13 August 2004 METHOD AND APPARATUS FOR SYNCHRONI ZI NG PWM SI NUSO DAL DRI VE
~TO A'DC MOTOR 5 FIELD OF THE | NVENTI ON The present invit at3dugustelédes to

el ectronic circuits for driving pol yphase magnetic notors. Mre

parti cul ar IMETHOLPAMNDMPPARATUS FORSYNCHROMZING PWRUSINUSOMDALL ng

a brushl ess pol yphase per manenppRgn ND OF THE | NVENTI ON
10 A hard disk drive generally Pncl udgp gpgg!ﬂ of rotating disks or

platters, a spindle notor which causes the disks to rotate, read/wite

heads which_ 1l 1Y H“ rface of the disks, an actuator nmotor (known
as a "vai cﬂﬁhﬁﬁ%@m whi ch controls the positioning of the
read/ wite heads, power circuitry to provide electrical power to the

spi ndl e and voi Géegeésentitvitaorardatestd eletiraiic ciniuits Yot driviranpalgdhdsBanagnetic

operation of the spindle gﬁld voi ce coi] nmotors. A read/wjte head reads

1 ! . ]
data from tm@toaﬁ-sﬁéer%@ﬁrg@ﬂ@&m ¢ PiReeRHAKgRON SRIatasdC ariyre Erelisior #4dag 8t t he
di sk as it PASHES RARS Qﬁépﬁaﬁgﬁqﬁg\gdé%&&ad. To synchronize the data

being read fromthe disk with the operation of the data processing
circuitry, it is 20 required to carefully control the rotation of the disks

and provi degg RcREROONDOF FHEEINVENPONt i on. This is usually acconplished by
control lingthe current derivered to the spindle notor. Current control

can be effected in two ways. The first is pulse width nodulation, 25 in

whi ch a;dri vi ng AVRAfdaisk drfvertshsralyaaciidesta s@abRbErotgirg didhcordidtiers YL bsindle
the pulse width nodul ation signal determnes the average voltage agfpl led to
t he spi ndl @ngter which gawses e disketovptateadead(urite gasewhic lyapeyr hefsuraee eht

deli ver ed e Higs SR BELE TG, (ndhf 28 GbicHRERnflore Ut veﬂ@ vAREH EltrdiStgnown
as linear current’ control 1n thi's m e, an analog voltade 1nput signal is
provi ded whpasktionigosfdpe reddiwele teads hpoverrrairenitry to ptogide electrical power to the

spindle and voice coil motors and control circuitry to control the operation of the spindle

15 and voice coil motors.

A read/write head reads data from the disks by sensing flux changes on the
magnetic surface of the disk as it passes beneath the read/write head. To synchronize
the data being read from the disk with the operation of the data processing circuitry, it is

20  required to carefully control the rotation of the disks and provide a smooth and silent
operation. This is usually accomplished by controlling the current delivered to the

spindle motor.

Current contro! can be effeéted in two ways. The ﬁ_rsf is pulse width modulation,
25  in which a driving voltage is modulated by a square wave. The duty cycle of the pulse
width modulation signal determines the average voltage applied to the spindie motor.
In turn, the voltage determines the amount of current delivered to the spindle motor.
The other mode of current control is known as linear current control. In this mode, an

. analog voltage input signal is provided which is proportional o the current to be



z 13 August 2004 delivered to the spindle notor. The spindle notor control
‘circui'try processes the input signal and adjusts the |evidAwrstglpt ent
delivered by the power circuitry accordingly. The three-phase brushl ess
nmot or i s ondeliwéradHe thespingiededtor. uskel spindlesnaibr spitrad ciscuiBy pracesseshtihelinids

The bri dge 194 GUBSTRG Wouere o aytettsleerP b b WO Gl MFeiRad ' ™

there are six power stages each with a power device. Three of the power
stages and their power devices are referred to as "l qw si ge" sta%es and

devi ces because HheefiragrNasgdinedesumpiy ieene ehibemerymidey Lse iyPgP ol Aefndiehe
other thy eemB{orWh?éFhé?so&ﬁfen?Eﬁ%@i&ir‘ld’r%ggct%edoﬂ%ggi\“@ra fif WeiBdriage [ eferr ed

to as "high side” stages and CEes cause t are connect ed between

t he power scpffigyradind. fThe bridge incusids. twdipeweo wkagedeniacios eacke pbass, ab dybicaly
switches in,a sequence that allo ﬁl ses of .curiﬁnt tthlow frtomthe
power suppl PEfhFt P%Wﬁﬁsgﬂg%ﬁ R P PRYGT devicy LEise Hihe RVESSIRYTS ey
the three sgRa@owerdedbés e reffrediaseRdON siiPestbiéCansiadess beddist sy are
through a |owside power device to ground. The power device may include a

power dri vegorsectamebetwaen thepnelossail pRd geyag: ddvei giher theaseridnese prwer-stagsm

manner for YA Gt ol | t a
enorgi 241 o B el Qbfibes SRMCRERARIO I A8 Idaqdt AR HicBRPIRTS
commut at i onaghahaetteditetwes the pgolner sopgly addihe eetaraeil20 very inportant in

achi eving good performance fromthe notor and other favorable
characteristics. Conventional control circuits produce, at the driver

outputs, rectangd@powlsr dbvites abblbpefatedadISivifichdsin BRRqUEAEH A oWy Bilées of
pul ses having a current path that depends on 25 the anplitude of the

driving pul sesgntimdowifiost g nawsisHaply dhrodal adrigh-pige mower dewice cyeoll gldhe

caused By  IRsOfBeiyS s, Feth BEireritkofBBEInal gl st et

"flyback pulosesidepbivehdavies to ground. The power device may include a power driver or
FET. This process is repeated in a generally well-known manner for the other power
devices and coil pairs to achieve three-phase energization from a single, direct current,
power supply. The switching or commutation characteristics of the power devices are

20 very important in achieving good performance from the motor and other favorable

characteristics.

Conventional control circuits produce, at the driver outputs, rectangular driving
pulses, causing in the windings current pulses having a current path that depends on
25  the amplitude of the driving pulses, the winding inductance, and on the motor voltage
(emf voltage). The rapid voltage and current changes at the driver outputs, caused by
the rectangular driving pulses, lead to kick-back pulses or "flyback pulses™ which are
caused by a sudden magnetic discharge of an abruptly turned-off inductor, as it is
generally known.

