ch ends on th tion when . the fan was
et | st oppBa. Semosens,Lantiler meendvcirite go PYRM RSPER! g RPerbc madhe Sutstt
success ofjifigy. SIicﬁ'ré)ddnSlpléQﬁé%ﬁ@ené—PﬁlaW@Qrdy?n%ﬁrd?%%rﬂﬂdkeéon%)‘te?”mé’y a
switching logic which results in each
converter may employ sinusoidal pulse width modulation (SPWM), with one or
10  more switching configurations depending on speed. For example at low speeds
the switching waveform may be largely sinusoidal with low harmonic content
which may achieve very quiet operation, while at high speeds higher order
harmonics may be added to the switching waveform which may improve
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.



phase being continuously sequentially connected to the cormmon rail for 1/3
of the electrical cycle. This may have the advantage of allow ng the
current twohe11238&et er m ned based on the vol tage drop a®codB20ieoosyi tch,
and that the current nmay be used during starting sequence to determ ne
whet her the starting sequence has been successful. WO

2011/ 138626PCT/ 1B2010/ 000990 Additionally an AC. DC isol ati ng power supply
(SMPS) nmy be. us ide safety isolation fromthe incomng utility

dt

suppl y an&dpslqnaﬁw@ﬁé\ r:lg displaiag\RAWIGRRY £SMER) Man becusark tq PEpVide

t ect ed ¢ : ; ; t I ‘ . [
ol yi ng oyt SR bEmeRE e d P SubY o FRipmT 153 e MBSy | o
The power teapleivel minerédhe aysar ds quiofectad fioen mieatric shock byethleclbvpoottage of
th ti tube. At ti I t he AC I b
o ol o i N DR T e RS Lo ol i ng
into cont agt 3%@&&%&@%;9&%%@%@1%& sepatd LRI e MbtdrNf 4an.

AIternativeIé t he AC. DC power supply irectly rectified and filtered
from 10 t keaked

y
aqurtiog oAthe oppinfingitube. Altersiatipelytthe NG DCeppwes supplyahay he

i nvention, there_ i rovi d ceili fan_according to.claiml, Brief
Descri pti 8% %f ﬁ??’i%ﬁﬂ%g fgﬂzﬁréerogopﬁgggy e‘%'&%ﬁ?’?ﬁ @Iﬁag‘aﬁhﬂ%t%’e&”{eﬁgfﬁ%emi on
Wi Il now Bemites irtb htadti with fied ebaipemehts biieohsirhGtidnad féatardsess tHenfami ch:
Figure 1 is a perspective view of an EC celling fan according to an exanpl e

embodi menfltegiatively theoCHRE qpwer supply mavebe dirgcthnraskified @ad filered&om ve
view Qf aniceﬂwiﬁ%@ gépglg.r the bl ades 10, 20 upper cover 15, EC notor 30;
a

Figure 3 I's a par per'spective view of the EC fan viewed from bel ow
showi ng EC Motor 30, Electronic Controller PCBA 351; Figure 4 is an
expl oded pesiirst tpaviicularcexpiession &Cthentnven86n 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 5 is perspective detail of EC notor stator 350, viewed from bel ow,
Figure 6 is an electrical block schematic of the power supply 136 and
printed cwocoiti3geard assenbly (PCBA) 351; Figure 7 is &Cynapho/od09ethe
vol tages Abnf 420, Bbnf 421, Cbnf 422, referenced to the w ndi ng common
poi nt 413; 5Figure 8 is a software state diagramof the main controller
operating states; Figure 9 is a software flowhart of STANDBY STATE
operation; Figure 10 is a software flowchart of START STATE operati on;

Fi gure 11Figura Gisf ancalectficalvkloak tschentin STthepawer aupply; 136 god erihked s a

software fl ow(igart of R ig@‘él;éP || NTERRUPT operation; 10 Figure 13 is a
graph of P ??rgg%ssse YAy, pﬁ\‘%{lll and Cph 412 referenced to OV; Figure
14 is a graph of the voltage Aph 410 referenced to OV; and Figure 15 is a
sof twar e Figune ITaista gfaph-biTHRWOIRDASEAIRLAR0] BBmf 42 1Delbmhi £20 Defgehddd on

Rot or Position Sensing accordi ng to the exanpl e enbodi nent uses el ectronic
sensi ng niathe WiBding eammRoyoinbd §dt er mi ne commutation tim ng by neasuring
t he back EMF vol tage associated with the windings, thus elimnating the

hal | fe i j SRt .a 3 phase
i nver tejér gf?r'ij?g\gl'F%(Sjs?fﬁpaarg%‘?%ﬁ(;‘géﬁailgfsg%pgygw tc'[??n %g%t eét%?/e%l’n this
net hod a 3 phase notor is driven so that at any instant 2 phases are
ener gi sedFiguie Ohe astftvare flowvaneasoff STANDBNWS TATE dpembionect ed phase whi ch

has zero current flow. This
Figure 10 is a software flowchart of START STATE operation;
Figure 11 is a software flowchart of RUN STATE operation;

Figure 12 is a software flowchart of RUN STATE PWM INTERRUPT operation;

10  Figure 13 is a graph of the voltages Aph 410, Bph411 and Cph 412 referenced
to OV,

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



WO 2011/ 138626PCT/ 1B2010/ 000990 all ows the controller to directly sense the
back-enf voltage (Vbnf) generated in the 3rd phase by novenent of the rotor
magnet s. Wbeotionséel | er typically detects when Vbnf in Phe/BEneedIphase
crosses zero and uses this as a basis for cal culating, via anal ogue or
digital neans, the timng of the next commutation 5 instant at which point
the sensed phase will turn ON and one of the energised phases wll turn
OFF. Modtor speed is controlled either by varying the DC bus vol tage, or by
Pul se W dalowsdbe spntiall¢rrondirestly seasethenbaskefmit valtagev@ftnes) genetatad iy

devi ces. BacknENVE RPS with 2- 1- OFF commutation offers th dyant age of
To"si mpi 1 S5 RHEECYS e vAmeBf Ok he A magaetn dpe onlol e Spisaly Rt

gener at ed wHere ¥#Bfhfi iRstheanbendtr phBSe irogédd e angWussd edlsfam Ehkik oo F.