30



caused by a sudden magnetic discharge of an abruptly turned-off inductor,
cas it 'is generally known. 30 2 13 August 2004 Rapid curriemugp2ftes and
the flyback pul ses cause problenms. On one hand, they cause |oud notor

noi ses that are %stdm@iam@clhmgelstwddbeﬂybd@rp@%mﬂee pofblamy. Rar ahe biarsk

drive. e ot her d due.to ency ont ent e fl ck
pul ses cauh'ée s‘fé}”&ﬁdo E‘E’Wd‘r‘?&&ﬁéﬁ% g!:ﬁ“gp‘ng F‘nl‘@ ?’@5‘&6'?0‘)}}3"”}/ rd
consi der abl ;g vl BERthér r@rwhauakxpareatm%w-ﬁaqumgféomehh thé GyharkPulss
wel |l as in other apparatus. The heads ma | ocated near to the

di st ur bancesausssipripeleciiomagnttisradietianc hlé|”§YJPB%F%@%“S'%?FRW6\&*§W@@HF%In
circuit for 8 et

ari ver dut S SR Al RIRRER o3t o Well LEin OARF AR, RS MR HkBR ey

of these filbedosated neasto thedstirbendas. slh@pxmrttdneomtgmt sﬂicl'tdhetuch:anclea,ga Robwes
reaching the tor wndings. In this 10 sible to ayoid the
occurrence &PN ?[é‘d@%%ﬁg’iﬂ@f"%‘eﬁ? Wrﬁﬁ@gﬁ[{){ﬁft?f onpggt%gjae%%eq B THANRSt or
W ndi ngs as gyt afg t98 abNRiABE MndMdEmBgl ot iRvRYR6r, BlfcbAs bithesk RlbEt ARces
of the RLC filters, fbeack pul ses are still present at the driver outputs

of the contogsiblgi tpc;mne thgiedges af Seutvingpusasdeadiiag He metor ydidingoninghis| |
occurs g@w ?@Sﬂehe os&*ﬂ?e A dveef thg%cBHFréqcelo? eﬁ%‘i‘ﬂom%é i Yis Lﬁﬂéﬁ{ggse th%‘e)t or

drive r excitation curfen
aligned wt h\eédﬂerBﬁM:thgm‘i:ﬂbaW&ﬂilrt@s dsheelt &g erethehaskies WIr(dwgSCHieweverf due to the

B e e btk s PSSy 98 S S oF e
T (L o S g S T
t he comut atthedrivenafpstsm i ncl udes
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Additionally, efficient motor drive requires that the excitation current in the three
motor phases be aligned with the BEMF generated by the three phases. One scheme
for achieving this alignment is the use of a phase-locked loop (PLL). The PLL adjusts

- the phase and frequency of the commutation so that the BEMF of the undriven (tri-

20 statedl) windings passes through zero in the center of the appropriate commutation |
state.” This scheme works well when the shape of the commutation waveform includes
an undriven region, as in a conventional 6-state, +1, +1, 0, -1, -1, 0, sequence. In
addition to the undesirable acoustic noise, this step-function tri-stating of the undriven
motor phases, together with the step-function driving waveform produces a degree of

25  torque ripple in the motor. This torque ripple resuits in an unevenness or jerkiness in
the motor rotation, which also excites resonances in the motor, causing undesirable

acoustic noise.

Thus, if itis desired to reduce acoustic noise, a sine wave shaped excitation

30 signal may be more appropriate than a 6-state sequence. [If the motor driver consists of



an undriven region, as in a conventional 6-state, +1, +1, 0, -1, -1,
_sequenice. In addition to the undesirabl e acoustic noise, 1%4&?%1“2004
step-function tri-stating of the undriven notor phases, together with the
st ep- f unct iaGmuboidal Otgma\setxmemr@rsaﬂnmeslt@ecmgsmgRiﬂ.dk&cnbecmbovemrl bel n the
not-or. This tor ults Jin an ynevenne r |ness

Totor " r ot atseh, M croarts VB SinisekitulE BRTEer hased b Fere e dilen

undesi r abl §enAcRFblRd BRY BRe supis, As b rédull, hs b@ﬁﬁhdf@r%ét@nrc%ﬂlﬁéeeﬁﬁé@,t&il c

noi se, a sine wave shaped excitation 30 signal be nore apgroprl ate than

a 6-state $oquibeoras input ledhediler Nevierbeless M@”V@f'sf@'m% te inggdergo

si nusoi dal curr.eng a P can
e used PN pale pShaltn TACTNGR (b7 YRR O Rdr coR g RO
repetiti velgyefiliseeing ibeystemrcogt.ound and the supply. As a result, no benf
information can be extracted fromthemas input to the PLL. Nevert hel ess,
PWM drive is highly desirable in order to 5 mnimze power dissipation in

the driver 1C TR rpé%'rlﬁﬂetnsrebmm&%%‘s HREKRAITE nRAfRMIre@8 réddceSA¥i Ng i N
system cost. There has been recent enphasis on disk drive manufacturers to

reduce t he noisei assoaigtssowitit digk ditvehmeiarR. Gonsequrstipruhatdd needpstismd disk divg i s
ded d
hesoc: alfed A RERE arrs AR A e Ho P aBklelh b it TR opBfeyiS®

August 2004=QdddRélifdimatet | NVENTI ON The present invention provides a way
to synchronize the drive voltages to a DC permanent nagnetic notor when
the notor is driven with pulse wdth nodulated (PW waveforns. The

cibrcuit is useful when the waveforns are



si nusoi dal or sone other shape intended to reduce the acoustic noise of the
not or. \Wien the drive waveforns are properly synchronized, the drive

wavef orms cause a current in the notor windings that is in phase with the
back EMF of the notor. In accordance with a first aspect oﬁ3khe Rp&ESent

. . . . . . . ugust

I nvention, there is provided a drive circuit for a notor, 'S

circuit to d@lﬁ\ﬁMAﬂY%P?ﬁE‘*F!ﬂlﬁEﬁ"rﬁ?ﬁe a drive voltage to be applied to a
term nal of fromthe notor, the drive circuit
havi ng a hi gh i npedance state to apply di scont| nui ti es to the notor, and
the drive circuit res ons#ve to the phase d fference maintain a

predet er ni ned phasdSH 565t ENERtiogArRddss 4 yay Sry\'/"'ﬁh"f?B‘F? r!;’(ﬁd’o PRESHERRE of
the notor. IDC ﬁ@éd@ﬂcma@nm BT AREN BB bt | st béver QAR Npulsd Vi@athi on,

there is provi od for operating.a. pol e dc notor, conprising
the steps of"° ‘i"ffll( |§’8\5‘?f9’”?ﬂ£0ﬂ? Sretis 5 H %B'd}"’f‘% tU%IW%’&E%'mFoar?he