The noi se generated may be unacceptable for ceiling fans oger ating in close

proxi m t y calsuliow) &ia analegyeHy| digkahmesnfe s timirg oflithe) Nexsti commutatipn i nal

snoot hpes 0, | & _NOI f LV, el 5 by
the uss ol aaeat WHEBE hefShiEd el RmBhhd Ble &F e RilKdrs

vol t ages phases méihtsrnaOE FalMstoe apeedlis @dntrollbe either$yi dil/ingnthenBCOnbas ned i n
synchroni sn? with the potor Vbnf. | nplenentation of Back EMF RPS with a SPWV
inverter VtagRLPRYiFHSH N idih MadylatipmdPHYM) mfQneper eeprei eluthesinyedger gi sed

so the nmotRki-NA eQ@(fH%Ot 20 be directly measured under conditions of zero
current. Tﬁ’e tepfrﬁ nal voltage of the notor is the applied PWM vol tage and

cannot be used directly to determ ne the Back EMF. In that case a high
speed m cBagkoEd¥sdRPPewitbr HON Adv@hfedommitatiani offérst thensidvantegeonf on

measured voltage and current. are necessary, to determne rotor posifion. The
coor A SEnpRES: BYY 0B, haBhicR el REEriREE YahCefRidihOBa Borendid AR Ty
be | ess deathaibktant Alh&eithe Ngindaitfs afs citined frent [N e e PR Qlisent

Back EMF sensing is enployed with a synchronous buck converter. Because the

synchr ono@§nBIatRd dori betwiacegpiable for cailingfansdoperatingie cREPIsXimite to
i nverter | ' L CE ' : e w nding vol tages are
measur ed ?‘%’bé%gbg%“%%ﬁé@t e‘}?r Qﬁéﬁﬁ&%%%ﬁ%’@gﬁzwm 1B2010/ 000990 Thi s

may all ow for accurate sensing of rotor position in a sinewave notor, and
may avoi dQptenalespaodthnesoapd iloataedustid aoisatfooasmbtordizivermandet ingpréaedk EM-.

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.



Fan construction Figures 1 shows an EC ceiling fan according to the exanple
enbodi nent. 5 Three fan bl ades 10 are nounted radially around a central

t ube assewDI2g11138626i th a | ower cover 11 with centrally Poctaszdo/hewbye- Red
LED lens 12, fitting tightly to the | ower edges of the blades 10, to

provi de reasonabl e i ngress protection agai nst dust and water from bel ow.
Figures 2 and 3 show an expl oded view of the blade nounting arrangenents.
10 Bl ades 10 align with notor 30 bl ade nount webs 331, and are fastened in
positi on Bhisovayvallodd for dsaynate rsirgvef tdtat pbhitiohaner sinewarve Totoa; aed
turrets 314 can. al i d with. nmounti lots 315, so thaf th ver 11
can be- pubtasehin fnd nefd e siraicidonbiidtiorsds delireinedts Back BN A fot or
controller PCBA 351 with InfraRed signal 15 detector 352 is nounted in the
centre of FhReomtrattic®. Figure 4 shows an expl oded view of EC notor 30, the

notor is an external rotor, slotless, axial flux, double rotor
configuration, comonly referred to as a TORUS notor. The notor 30 incl udes

a rotor shigures3b shiewshapalCoeeliBgniad peeRfdiften o 2befrarppigga@bodimenter i al

of suitab S i 1A L0 |

Cher oot ad [T (A diatiessHE Bré InalREa SaaP BOLHT P EehPUBhe MR RS, 4o
whi ch pr owiittes loverncaveg 1flowithupperirabelicatey] Bira-Red LEDWeEndot2rfitthgg Sightly

Al ternatively, rotor shell 330 apd per cover 15 may, be forned as a single
i nt egrat ego Rnedoes; orihe 8’!)?58?5 ?@t@r P @ EBPAnEble NorgshRrAechioRk of
ferromagnghhinsBLSY A wafdtdrgii bYWl ar magnetic ring 341, conposed of

per manent magnetic material, glued into position and magnetised with 16
equi spaced magnetic pole sectors WO 2011/ 138626PCT/ 1B2010/ 000990 faci ng

t he st at oFiR&Es Zpped Sahowamn expledadpiew rafttbe tdade imountingcareangements. r ot or

shel l 1(? BOBié’d)e@ t1Bealiigf|"ns .\Aﬁﬁ‘l Hotéﬁﬁo”%% rt?%u%t We%%t 559 23R4 4R f?'azszéned in

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



The stator 350 has a plastic injection noulded core with the main notor
shaft 351 pressed in to position and retained by splines 357 and circlip
358. 5Thewoavori3sézel | 330, fitted with upper rotor 340, poeaB2mysoi3®4 and
326, is slid into position down shaft 351 and retained in position by
circlip 322 and washer 323. Wave washer 325 provides bearing prel oad. The
| ower rotor 342 conprises an annul ar disk of ferromagnetic material, with
an annul ar magnetic ring 343, conposed of pernmanent magnetic material, 10

gl ued i nt éagiog the slatemibhrippet swéaces khe uppesgqotarpikis attaphedite therretosect or s