wi ndi ngsf f’f tshisoidet eF sbtﬂefdtﬁ&eélﬁa"ﬁé\ iﬂ%d@@&tﬁ%du&tetﬁéchctdl@h@Qfoi?se;?difomél Rgs of
current owi e ecC ve nal n of he not or ad Jjustin pnases
of the drive W@P%S{ﬂ&“’f’g drfﬁwﬁ%%se CPSIlySYSENRRIZSH: it AYveswaNsf seous) y
with the det eatigflazafreniCih QRS hitdsr wiBdingd hat W hepHase Wihe bakk EMIS BEfki Ve
wi ndi ngs of the notor. In accordance wWith a third aspect of the present

i nvention, tREME-is provi ded a nmethod for reducing acoustic noise in
operating a pol yphase dc notor, conprising the steps of, applying
di sconti nuous sinusoidal drive voltages to the w ndings of the notor in

predet erm ned phaseaccai@irRetvittta fef SspelcPsith Bleseht iRvehfioMUBbEtis BRIMegUr rent s
flowing in rgtﬁectlve wi ndi ngs of the notor_as a result of the drive

vol t ages, an HF@P‘I"W@"BW&@%’SWWPWW ér‘%'r%'t@oq'ect%é’sohaée Hileeensefiveossi ngs

voltage to be applied to a terminal of the motor and the BEMF from the motor, the
drive circuit having a high impedance state to apply discontinuities to the
motor, and the drive circuit responsive to the phase difference to maintain a
predetermined phase difference between the drive voitage and the BEMF of the
motor.

In accordance with a second aspect of the present invention, there is
provided a method for operating a polyphase dc motor, comprising the
steps of, applying discontinuous sinusoidal drive voltages to the windings of the
motor in predetermined phases, detecting zero crossings of current flowing in
respective windings of the motor, and adjusting phases of the drive voltages to
have zero crossings substantially simultaneously with the detected zero crossings

of the currents flowing in respective windings of the motor.

In accordance with a third aspect of the present invention, there is
provided a method for reducing acoustic noise in operating a polyphase dc motor,
comprising the steps of, applying discontinuous sinusoidal drive voltages to the
windings of the motor in predetermined phases, detecting zero crossings of

5



substantially sinmultaneously with the detected zero crossings of the
currents flowing in respective windings of the notor. In accordance with a
fourth aspect of the present invention, there is provided a circuit for
operating a pol yphase do notor, conprising, driver circuits LortB&QV|d|ng
driving signals to the notor, the driving signals being dlscon?¥nuous

si nusoi dal notor drive voltages for application to the driver circuits, a
circuit for coueststiianing ér despestiv windings efuthee motdr| @aniantesitlh afhibe diriveer
circuits as I f ' ' S | t ages,
o Girout o lERs, and aditfng PSRyl 7 WS HAGLER naRL derd okl A
respect to tIssbgiantady simultandouglyiwithithredeiettee rerogiressings of the cafrerfa flowing

crossings of ;t ﬁé@p&&ﬁé%dﬁgs%ﬂr[éqn&grf he driver circuits with zero
e nmot or dr

crossings of t SI nusol i ve voltages. In accordance with a
fifth aspect of the present invention, there is provided a disk drive
product of the type havi n do brushless Hal | - | ess, three-phase not or

for rotating a dat®- %ﬂﬁdéﬁ?ﬁ Méthna Jpyth @éﬁ%?tl i g, PreRPlle NVERtope therEr Sy 1 s

for providi ngrélided é‘@:wéﬁ:W'oPeﬂaﬁn@ﬁ'&ﬂi}pﬂQsé@& $nfdér, @ambﬁsuh@ driver BRéums, the
driving 5|gnals bei ng di sconti nuous si nusoi mot or drive voltages for

appl i cation t® RRYAEE; dvinagignals tasthegmelor.dpe 1d”’f"89 Séﬁ‘t'ﬂ@cttei' ISENENYUS s Si ngs

of current fo@4bia8l mbtok RBvE VbikRies Gor gpbrbéno%stoathée;ﬁmbit cm‘u.té hg kbmtisei dal
notor drive voltages, and a circuit to chan phase of the sinusoidal

nmot or drive \ﬂ@F‘-’t"ﬁ@%@Rﬂl Qrﬁsﬁ"@p}ﬁcﬁurrﬁﬁt flqwiag éhg'ﬁeé?ﬂ"ef P'&M‘tﬁﬁsiarfePWEOHﬁther

circuits to figcBRintiBIOsiRlisHREl RbtorQtivé Deitages rLaifcuitftd @M@ﬁg@b th8 phBSe 6f thier
circuits with zero crossings of the sinusoidal notor drive voltages. 5a 13

August 2004 BiuseidpEehrsrivenyatiroesithrasredcl e gHirest flowing d%tﬂf‘%ﬁﬁ‘éera DC
not or; circuits to align zero crossings of the current flowing in the driver circuits with

zero crossings of the sinusoidal motor drive voltages.

in accordance with a fifth aspect of the present invention, there is provided
a disk drive product of the {ype bhaving a dc brushless, Hall-
less, three-phase motor for rotating a data-containing media, comprising, three
driver circuits for providing driving sighals to selected sets of coils in the motor,
the driving signals being discontinuous sinusoidal motor drive voltages for
application to the driver circuits, a circuit for detecting zero crossings of current
flowing in the driver circuits as a result of the sinusoidal motor drive voitages, and a
circuit to change the phase of the sinusoidal motor drive voltages with respect to
the current flowing in the driver circuits to align zero crossings of the current
flowing in the driver circuits with zero crossings of the sinusoidal motor drive

voltages.

ba



5 Figure 2 illustrates a sinusoidal waveformand arch waveform set; Figure
~3cillustrates a pul se w dth nodul at ed version of the ar chl 3vnassteoRs . Fi gure

4 illustrates a ure5|IIustratesavvaveform
generat or; agram of the output driver; 15
Figure 7 |Ilustrat es the advant ages of the present invention; Figure 8
illustrates waveforns of the prior art; Figure 9 illustrates waveforns of
" the present i nvE&iguren:illustatesiyEanator |lustrates the phase detector and
VCO Figure 11 illustrates drive wavefornms; 25 Figure 12 illustrates
additional drive waveforns; and Figure 13 illustrates phase detector
wavef orms. 13 Aggisé 220 afs TS ihinkdid¥F SCRIRT M dErch MavBfIRRENE, | NVENTI ON Due
to the inductance of notor w ndings, such as illustrated in Figure 1, the

drive voltages tend to lead the winding current in phase. The anmount of

| ead of the phaggy, d8RRAEStY @mgeth%éﬁuumnbﬁs%eofqﬁe bR WaVdshAnce. The
circuit of the present 5 invention synchronizes the drive voltages sSo they
have a specific or predeterm ned phase |lead with respect to the back

el ectromagnetic force .(B L LEth h | ead is maintained in
accordance wt th%egilLLifgt%@Sn? Rla%se tﬁﬁ'geca]%gg the winding current will
essentiglly be'in phase with the BEI\/F The predeterm ned phase | ead can be
nodi fied sli ghtly to corrpensate for differences between the notor voltage
observed duri ng Fidtge Sdlluslighes ayaueiREe 98M8E@K T i nui ties and the actual back
EMF of the notor. An input signal called PHAD] by the present invention

sel ects the anount of phase | ead between the
Figure 6 illustrates a block diagram of the output driver;

15 Figure 7 illustrates the advantages of the present invention;
Figure 8 illustrates waveforms of the prior art;

Figure 9 illustrates waveforms of the present invention;

20
- Figure 10 illustrates the phase detector and VCO;
Figure 11 illustrates drive waveforms;
25 Figure 12 illustrates additional drive waveforms; and

Figure 13 {llustrates phase detector waveforms.



phase of the drive voltage and the winding current. Figure 1 illustrates.a
. DC notor 100 having three termnals and three wi ndings 153144Eust2§84 and 106.
The current in the notor depends on the voltage across each of the

wi ndi ngs 19T AICEDTES GRPTION OPUHE PRESENIMEANADN shown, the present

I nventi on ~Tould USE other nunbers of phases. I n the case of si nusoi dal
drive voltages, it is desirable to select phase voltages at termnals 112,

- 114 and 116 so phe to/ el in@iectaede0FmotoF witRlintRe Budih8s libsteteMimBig0ast ithe drive
essentially sinusoidal. Typically, the center tap CT 20 node is not driven,

and assuni Moltages tandhia legd bﬁ‘eﬂr@m gugFent [ RitAsS: rTli@tarmpnttoﬁbeaé@ﬁtt@ ph2ge has
a voltage Hggéndb o& Ell% VAN &Qﬁa%ﬂ luB ol .tnbf}é‘tah@é e?hé gfrdgﬂoﬂﬁer%ﬁﬂ]e%remll‘l and

116. There waveform sets that are a al's 112, 114
and -i 16 ldmht;omsymhrdmzm themiusewdlaégemsmdheghamé aagesfc al5px‘é'dgte|rmm%d

il lustrates two veforms t wavefo .
waver or m SBPESRIPAd b eBRoa R e askar i SIS ios MEUEh L 4TRETE RS da
vol t ages t gndpamenlin Qé'cél‘@érﬂz%s\ﬂﬂ‘@lefﬂ}é@étewlﬂéd RBgsd RAd, t;h%.aaielg%gﬁenﬂm
first set 202, which approxi mates si nusoi d, includes three separate

si nusoi ds eggendiglly be in phmtwthfﬁmﬁu§bemadetempetéﬁbm%le@ﬁ@aarbﬁlmw&@d of

t he sinuso | i ; =
VMAG sin (ﬁ/ﬁ&glyg&%%%%ég% rf]oq %%Réegz%g Béﬂ?@%\?%ﬁ@f‘%ﬁ’ n 2% é-:H-qd Wher e
PHA is ibhe h\gad-ha@elaamﬂasemtmutbemﬁnm adtlid] baIHEEMB of e molot.age iepulsigead! t o

' ?r m nal 1jéglie1dOPiE{)E8J thg %ré/s%ln% in entI(P Ielleec(%s Eh% ér%(ra{lpltn?lphase Iegag!)between the

phase of the drive voltage and the winding current.

Figure 1 illustrates a DC motor 100 having three terminals and three windings

15 102, 104 and 106. The current in the motor depends on the voltage across each of the
windings 102, 104 and 106. Although three phases are shown, the present invention
could use other numbers of phases. In the case of sinusoidal drive voltages, it is
desirable to select phase voltages at terminals 112, 114 and 116 so the voltage across
or between the three windings is essentially sinusoidal. Typically, the centertap CT

20  node is not driven, and assuming the windings are similar in construction, the center tap
has a voltage that is the average voltage of the three terminals 112, 114 and 116.
There may be many waveform sets that are applied to terminals 112, 114 and i 16 that

accomplish sinusoidal winding voltages.

25 Figure 2 illustrates two waveform sets, a first waveform set 202 and a second
waveform set 204. Each of these waveform sets 202 and 204 causes sinusoidal
voltages to be applied across the motor windings 102, 104 and 106. The first set 202,

which approximates a sinusoid, includes three separate sinusoids 120° apart. 1If VMAG



A second set of waveforns can be derived fromthe sinusoidal set.202 by
“subtracting the mninumof the three sinusoids. This set GfAuggbitZ8eres is

sometinmes referr to a rch wavef or.ns .204. The ar vef orm set-has t he
Sovant ace 1RBESENE 1he SpBRi e G RS AT San iy 3o 2o RSN NGt ho
anount of RWdswhtiching in the notor termnals. Equation 2 describes the

vol tages of arch waveformset. PHA = VMAG (sin (wt ) - mn {sin (w), sin
(wt-120), sin (wm-240)} ) PHB = VMAG (sin (w-120) - mn {sin (wm), sin

(wt - 120) , %ﬂA%M%&&f@@@}Z)) 0 PHC = VMAG (sin (W-240) - nin (sin (w),

sin (wm-12 sin ere PHA is the voltage applied to term nal
112 PHB i sPitlBe: VidAGagie (epplé#e@d to terminal 114 PHC is the vol tage @pplied
totermnal_116 25 As _sQovvn in Figure 2, a small discontinuity of width W
and time ddrlay VMAG sindet rédll n each vol tage waveformby turning off the
driver (making the inpedance of the driver high) for a brief period of

ti me when the BEMF of each phase is expected to pass through zero. In this
enbodi ment ,whére Ridkis thpooltagespitiedito terPidd 12nd Wwith .30 HI Z. For a

si nusoi d, the di nt i nui for formPHC is illustrated by el enment 210,
8 13 August 2004133’?%&5 th?%’?h%?‘? %W[@%gé?r%ﬁ}éf%rm PHA is illustrated by

el ement ;214, andeHbk BeseRage Bplled toftemimdtB16s il lustrated by el ement 212.
In a simlar fashion, for arch waveforms, the discontinuity for PHA is

illustrated by el enent 220, for PHB by el enment 222, and for PHC by el enent
224. While the dyi i ' j : i £ of 5
: &K bé’@cfnfd's%t Bf]w% &Brﬁ%ﬁﬁ??ﬁﬁ@nvé&‘ﬁom%é %Sf(ﬁ&%]es%g Egﬁ gﬁck EVE

bet ween the vol tagée of eac ase e center tap w
vol t age of subtmctingthierginirdupltddfee thetesinosoidshehhiasal tforniiageeissacetiEids

vol tage and adjusts the speged f t phase of. the drive vaoltages,ksq the
BENE passesre?#%ﬁ*tj’r?sz%ﬁ&wé@ﬁ r|n§%|6ﬁ q‘%e Areh waveform Sefhas the ‘advan ge that one
15 of the motor phases is always 0, thus minimizing the amount of PWM switching in the

motor terminals. Equation 2 describes the voltages of arch waveform set.