LZS'nQ? R 2‘3@3@)??%@3%?@4 wq?é%ﬁﬁa%ﬁ%’éﬁ&ﬁ@%ﬁég,%éﬂeﬁﬁﬁ?lgﬁwf; 343 1 |y ng

avai l abl e at | ow cost as used in | oudspeaker ring magnets. Alternatively, a
conpl et e Mhegstaty 350 has reglaktionmjeution phaulded rete Withsthgnmairs motbt ehafat i vel y
rare earth _Neodym um lron _Boron or other high strength perpganent magnet

mat er i al s SRAPrBESekiBdo Rﬂsﬂtl%}ari‘q’]'%téiﬂﬁdetfksﬁ’||g\$§s3§7ra‘%‘§)%€'ﬂ) $PSm mul tipl e
magnet segnents. Figure 5 shows perspective detail of the stator 350 | ower

surface, g retcspiell 339, fifted Wifgli %?6%%0\’&9%, Behfings 354 RAe35b, RIameingd ndi ng,

conprising 15 turns per pole 2 . 9mm di anet er” enanel | ed copper magnet
W re withpasitiopidavwmeskafd 850. andbtetsineddnipegitiondne eirdip 332 and peashshaes.

St at or teWh 355 %\r e3%$)r ned,.from |® ection nmoul ded thernoplastic materi al,
used for tha"pYAFage p&i}’."&‘?%ge?rﬁ RERI%S wire during winding, and do not
forman active part of the notor magnetic circuit. 25 A noul ded turret 356

ext ends f Mg loer Irowe 34 ucdmpeised anhgnmilat diskCsfrferropiubrizitievindesia Witlhisi ng
for PCBA 351 which is retained in position by nounting clips, 354. The

stator wi @@ AQBUlAErMpgRetc dindeddBy qoMRefedpebRafmanes magrets matsgal. wo
2011/ 4586%ﬁ]aeg(n"[@%%woﬂogr?@%agnetised with 16 equispaced magnetic pole sectors

facing the stator 350 lower surface.

Both upper 341 and lower 343 ring magnets are preferably of ceramic magnetic
material, which is widely available at low cost as used in loudspeaker ring
magnets. Alternatively, a complete ring may be formed from multiple magnet
15 segments. Alternatively rare earth Neodymium Iron Boron or other high
strength permanent magnet materials may be used, either in complete rings 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.



Mot or controller According to the exanple enbodi nent the EC notor is

energi sed by the notor controller 351 shown in Figure 6. The notor

cont rol | ewO28B11/138626| ectrically connected to a 12V DC power/1B2p@bgoodE36 and
notor stator wi ndings 350. 5 The notor controller 351 generally includes a
3 phase synchronous buck converter 409, a mcrocontroller 368, a driver
circuit 367 for the convertor 409, voltage sense filters 386-397 and a 3. 3V
power supply 381 for the mcrocontroller 368. The notor controller 351 is
arranged Moter eentrallel Circuit Board Assenmbly (PCBA). 10 The user provides
desired control settings such as speed via the infrared transmtter 373,

whi ch are i i red. i ] I 368
v oh an o ARG h e bipblY AP REtRLECHiG0r BB LaE R g
provi des sppirolferi 36¢ shewe hinn§iguirgnél sTheanpbtiot | @shtinflet @5 ris velestrid@lly to
the converter 409. Generally speaking if the fan needs tgo speed up the 15
| evel of Pﬂ@”%‘ﬁﬁait%é ﬁggéo‘f"%ﬁ‘\‘?qr;)& 1@@@)@? F@Forzﬁj@toirgv"i“%eggéégd and vice
versa for slow down. The frequency of the applied voltage fromthe
convers er TAE9miotorlchRirsIiery BEAT %ggé%g%Wthde'éeaSBeﬁﬁiaéH shsyh@hm?foﬁ% baek

measured fromthe Back EMF). S provides a 12Vdc supply to controller
351. The shP@rigcA(, avmierocootroligrpdf8,cudriven ciseuit 362 forothe gomyedtor 468, f or

the 12vdc ly rail..A thek witech 37 i sconnects po to the notor
control | e?’glgﬁe Salefline! E'lﬁrgrﬁgg?:%gefrpg?ét &r eﬁgxcé’é)&'%aisgppﬁ'myﬁt %ﬁet % a
not or or @feroeehireNerf 368.t Thie @seRSSntRII_RAIBSANE dreifijRdadn ePriftedVCROUE!
supply 381 includes a voltage regulator to generate a 3.3V supply 25 rail
for m cro@@ﬁfqéﬁﬁ%mbl%@’p%gaci tors 382 and 383 provide sufficient charge
storage to power the mcrocontroller 368 until the fan speed has reduced
from paxi [ WhsiRo it : p@)é@lr u hS

di scoﬁec?&? G%é’?oggo@%%éi soﬁ%%jes caplaglgti“ﬁgs3 fra§m eélldngjgv;)%ids]%h'g;raée into
t he 12VdctraasmitterW37301Which8 6arePErotiBaa 1@t 000 J6fratesl 1rR2YdivesuPply The !l is

d i odi | th i trol | ) i 384 d 385
ot onuat e MiRConGAler AR InPRBRES WS, e e EMPOTINg Vo RssasP aer by
i orocont ugklaeyy A8 prilRICa! ASAIBHER SWRBhing! Sbhalkolahitificli by AL { 0

anal ogue-to-digital converter (Al D) inpu en the 5 voltage drops

bel ow 9. 596/ tor heoeanveries 4086 S>anmsally apealking ifl thedah sweglsvierspsiaddTmOWe STATE.