PHA = VMAG ( sin (wt )— min {sin (wt), sin (wi-120), éin (wt-240)})
PHB = VMAG ( sin (wt-120) — min {sin (wt), sin (wt-120), sin (wt-240}} ) (2)
20 PHC = VMAG ( sin (wt-240) — min {sin (wt), sin (wt-120), sin (wt-240)} )

where PHA is the voltage applied to terminal 112

PHB is the voltage applied to terminal 114

PHC is the voltage applied to terminal 116

25

As shown in Figure 2, a small discontinuity of width W and time delay T is
inserted in each voltage Waveform by turning off the driver (making the impedance of
the driver high) for a brief period of time when the BEMF of each phase is expected to
pass through zero. In this embodiment, the user specifies T with PHADJ and W with

30 HiZ. For a sinusoid, the discontinuity for waveform PHC is illustrated by element 210,



the center of the discontinuity. 10 Note that the voltages applied to the
termi'nals 112, 114 and 116 lead the wi nding current. SinBeAume2804cuit is
attenpting to align the BEM- with winding current, the location of the

di sconti ”Utﬁeyméc?onﬁhu:%l' WaReRFmtFHA ig ilestiaienby Blement Pagearapiplidistontinditye
termnals 112, 114 and 116 is zero. 15 If the vef?rms 202 d 204,

i|lustrat eﬁJl’lHHB:ISngSé"aied %?@”‘@ﬁbﬁ%d'ft%smi@r qr &rFh Wareons thg 14 and
- 316,91 Ol HIEAN RO WHPMRI fudtandd Eibl%?ﬁ&f# 220, foRPHE b EbmeRTREA ey

Amplifier power pul se w dt h nodul ati ng the wavef or ns.
Figure 3 i Pt—lﬂsby aleeent B24.dWdledhé daverys ahhis’hi@nbgdaicen’él@tvozﬁage difigrance

di sconti nu t 20. i n PHB enen ure h

ver si on3 of e&r Eﬁvmc%yerﬂcb&hase Bﬂi}%heg %rﬁapﬁggtll b%ﬁ E’%ékeéﬂwhevgpgwd
anplifier Mﬁhdh@v 6 PRAJE AfteftbPieh TRETIRIE e, bachENMRVelayeait-Eijusts ties ced
ei ther high, shown by el enent 320, or |ow, shown %%el enent, 322. The

average vabpesaforthrepharenftheidivyavoliegen spine BlFdFer PFé@BHH’E@BWW yin
vol t age thg% %@H%ﬂofhﬁé{ 1398 %erat ed by the linear anplifier. As in the

| i near cas con |nU| ich is caused by the inpedance of the
device being high is |ntroduced when the BEMF is expected to pass through

Du the d tinyit : h .l | th |
of the Bent “suniet® Wt Hechtoves seledds s Erirsisdd G ARG 0aradBs of he
present i nygidih@Burént! ittt thalegeuit B dleipting4o allgrethe BEMASELH witling dufrept,

i ncl udes a waveform generator 430, which i S connected to phase 9 1 3 August
2004 dri vénalogaiion aithe sisgontinyiitymhslightly $aptihe fime %ﬁhte*@t\éﬂfa% agphpstterthaio;

phase dete t or. [ is connected to the wavef orm generat or
430 and rmt%rm'lﬁﬁqg% Ahgb&e‘léé\fr%lz\%gors 420, 422 and 424. The waveform

generator 430 includes an arches generator 432 connected to pulse wdth

nodul at or 450, pul se width t 5 and ul,se wi dth. at or, 454,

| nput- t'§ the ar Bﬁﬁ%wééﬁféfr?ﬁ gag gzﬁg’ 'jﬁ‘ F?é \'/\ﬁ@ﬁmgdff?re appllerg)t%l'{l’le motor
terminals 112, 114 and 116, significant power would be dissipated in the driver

amplifiers. Amplifier power loss is minimized by pulse width modulating the waveforms.

Figure 3 illustrates the discontinuity in PHC by element 310 and the discontinuity
20 in PHB by element 312. Figure 3 illustrates the PWM version of the arch waveform set.
During the time that the linear amplifier would have been on (low impedance), the
waveform PHC is forced either high, shown by element 320, or low, shown by element
322. The average value of the output during each PWM .cycle corresponds to the
voltage that would have been generated by the linear amplifier. As in the linear case,
25 discontinuity which is caused by the impedance of the device being high is introduced
when the BEMF is expected to pass through zero. During the discontinuity, the voltage

of the phase will be the value of the bemf summed with the voltage of the CT.

A phase-locked loop of the present invention is illustrated in Figure 4. The

30 phase-locked loop includes a waveform generator 430, which is connected to phase



controls the anplitude of the voltages input to phase drivers 420, 422 and
. 424, ‘signal PHADJ, si gnal HI Z which determ nes the w dt h3chugupeORCEN

w ndows in CO cycl es NPWM whi ch i s the nunber of CO cl ock
oS O e 8% e, ShERL BRLRRE S RIBO G RAT R o ST ¢ ho

VA signal, 1ha,~8 &odhslch léegnﬂé&?ed\{g tﬁé gmbfom lggabpaioxam AN Rerdn| O\

vol t ages V\/m ch are converted to signals and PHC b t he pul se
Wi dt h nodulpitase deiversui20s 4256nd 48. aheWeformn@rainmwmcwde@aﬂmhe§| gnal

from the arche rator, 432 1 L |

si gnal i nde?é‘tef‘% Qfgf?wecmgig@u%&vgg{_‘srpgoﬁa Oﬁgg@ qt%§°%|u%t%x%ec? 2d to
be rising jjuiéeawldtmgmdﬂa&)r\%weﬂmmO gRrthéOgeriibtor nsizumﬁgnaﬂwr\m@wdacm
nodul at or 450 which inputs the VA signal and the is VPWM signal which is a
triangul ar Gﬁé‘V@‘Sd%@"H%m@ercéit@\éﬂ@ée?Wtq Bhage driyers fel, ﬁ@lzsaé'd 4hitapignal

modul at or CFbHﬁBJtQ%ﬁa\f}mﬁiﬂﬁWh%%étér?r%és!"ﬁe%@ﬁ%f%é ROEN m@&w\@%ﬁm@ %yéxeéw

Li kewi se, the puls nodul at or 452 1 nputs t nal as wel
VPWM  si gnadnd digisalINEWihehipliisstbe wudther ebQVICA OlDCMSIQJnallSpl@lr EAMETAO= sigpeal

and the VP nal,, Furthernor he s.fr

gener at or X&ét thg RERATHG® §° B%gfdr 4?’%45 M@g@ﬁg ﬂ?%gbﬁé%ﬁ%rgﬂdqﬁ% é%}ﬁﬁg]
are phage dekigls s a@aﬁla@aﬁvévm@bgwmm@ cbhe@ﬁecsﬂogd’@iéts RH®, FPII-@'and PEChase
detector 440 nonitors the back EMF zero_ crossin PHB or PHC.

These si gnahs P&I?@dNIé&U@@dlﬂlﬁ@fﬁlﬁ%fé 450 952 §na 384" FagRoply. ap oyt SNErTamei r
hi gh '”Dedgtﬂ%@e% n%n&%}@ .e%tpﬁseeﬁtss[gﬂaﬁ\ﬂgqﬂﬁﬁ%@g@ﬁ% %r.ﬂabfm@ phase

drivers 42 are 1 nput to not re”specifical he 25

phase dri vepshaﬁkéojeteqmrt|EtHerBEMPAoI$aggﬂalexaacted e bRCEING cqumag “éinﬂjwemfputls the
PHA signal to npt

si gnal and 9YWRGE 259 P‘igﬁ% pgié&ﬁgét%treo %Itt8?4§qg’hpﬁl3'ﬂs %%t@?g?ﬁ’ 424

i nput's the Apans isgpal h@ﬁﬂséh@ Nwagé g8ed agadeRMvelis &th@ PoCisi ginad to
not or-: 4li1% Addlmt?lgfr?a I I, R% gl gnal , at eeRCENB ls'|) a and t he RCENC

signal are w@ﬁumoﬂuiaﬁm&nrpw%@ds@ta@tfm die @nﬁ:ﬁe\z@@@w and \9094WCU¢H60PHA
signal, t heLlEgi\ﬁ' saf @Bﬂ:lmsea\ﬂﬂtht ﬂgdLﬁE{%r 255 F}FHth{h% \J@s:g‘nal as well as the VPWM

signal. Lastly, the pulse width modulator 454 inputs the VC signal and the VPWM
signal. Furthermore, other output signals from the arches generator are the RCENA

20 signal, the RCENB, and the RCENC signal. These are phase detector enable signals.
When these signals are high, the phase detector 440 monitors the back EMF zero
crossings of PHA, PHB or PHC. These signais also cause the phase drivers 420, 422
and 424 to enter their high impedance state. The output signals PHA, PHB and PHC
from the phase drivers 420,'422 and 424 are input to motor 410. More specifically, the

25 phase driver 420 inputs the UPA signal and the RCENA signal and outputs the PHA
signal to motor 410. Driver 422 inputs the UPB signal and the RCENB signal and
outputs the PHB signal to motor 410. Likewise, phase driver 424 inputs the UPC signal
and the RCENC signal and outputs fhe PHC signal to motor 410. Additionally, the
RCENA signal, the RCENB signal, and the RCENC signal are input to the phase

30 detector and VCO circuit 440. The PHA signal, the PHB signal, and the PHC signal are

10



13 August 2004 input to the phase detector and VCO circuit 440. ‘'The phase
~detector and VCO circuit 440 outputs the QVCO signal whiGrAugsttZ84 out put
fromthe VCO output. The QVCO signal is a clock signal that is input to
t he wavef oimputtnteathese datEctoriead eirguit 440. Toe poasa detedor ankVplheiwulri ver

Fesi stor 4380 Ul B oREE 0N M b Stk b b o VRS, AP R "o

the notor sigakoE G clbdiesignsl tiedttis mpdt fohthe aeversmParhergon48(. abee phiase. drilae
wavef orm generator-430 1s. illustrated in Figure g The wavef or m gener at or

4: 30 gener &tret 431k thpphagegiiiver cret 4433 a8¢ drPhaseveReirayBct 4 R&PIReEIRd t he
VGO i o sigpak. dRoMBE Qg HRURSto}, MoV G Rt nd
ot her agdi ?‘?éﬁgﬁ@gl gn%l S s&%%ﬁggﬂﬁ?léetﬂt’%gﬁés? gnal , tohe ﬁl %@g gnaﬂ,ﬁlt{lﬁe
QVCO si gnalmotamttirdugh thiPvltresti apaddhe ctresptesiing yiltage dodp.t he wavef orm
generator 430 serves to describe the function of one inplenentation of the
wavef orm generator and not a required inplenmentation. One of the arch

wavef orms i s typhealavitfosniendetdor481is AuseatddvialFeiitre 61 Mbkiviavietorm! dehetdtor
wavef orm generator could be forped using two I\/DACIL'éDrruI tiplyi nﬁ1 DAC

circuits add0 genersies e Wirdisignabdin HPBrignahang e \ieqalgne'diommMeaY ety nati ve
m ght bg t%iﬁ?}%‘ %'ﬁh%gvfabgforr}{@eﬁtl%?@r%agih%;]t\f%év sighAG A hMG Rl
waveforns r e ookup

r than use a | e wavef orm generator 430 | nel udes
a prescal asignalsndueh asi the IHABRSgoalnihedt@digrzl the (Y G sigeak and tier NEVWMuUI t

526 and to RCE ener at or. ci it 510, which i onnected to, a .
Somul £ ol sy Penestiosor ehbeaRiam gttt £36 SPDES I dassodie Wbt ar o
counter ci rghé irﬁ@@n@h&t@ﬁw;ﬁféﬁévéf@rnagb@@iém aRPVob 4 4equididampiesnarpatiect ed
to MDAC circuit 520, MDAC circuit 518, MDAC circuit 516, which are

connect ed t@neef the afhowvavelaimis AyRiealyigreyndedq sod ap gayivalgnbisiFeuiiderithat or
ircuit 452 i V25 B - td Th
ROEN gelfor tasRRETUt RFatdh 5 BRI qupid WEALC oty DR ety and TC

out put s an tiRCpN!sei widtd mudhiletors. sAs agensequenph aarealthrt atoteanigahbd teecadgatal the

Vihen hi gh, VA signal, the VB signal, and the VC signal waveforms rather than use a lookup ROM.