Mot or , dri | eactivat ed. whe hg 12Vdc 1 ai et.urns t reater than

To. SV ihe vsh b ERPIE! FRiaticRohn e foriferlsd dos] BUtFRaskd i bS veted
convert the sldW dowpp! ThdfFegakhageof ithé @pplithveRagd & e senVéméhadd el at ed
vol tage. The PWMis snoothed into an aFE)r oxi mately sinusoidal 10 _voltage

(i .e. thealv@ysosinchreniged sithcth®) spged pf the mateiu@someazemdiiometienBagk h a
val ue of ?gw and filter capacitors 403-405 each with a value of 47uF. The
Swi t ches -'366 are controlled to an Enhanced Si nusoi dal PWv

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.



(ESPWM . In other words the PWM duty cycl e varies throughout each

el ectrical cycle approximately according to a sinusoid. The conbi nation of
filters M0-2405138@6and ESPWM may result in near silent epeaBrilenogdo t he
notor. The ESPWM swi tching pattern for each electrical cycle is stored in
the mcrocontroller 368 internal nenory as a data table (WaveTabl ePWV) .
Multiple tables may be used to optim se performance at different operating

speeds, for exanple one table optimsed for |ow noise at | ow speed and
anot her 20bet i1 AVdedsyrpnly Feitis emeasuratc peripdicaliyn by derl. micceandioligr t36&. he

i t chi t ' troll 8 t d Bdr v, r Ben,
Gen are LRl el EER A Rle iFY R HidlyrvaienaruimEn 2ohde o
drive sigagibwiraehbérestdrt 1 mer6torrdllce 368¢C ahdi étfbrﬂfétédlgub@lgfrgﬂ valitaye | ogic
shown in the follow ng table: Xen Xdrv Upper Msfet (361-363) Lower Mbsfet

(364- 366) 19 a@noerted-to panalogue-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



1 OFF OFF 1 0 OFF ON WD 2011/ 138626PCT/ 1 B2010/ 000990 1 1 ON OFF
El ectronic protection is provided via the mcrocontroller software to
det ect nowonosf@Bé26or abnornmal operating conditi ons andPSmaBZIONM0990

1 1 ON OFF

Electronic protection is provided via the microcontroller software to detect motor

stall or abnormal operating conditions and shutdown.

User control of fan functions is implemented via an Infra-Red remote control
5 transmitter 373, with control signals received by Infra-Red receiver 352,
mounted directly on motor controlier PCBA 351. Alternatively a radio frequency
(RF) remote control transmitter and input module and may be used.
Alternatively a low level analogue voltage or current signal, such as 0-10V or 4-

20mA, may be directly connected to the microcontroller 368 input portIRX.

10 Back EMF sensing

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



User control of fan functions is inplenented via an Infra-Red renote
control 5 transmtter 373, with control signals received by Infra-Red
recei ver 862011mssebed directly on notor control |l er PCBAP8BAB20Ab/@PYMAt i vel y
a radio frequency (RE) renpte control transmitter and i nput nodul e and may
be used. Alternatively a |ow | evel anal ogue voltage or current signal, such
as 0-10V or 4- 20mA, may be directly connected to the m crocontroller 368

i nput portl RX. 10 Back EMF sensing As nentioned earlier, when a synchronous
buck convé&iguse § shawsd soffwarestatewliagranyobthe wmein eqproller pperatirigostetaso t he

Back EMF. AThus cor.dd t ; | ment the three ,ndi ng
o tage ; OtEReRIRP Bt On' REs & PR ESEREEMe S8 ohftsS 3 STARDRY

vol tage | STATENSTANDBY).clrtiretitingnal salid ISPEE® RRCON-Migrdlondm th&i gure
7 has three phases that are approximately sinusoidal. The nmicrocontroller

h
368 det ectrfrafied geptiollerod &} the cantralleraemgrs al P HBI $OAIE: STARE) where

f B Lt.0rd h

of *t heopad e etoF i s@p, jiAReRAT feachbs RUMCIER RENL 15 GETRERFS AR 12oe
wi ndi ngs @RENgpegtied if antOEF crrSREEDs6 qontoe signd! isre28ivbd inl STIART or

direction tor control strate Th r control strate i's generall
conpr i sedRUN 41 caREPI rausBsite RRANDR AN WECagaRi el Sl nudpre
al gori t hmyySEGHthdIRY edishs 190 DTINVN STK?@ééHU?ch}Nglg%%réﬁ&ﬂ lYRyOR %

may be according to stored data such as schedu start stop tines.

2011/ 1386 PERRHT MBIVt 90applipg andredubes 14.5¥f t ware state di agram of the
mai n controller operating states. On receiving a Power On Reset (POR
signal .t hg n | er tern Y STATE (.STA . recei ving.a
Vet a '&peER EMG SRR RS teReS MU BfiPR oPREinG: Share T nY PR Per
enters a mSEdShAHe 6REARWINARE I8 Zeroh@heht e rstob i€ ktaticHdreth Wpktlal i t
reaches sufficient RPMto enter _RUN STATE (RUN) operation. It an OFF or
SPEED=0 cé&lrting reviprilis ireqpisedi Jog simpigsirarpioariNM™aebe dat poergdise the ur ns

t o STANDBY,: 9 ' . e t

srurponn oy B eriBi CahR et BRHSecAf SRR LOR i

reappl i edtendotoeapleed isOsufficient to detect Direction of Rotation (DOR) and allow
15 Back EMF RPS operation. A major disadvantage of this method may be that

from an unknown start position there is only a 50% chance that the rotor will
start to turn in the correct direction. A ceiling fan rotor has substantial inertia
due to the mass and diameter of the blade assembly, so if the first step DOR is
incorrect it may take many seconds to stop the 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