The waveform generator 430 includes a prescalar counter circuit 528 connected
20 to a state counter circuit 526 and to RCEN generator circuit 510, which is connected to
an RCEN demultiplexer circuit 512. The prescalar counter circuit 528 and the state
counter circuit 526 are connected to a lookup ROM 514, which is connected to MDAC
circuit 520, MDAC circuit 518, MDAC circuit 516, which are connected to pulse width
modulator circuit 450, pulse width modulator circuit 452, and pulse width modulator

25  circuit 454, respectively.

The RCEN generator circuit 510 inputs the PHADJ signal and the HIZ signal and
outputs an RCEN signal which is a generic phase detector enable signal. When high,
the phase detector circuit 440 monitors the BEMF zero crossings associated with the

30  PHA signal, PHB signal, or PHC signal. These signals also cause the bhase driver

11



t he phase detector circuit 440 nonitors the BEMF zero crossings ‘associ at ed

~wi-th the 30 PHA signal, PHB signal, or PHC signal. These &i4umbi2084 so cause
t he phase driver 11 13 August 2004 circuits 420, 422 and 424 to enter their
hi gh i npedainasgtsstof 622 ahd 4RCENesfeg tadir high iropedance fstaden The RREENIsgeakisat or

510 and i t..5 I t put

from the ppuubfai Bemral SonPEino Basne tnin REEH R Bk ierAL or

 510. Addi t} %@bia)‘s hBﬁsBB{%ﬁTMEﬁ mbq:m@écana&cbnm&cmuttm émmﬁntmmw
The RCEN S|gna gl cates that one of the RCENA signal B &ﬁlnal, and

RCENC = si gganera@réﬁgeﬁd@dlonwﬁe trRESERTA TS gaaa! is mpat@dheulWU@fR@ b 1HoMm
addr ess fo The | ts
the NPWM si BE%EN%%QP'RM%%%'E %roﬁﬁgg%@!‘ F@?IEPSI gna er a@@éﬁﬁﬁ

Si gna: mﬁddiﬁhanedﬁb@’ned hmq)ls’aﬁﬁalﬁﬁ'l‘ﬁ s%%a!riﬂ epodionafitie REBA adpmss fdritre QVCO

si gna ich is the output fromthe V Th ut to
he waver olFKB RUSHA: Hive BoARIc o S P e VB SerR TS 1 he
COMCLK si gl nyhibefofl @Qv@OLIQKKsigH 06 pbr BOMETATE él@ﬁélt AditldiRllg tAE Breseatdnt er
circuit 526. T e state counter Sequences through the six STATES shown

in figure zoamter circuit Gpgriaputs therRY G signal which isethgoatrut FeontherVeDr diet 526

s a CQVST ' | Qut put
from tr ROMP S ek b e BB¥htoh b praiic, Yl i ostdir P0G
RCENC si gnabuntEheseuiisis ¢raCOMEIEK sighalaitiiell isty cloble sigablechitiois mbuittb&heREﬁNa
signal in accordance wi th_ the COVSTATE 5| nal

| ook
RO 514 15 SPHBIET oRakH45. MRS ale Qe s2a St iSRS eintoMETAT Ed Rt
MOAC ci r cuiyf f%i?r@ 2 ém?m%h%w 1 ofrhé B@;J;JMP&Qh@srtértwcbuﬁt%Q cirduits28isH QOMsmiTEh

Is input to dt h “nodul at or he output fromthe MDAC circuit 518
is a 20 VllgﬂagwhlchammpubtqthptRCE[‘@Sdﬁl’r@lxmmslé5 dDHfM@’Qﬁh&hérR(éENGi@mUMSO

o e ST PR RGBSl S Ul e MO ol LR ok
the addressttfrd bythe selettokopthBEEN 4ignahi accordance with the COMSTATE ssgna!.
The output from the lookup ROM 514 is input to the MDAC circuit 520, the MDAC circuit
518, and the MDAC circuit 516. The output of the MDAC circuit 620 is a VA signal -
which is input to pulse width modulator 450. The output from the MDAC circuit 518 is a
20 VB signal and is input fo the pulse width modulator circuit 450, and the output from the
MDAC circuit 516 is a VC signal and is input to the pulse width modulator circuit 454.
The PRESTATE signal forms part of the address used in the lookup ROM 5614. The
COMSTATE signal forms the remainder of the ROM address. The signals RCENA,
RCENB and RCENC force the phase drivers 420, 422, 424 into high impedance and
25  enable the phase detector charge pump. The lookup ROM circuit 514 and the MDAC
circuits 520, 518 and 516 generate the arch waveforms VA signal, VB signal, and VC
signal. These waveforms are then pulse width modulated by PWM circuit 450, PWM
circuit 452 and PWM circuit 454 to generate the UPA signal, UPB signal, and UPC
signal, respectively.

30
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COVBTATE signal forns the remainder of the ROM address. The signals RCENA,
RCENB ‘and RCENC force the phase drivers 420, 422, 424 int& Nigyst 208hedance
“and 25 enabl e the phase detector charge punp. The | ookup ROMcircuit 514

and the MDAC CiFidiyé tssu@?ratesSal&oama.aﬁaaﬁn geMRIAlsutldien! The Yapel @VEF c¥Ad
signal, VB signal, and VC _si ese waveforns are then pulse width

modul at ed Hye fPvvaciuraksrtof amlar Pipguitsc anet autpuidrives 440 peiliustrated. althgggh such a

- generate t g;‘é—aﬁj?@?lab $8dsed lfJ(FIEH egﬁfé an@@ﬂvéP fo4. SA ?éa’l Pﬁ@ﬁ?ﬁﬁﬁe&r‘fﬁ%ﬂd&

13 August are rates a bl ock |agr he ou
The out put i@@bwptﬂ@ubﬂes didhrarentypicaligtv O 6f Tﬂemaldamces BoIsayn amellemmwt

driver 420 is |IIustr ted, .alth h s ch a ircyit c for
dr i ver 422 &l Gor ek o BElnB G e et sthernils s plen Phe
out put devig oMBmeht 1@%&@@.@%& yn@/ﬂﬁ sigiifeeuiddy F@ﬁﬁi s?dr%l HHRBigASI or

el ements 5 610 and 612. Depending on logiC inputs, fer elther pul I's

t he out put I%Jﬁ@ rsa;naPHTheﬂogh: @rcirpuif #20 iStsumb\xhairWheétt@elHlZfalm is aprerted the gnal

could be P I
coeh that | M HaPREvLs B BlheRhise b etlen (B doRLf hofiap@idn 3R '
Q herwi se, p slgnbl Additioral febturps of thdoowupitniri@eciypidaieinchidehistlzad falPtimegnal .