10Back EMF sensing also faces difficulties during starting. Since the Vbnf
induced in the stator winding is zero when the rotor is stationary a

speci al sweanrpimgsseuti ne i s required. The sinpl est appr@athBmayoi®edn o
energi se the windings in a pre-determ ned sequence and periodically sanple
the Vbnf until the rotor speed is sufficient to detect Direction of
Rotation (DOR) and all ow 15 Back EMF RPS operation. A ngjor disadvantage of

this method may be that from an unknown start position there is onv%\\la 50%
chance t hauceéss inotherstarting saquenceo Thisris done meSTANLRRRY amdr SEHUTRO

CEL TS 8 bR Se S RS oS RS el S To0 AT 2T

seconds t@eﬁérﬁﬂnlhbethé%ma"se@r\dltlﬁ ¢|@@aﬁgﬁém (YoRiftmaR)) Sreidaese, (\Fonf(sim)) t
errors are clearly visible in a ceill fan and may be undesirable. O her
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& det ect p@s%?ﬁﬂdr? oﬁag%ﬁ{d @ZMWABIP%H@E OfeferdhcBy frglnecao ee{.‘@vhg I rpé:"uency

vol tage Sl gnal s an e transfoner cou ween ses
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enerate acoustic noise in the tor dur th t h
gay be unﬂ@,qus,uagémgnt bo&’r{:é‘?lqrﬁﬁn awmxgcwghﬁggr@ge IO%‘PF% uence(ﬁqﬂl C
the last pag 'fann%or Bss. E&rfor'é gﬁ%owﬁ?ve V\%atsaé‘péék MiBRG Joltdhé S

position may De use Fove th ance
2011/ 138626€tﬂEIeIBZﬁIZBW0099QJmuc'EbersforB thieelostest trpny whicfueaoebe Thliably s done

STANDBY HUTDOVWN h ph Vbnf at ! troll 368
| nput 20 AndeB e BeouE B B AL OBE T R D6 Bign i 2 ERREIRSPE and
lowest, (Voygidm) ) THENE JRASERBBHw b arQatbchb G- %né%érﬁbly' Boédgroexanpl e
enmbodi rrent has a 5 resolution of around 3.2nV/ bit when referénced froma

3.3V suppppnhme to Aptade sudfidientiyfan keyansk ma)iasérvrabd sVemt meagwemest $@ thi s

all ows for ment down to around 10nV. In the preferred
enbodi msnfn ‘§F!’lgrn% |fogrﬁ'? f.éOr designed for operation from 12Vdc has a

peak wi ndi ng vol tage coefficient of 28V/ 1000rpm Therefore the | owest rpm

Wni ch caniherdet talbnsuid vdiit aebdihgssthg peakdpgak BWHrho idkage QMbmftpg)) 36 rpm
2.7 minutes per revol ution. rTPL+ff| cbent I I}(tpg ow sg that the

r ot or 1% an calsuiaigd pndduinimem \%Wt\?m?é( %9 bralid de srerifiefaso thdlond t he

| ast valid Vbnf neasurenent to invalidate starting perfornmance.
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
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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 Vbnfwpppi1assbeaf (max) - Vbnf (min), and; Vbnf(valid) P€VhiBtoipp)o920 ensure
the readings are reliable. There are 6 possible valid conbinations |isted
as follows wth the maxi nrum Vbnf first: AB, BC, CA BA, CB, AC. The | ast
nmeasured conbination is saved 20 as vari abl e VBMFSTATE and used during the
starting procedure to determ ne which phases to energise to ensure the
start di r SePlioNOYSs @wnitadng ofir rofgr SRoTHoNN, WREVFEEATAG ssurply t 4B8d isind
when a copid-gHpEsigaunber of readings are made wi thout VBMFSTATE changi ng
state the rotor I's regarded as stationary and the final VBMFSTATE val ue is
saved to EEPROM 25 nenory for recall when power is reapplied. SHUTDOMAN node
pl aces t h&imiecceitingtfanlrotor-t3a8de iasseminties | Hava- tetativebmbighopasatantyinenie so

t hat capagitors 382 and 383 hol d suffi.cient charge to ower the

cont o1 | elGINAa NOFRINEHOHUET R bR MAYSIET GHer dhe biAdRS Yhie BPWRtby
battery supBlstoRR¥cted, S8eshviny @hd x4t RABwAD idtod PBERRRTroVRRALM RpReAN

means of improving step starting reliability.

in the event that the rotor is moved when the controlier 3.3V supply has
dropped below the minimum 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



continuous nonitoring of rotor position when the AC supply 135 is

di sconnected. Since ceiling fan rotor-blade assenblies have relatively high
mass and woentl/ssdé2hey are not prone to turning due to aPCTABuameIWIOVer _t he
bl ades whil e power 5is disconnected, so saving the |ast known rotor
position provides an effective means of inproving step starting
reliability. In the event that the rotor is noved when the controller 3.3V

supply has dropped bel ow t he m ni mrum required for operation then the
controll elth%.l)lf%\’ﬂ'ESITM B atiecowntd tba Vheflrun)sVhrefpp)r or By réstartotimegui

st andard n.l ure 9 sho a flowchart of STANDBY
oper at i ongeé"\rst ﬁ/g'%f? @%Oegwg?%ﬁ’fgg?§?ﬂkﬁ%§ rzﬁptegp dQ,Spower on reset, variables
VBMFSTATE and SPEED are recal |l ed from EEPROM nenory. VBMFSTATE now cont ai ns

the | ast IFigume fDtshow0si ﬂowah@hurofnaumebq@r@nbroUSRBNUE&QﬁMaIM pbile thecal | ed
SPEED val Ye I S 15non-zero the controller starts immedi ately. STANDBY
cont i nual IRfrafzeq soptrel input ARedVREMNPEY on A4, \4upf anghtowenmostat 3§44366/bnf

i nput sg 0“\/6%'%5%5%’0%&06‘ omgﬁ@% %@B@aﬁgé%MQ@TrAq{Ee' Whll%fth?tﬁ‘&o 1SPEED

i nput or turn request enot e control 'transm
cont r ol | erurging 8/tirof &aveRTion Ifor PIBCDAr oprsvdrtdr awtputbWatdfermotirhing dees A0t exi st s

to SHUTDOWN. . Fi 10 s ro har t STA peration. Software
checks nof%qu'rrep%]l}{'fﬁ‘ F r/éﬁ:?/\ﬁeq %@9%95§§§8ﬂ%&$?6%§?%“ﬂﬁx {Rady
rotating. chnpatatbtA06408HBE simple level detection referenced to the motor winding

Common connection Com 413.

10 At all times during RUN one of lower mosfets 364-366 will be fully ON and the
mosfet drain-source voltage (Vds(on)) can be measured at the corresponding
A/D input ANO-AN2. Since mosfet 364-366 drain-source resistance (Rds(on))
and filter inductor 400-402 resistance (Rf) is known, this allows an estimation of
the associated motor winding 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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DC. DC converter outputs are energi sed according to VBMFSTATE and an open

| oop stepping pattern is initiated to sequentially energi se the phases from
the 25 VBNBIMATBS®@bart position. After the start sequen®eTHRH1DGDD
converter outputs are disabled and notor Vbnf neasured. If the notor has
reached sufficient rpmso that Vbnf(run)<Vbnf(pp) then the controller exits
to RUN. If Vbnf(pp)<Vbnftrun) the controller continues pulsing the w ndings
according to WD 2011/138626PCT/ 1B2010/ 000990 t he VBMFSTATE pattern until

t he Vbnf ( rfine) dwrbtiér op theo Stap Tave as madsueed by et Stapsimehinasemieotach by tke START

routine is repeated. F gure 11,sho fl art of. RUN oper.,at.jon.. RUN
Cont | noal FYCERTStSton ek el SRS A Sat VAL e (e s TImet b
and | over vaRpeS Rt st &5 QafabidsTutebt 8@ the RPTimelis ANt taNFnd RAAt st
VBMFSTATE. While the notor is running Vbnf detection for DC. DC converter

out put wawdeRPARTiofdm ng does not require a high sensitivity AID reading, so
the inputs ANO-AN2 are nultiplexed to conparators 406-408 for sinple |evel

det ect Lon f o) e i adi g i gm: Cor 1 10 At
a1t hm VBTN hddPis Bttt B R VR RS B TS e e
nosf et dr @bntiswallycapdatetiabg th¥dBWIM) ISR aandoeynetasunised td thdanotarrésmdndi ng
Al D i nput ANO.AN2. Since nosfet 364-366 drain-source resistance (Rds(on))
and filteMaVRiRIBor 400-402 resistance (Rf) is known, this allows an
estimati on of the associated notor winding current, given by lw =

Vds(on) / ( RIS(OTaBEBWM Tt i diibledSineX CEZ8 i iMEredHis NSerC BteSNIWVRhT P BR
detected, identifying overload or erroneous operating nodes where w ndi ng

currents ampliudgheesalution. ebpemanhgye 2 I9OACrGRINPRONSS eemow Fiapustic 12
shows fl owchar f RUN e S ronjsati of 1 : u eform
i th 4Bt or Sl ol BB En AT oM eF At n B8k edsRl ARy PlrubBbudrf
specifications. Alternatively greater or lesser resolution may be employed to
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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20 out put waveform In the preferred enbodinment this is an Interrupt
Service Routine (ISR) triggered by the PWM counter/tinmer. Alternatively it
coul d be woi2ggeseasf rom an i ndependent tinmer or polled. PCT/IBtemo@opay at or s
406- 408 detect a notor w nding voltage 410, 411, 412 crossing the notor
Corn 413 the associ ated conparat or output changes state 25 and a Vbnf
zero-crossing (Vzx) event is detected. The tine between successive Vzx
events can be referred to as the Step Tinme and corresponds to 60 el ectri cal

degr ees ofdvanrcerdtiggenng ke pextivvsterent ean@r2ovhichl ssbrERchel SABERUE0D990
The durati 0, e Ti I red by a StepTinmer incremented by the
m croprocZg{sé@ré%%%quigg?Iﬁ%bﬁgf%%é@i&!each Vzx event the current StepTiner

value is saved to variable Tstep and the StepTinmer is reset to tine the
next Steplfpiaei DEC:DE YanpaT avx veRoikh ditt 410,541 Ndéx2ds yadiayi thiel actual efstdr ess,

whi ch nust be continually updated by the PW I SR and synchroni sed to the
mot o VYD sei 2P mA2a 2P BNERVIE RIGIOT VR iPlRe s AdeNion! (aRg e per

St ep 1 NodnfideraPpL USS,4iRS0L 8] @Blay esnay vakva,chioand pRmRIQIRE

bet ween | ow acoust | 0 nol notor Tpmrange, mcroprocessor clo
and PWM psubgdtpeat Tstepcwhicbatdooss thid pleaseakeadarorgr eat er or | esser
resolution may be enployed to suit different m croprocessor hardware

pl at f or ns d ditferent tors or opgratin aondi tions. PWM f r equency
P 26k e M PGP B it bal B a aRs VERMRR st 25 aynchrenSi PG s Py
i nterrupt fragfich of aASkERtricAheyd®less tisarh 68degR IRerA Gho @lsctiBainbag flavéd'y 48
steps or 6144 WaveTabl ePWM i ncrenents per revol ution. Maxi mumrpmi s

limted bontthe R&xPRusPIVRItETrasY BRI SR treotor eerah Ehiftspihe Himisg 2ok the 6144

i ncrepent =2 IS 4l f; LLing. f re rpm
oty I CafrlsqtanE Ve STy riBlS shd DERM Babicifto SufchiShisafith. ' Bl e P 12
406- 408 atree pigh eebrithuiof nige tfae, maitor AN dady hoe changel gittificaviiyfévbhTdne | f a
change in VBI\/F%’AT is detected on entry to RUN P\ M ISR, the Step Tinmer is
saved to FEcHiFaheVgrsSLENY2X 9@@9“05%{6’“\&!‘? IpaRIcotR GrRAtNUAIY corect 8MeRe
correct Vﬁv%}&ﬁggﬁdﬁl ues for the new VBMFSTATE.

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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251f the DC.DC output voltage waveform at 410, 411, 412 is |lagging the
actual notor Vbnfs 420, 421, 422, then the notor Vbnf causes the DC. DC
out put t owO\M 1238626138626 PCT/ |1 B2010/ 000990u advance, tr PgGaB2mgoGob® next
Vzx event earlier, which reduces the subsequent Tstep and reduces the phase
lag error. If the DC. DC output waveform at 410, 411, 412 is |eading the
actual notor Vbnf's 420, 421, 422, then the notor Vbnf places additional
| oad on the 5converter output, causing it to delay the next Vzx event, and
i ncrease YWenslupdaigsrtepidmep thﬁiVMﬁVﬁ"gQﬁI@& ig inereyRgated andi Tupdale is| f t he
DC: DC con: ?Féaesred ?ﬁ'{c. wavef orm and Vbnf are out of synchronismby a

c

fraction of An el rical cycle | ess than 60degE then the electrical |oad

pl aced on the DC. DC converter output by the notor Vbnf shifts the timng of
the 10 su uent Vzx event to e the s back into nchroni sgti on.
Due to ¢ hB WRURAHERS ISUBRateoteal avhbaber U Sador bt 2RkiRgs TeT GHERI cant |y
over agpe ﬁbﬁ%ém, iSXEhRdBy i sHBpdiRt $Alib MhehQYdeldnts Uptiatditfe 4Qual
continually correct errors I'n synchronisation. Filter inductors 400-402 and
capaci t or BCIDG-cthtyedec OVPMedutheyDle: registensput 15 wavef orm at 410, 411, 412

fromthe SPWMinverter switch 361-366 outputs allow ng the notor Vbnfs 420,
421, 422 to influence the Vzx event detection timng, allow ng SPW

ggguldat i O?h@freémﬁr@%l@égé/\’éﬁﬁliéwﬁa the rhstor $8Adings ¢9ah BRaldgeR wirkidnRgck EMF
etection.
the digitised WaveTablePWM data, synchronised to the motor Vbmf voltage

10 with overall amplitude proportional to the Speed control signal.

Figure 13 shows the DC:DC converter output drive voltage waveforms 410,
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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20 After Tstep is updated the period of each WaveTabl ePMWM i ncrenent for the
next Step is calculated as: 25 For the first increnent: Tinc =

St epTi merw02811Ti3se26 >Tupdate At every PWM | SR t he St epTipeEnB2Eo/edvenked t o
determ ne whether to increnment WaveAddress. When Tupdat e<StepTi ner the
WaveAddress is increnmented and Tupdate is increased by Tinc. | f
WaveAddress i s updated, the WaveTabl ePWM data for that value is retrieved 5
fromnenory, is scaled by the set Speed value, then used to update the

act ual DC:%U?&@'@Q@W@'IHP%W deriphetals ande ffOs aeg set Thaminépuimt cugenbdraige

veveTabl ePiiaATS te BUREANSPEH SRR SR YRRk etom.prfereeral |
anpl i t ude lgw ppwier ISUEEP htoddie Speed control signal. Figure 13 shows the

DC. DC converter output drive voltage waveforns 410, 411, 412 and the

wi nding c n int 413 referenced to the OV rail with the | owest phase
Vbnf  swi t%ﬁgg;LtE%%OquﬁUBa@ﬁ migroeRnticier 468:AD) is Fewsaliadaand seadsh ¢y Dphase

410 i nyer idut O AN, Hpn' 2150BHAMT k8T @5H49B! Mputs on ANO, AN1, AN2 and
updates VBMFSTATE.

If VDC rises above 10.5V SHUTDOWN exits and RESETs.

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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From Figure 13 it can be seen that Aphase 410 voltage is |ower than Bph 411
or Cph 412 during the period 210-330 degE. From Figure 14 it can be seen

t hat t hi sworansi3sé2es to t he Aphase | ower nosfet 364 bei RgTARENYDI®OL)
continually to 20 pull the Aph 410 output to OV 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 determ ne a reasonable
estimate of the phase current since the switch on resistance and filter

i nduct or dAMBince are known. This may be used for nonitoring purposes, to
determne fault conditions (instability or oscillation 25during starting or
drop out qf synchsif 'gﬁg&hhﬂgin unning), to log or display actual power use
or to nore accurate‘ﬁ%/ contr the notor.. Figure 15 shows a flowchart of
SHUTDOWN operation. SHUTDOWN is triggered fromall states when VDC drops
bel ow 9. 5vV. Wendd@mates 62 araT Alptaciity obfdaddades, ni crocontrol | er 368
peripherals and I/O are set to minimumcurrent drain states and the current

SPEED val ue i s _sayv i efore epteri.n | o ower. SLEEP npde.
On SLEEP wakeup ﬁ?ggrmgg?tgfggeﬁw&fﬁé’fe%zg /ﬁ“ﬁf”i“ggr@?e'}?i@%as'ﬁﬂa ‘fsé'é%lgﬁ‘?/DC 5
i nput on Akidk EMA ahtDcorfRfurdd 1o IMergies thd Aatbprtsordihg\he/Ftor tighd
updat es VBMFSTATE. If VDC rises above 10.5V SHUTDOM exits and SETs.
Wien VBVFSNATretatermingd insluelirnfanged for a nunber of cycles the rotor is

considered to be stationary and VBMFSTATE is saved to EEPROM nenory 10 to
be recalled at the next power on reset. Wil st exenplary enbodi nents of the

i nvention have been described in detail, many variations are possible’
within the scope of the invention as clainmed as will be clear to a skilled
reader. 2. The fan in claim 1 wherein the controlier includes a DC-DC converter

with an output filter.

10
3. The fan in claim 2 wherein the output filter is a multiphase LC filter.
4, The fan in claim 2 or 3 wherein the converter is a Synchronous Buck
convertor.

15
5. The fan in any one of the preceding claims wherein the controller is
configured to determine the rotor position based on the zero crossings of the
motor terminal voltage.

20 6. The fan in claim 4 wherein the output filter decouples the converter

switched PWM output voltage from the motor windings.

20



WO 2011/ 138626PCT/ 1B2010/ 000990 CLAIM5 1. A ceiling fan conprising: an EC
notor to drive a plurality of fan bl ades, a notor controller

conf i gur esot2o11dis8@sm ne the rotor position using the 5 lpatkBiEvwo@agh
configured to energise the notor according to the rotor position and
predeterm ned instructions. 2. The fan in claim1l wherein the controller

I ncl udes a DC-DC converter with an output filter. 3. The fan in claim?2
wherein the output filter is a multiphase LC filter. 4. The fan in

claim2 or.3

fan in an

dreefan inhany onecoft tbe preceddgnclairos svherBincthecpredeterorined5. The

Lo det or mSICHENS J00HOREE: 1 BHnG, RilFephS thEch atdear Be P RS dn B¥o: O ©

t er m nal

selpprae

206. The fan in claim4 wherein the output filter

decoupl es the converter swtched PWM out put voltage fromthe notor
WO 2011/ 138626PCT/ 1B2010/ 000990 7. The fan in any one of the
precedi ng clainms wherein the predeterm ned

wi ndi ngs.

5

10

15

20

8.

The fan in claim 7 wherein the predetermined instructions includes a

starting sequence which depends on the last stopped rotor position.

9.

The fan in any one of the preceding claims wherein the predetermined

instructions include at least one SPWM switching configuration.

10.

The fan in claim 9 wherein the predetermined instructions include at

plurality of SPWM switching configurations, the controller configured to select a

switching configuration based on the speed.

11.

The fan in any one of the preceding claims wherein the predetermined

instructions include a shutdown state based on one or more fault conditions.

12.

The fan in claim 11 wherein the fault conditions include low input voltage,

over temperature and high starting current.

13.

The fan in claim 12 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.
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instructions includes a stopping sequence which stores the rotor position
once stopped. 58.The fan in claim7 wherein the predeterm ned instructions
i ncl udes wobartzgerg sequence whi ch depends on the | ast stoppadon@bay
position. 9. The fan in any one of the preceding clains wherein the
predeterm ned instructions include at | east one SPWM sw t chi ng
configuration. 10 10. The fan in claim9 wherein the predeterm ned
instructions include at plurality of SPWM swi tching configurations, the
controller configured to select a switching configuration based on the
speed. 1511. The fan in any one of the preceding clainms wherein the
]pr eflet er mémed Tﬁétfégfzihlqll_ﬁ& fenﬁirmee ola P an @&@t&tﬁas?@b diltepBRCUIt tOTOT €
ault conditions e fan in ¢ erein the 0 |ons
i ncl ude | BWPRIK SR MASPE tegminay voltage ﬁ?)g?ea? \q@?ﬁ@ H'P&WTE'B% ‘6&% ent .
13. The fan in claim 12 wherein the high starting current |s deternlned
based on the voltage of a single phase of the notor, when that phase i's
sequentially continuously connected to a negative DC supply rai

attendic i B8 ande R dh ARG .lh%%'*%&h%%'rtﬁszé%e%%eiti%%?ﬁoaqfeigﬁéééé%o he
controll e&hém;d:l@ﬁgrdaegg_ t he Back EMF.

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

10
17. The fan in any one of the preceding claims wherein the motor is a 3
phase motor and the controller is a 3 phase controller.
18. A method of controlling a ceiling fan comprising:

15 determining the Back EMF of an EC motor,

energising the motor to drive the fan based on the Back EMF and
predetermined instructions.

19. The method in claim 18 wherein the predetermined instructions include
20 one or more SPWM switching configurations

22
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5 15. The fan in claim8 wherein the starting sequence has a better than
50% chance of success. 16. The fan in any one of the preceding clains
wher ei n twe 2prieded2er m ned i nstructions including an ul t raThBwi@osweso st andby
state. 10 17. The fan in any one of the preceding clains wherein the notor
is a 3 phase notor and the controller is a 3 phase controller. 18. A

met hod of controlling a ceiling fan conprising: 15determ ning the Back EM-
of an EC ergising t to drive the fan based on the
Back EMF gﬁﬁi  ThR BRHGRRdn | S8Im | |an58 firther gomPYRIGyOUIRIA TEering A 18
wher ei n tf@/mh&ﬂﬁit&fmdlﬁébnmfe?wtahé@séﬂ@w%&) r20 one or nore SPWM
switching configurations 22 W) 2011/138626PCT/ | B2010/ 000990 20. The
method in claim18 or 19 further conprising output filtering a synchronous
buck converter to energise the notor. 21. The nethod in any one of
clainms 18 to 20 further conprising stopping the 5 notor and storing the

| ocati on 1.t heTheotrmthaod ireasy opped claimg. 18Ho20rRirthet dom (frismgfsﬁbbpiny theer

COMPr | 31 NG 313 oy oS 1P Raub S e bibSndeSoppbgPpec rotor position. 23

22. The method in claim 21 further comprising starting the motor based on
the last stopped rotor position.
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