Addi ti.onal features of the-output driver typjca I nclude rise and fall
time i olcorfangp! fthe W%.B@Haﬂm\aﬁan E@f&ﬁe&rt@ﬁ 4%%9@5@%'%# BOAPREUEh Rer

spi ndl e Mg Y5ke A5 effeRidncy RERKS. qfﬂgoafﬁ%.&eﬁ\v&xna@@é@%@ﬂe B in

driver includes two FETs conngcte In seri.es, nanely a high-si FET 610
and a | ow siatiesREMEY 2. higinside RETgHH) aMa&wm FE'h@ﬂZLdénLUFFA$IgtI)ﬂBWUch Rg is

the pul se wi dt ul a V. nals
(e pul se gl DALY OPc SRR R GO o BP e B
PH si gnal tthdie UPeRadishirgypiceng didtabsignes whichi, Mpeh High, icavsy thelr réﬂﬂaoﬁﬂd AND
circuit 606. A HZ signal is input to the jnverter 604. The qut put of
i nvert et5 602H simal iokg toeeedHpioh. The UP signal is input to inverier 602 and AND circuit 606.

A HIZ signal is input to the inverter 604. The output of inverter 604, an inverted HIZ

signal, is input to AND circuit 606 and AND circuit 608. The output of inverter 602, an

inverted UP signal, is input to AND circuit 608. The output of AND circuit 606 is input to

the gate of FET 610 and consequently controls FET 610. Likewise, the output of AND

20 circuit 608 is input to the gate of FET 612 which in turn controls FET 612.

Figijre 10 illustrates the phase detector and VCO circuit 440, The p'urpose of the
phase detector is to determine the phase error between the drive waveforms and the
motor's bemf. Detection of the bemf phase is made possible by the high impedance

25 discontinuities inserted in the phase driver waveforms. These discontinuities are
iflustrated in figure 11. When the drive waveforms and motor bemf are exactly in lock,
the bemf of each phase will pass through zero in the middle of the discontinuities of that
phase. The phase detector adjusts the phase of the driver by adjusting the voltage at
RC. During each discontinuity, the phase detector discharges RC before the zero

30  Crossing occurs and then charges it after the zero crossing. No charging or discharging

13



signal, is input to AND circuit 606 and AND circuit 608. The out put of
~inverter 602, an inverted UP signal, is input to AND ci rEuiugugd804 The
output of AND circuit 606 is input to_the gate of FET 610 and consequently
control s FEToeIDOUtBidr&fitheedis¢ddingiepubinge t%@d@‘@'@“*(ﬁ“ﬂ(ﬁﬁqhamﬁt%s areple to

the gate of a[:nl?eT ﬂ%@a\éﬂj @Jé%é@?‘;éé%ﬂﬁ%e%ﬁbé: fabré dargld QHéﬁd%QnéﬂgHéﬁaﬁé‘t es

~the phase detector ur pose of e “detect or
is to det erthierRC vbitagehwid eiser mois, ettive avill tmtsedheM@Q\m/eﬁeﬁdrtm am\d théphase of

notor's benf tection of t ebemc hase i s d sible hy the, high
pedance D6edrSE SR PIITS R 0TAE, (Lo e fheomhugy WF Sortr Salberat hEtHRese
di scont i yui RS cBhRred ja,louﬁamaég&oldﬁog‘g@re 11. When the drive Waveforms and

notor benf are exactly in lock, the b.enf of each phase will pass through
zero in the mddle of the discontinuities of that phase The phase

det ect or adj ust

During each di S?ﬂ%ﬁ%g%ﬁﬁﬂﬁ;:@ﬂﬁ%&g& gtﬁfe@%éﬁ%ﬁsﬁ% arges ?@lfce t!]e zero

30 crossi ngdetectithe paase bhbe 'c‘xalahﬁt;&re[:htmftbélne windowesrad thoy B@EN’I@QHENK) Fidwee gi ng
or dischargi 13 13 August 04 o .urs ut si de of ont i U|tie .
S nce tho ohayaaika oar SRk EdenenEgoh, whidmRveSafol (F R SEnsEe poEing i s

early, therReeNA s:BﬁainRC@t\@§?|§léln& Reenncds V%r%iwswsng inciéle bhfisddhtitGtyl 368

will rise. This, ih turn cause to speed up, and the phase of
the drive ma%écﬁ%@rsumwt@@uméDWméOﬂh@ @@&Qﬁitﬁﬁjp@l?“%qfFhﬂ)@lﬁ[ﬁﬂtéaﬂﬂcﬁer

and becone 5. bet r e

I npl enent at ?8}% Y t@e acggtrgﬁe?dé@?ﬁeh%!%c%cﬁ) ﬁ%%s%ggeﬁ% ‘{Lﬁre% ec?xp he
pgaslel of ther d&lﬁﬁéﬂtEMfrcﬁelloaﬂ iavid vitethdraornonil isnexpektddie H@Slﬁmhgsmggméhg Fthlﬂ(e

10 illustrates one such inpl enentatio en t N si

namely to ReYRentds fipted DREENERGIGASE OP@FY&ERI §P§RaIT efg %”Q‘f?“iaﬁa%gglee a
di scont i pui Fo%ﬁ RBR108 ot P aBOOMHERBh SR YRS #8qAH) RhdGddaidvenabpd. The

polarlty of the current source, either up or down, is controlled by the
sel ect ed phalgealbﬁ@léNécFRCﬁngcw BRENSoanedeputda ©R circuit 1002. Additionally, the

RCENA signal is input to AND circuit 1028. The signal RCENB is input to the AND
circuit 1026, ahd the RCENC signal is input to the AND circuit 1024. The center tap
voltage is input to comparator 1034 and input to comparator 1032 and input to

20 comparetor' 1030. The PHA signal is input to comparator 1034. The PHB signal is
input to comparator 1032, and the PHC signal is input to comparator 1030. The output
of comparator 1034 is input to AND circuit 1028. The output of comparator 1032 is
input to AND circuit 1026, and the output of comparator 1030 is input to AND circuit
1024. The comparators 1030, 1032 and 1034 output a logical 1 output when voitage of

25  the center tap CT exceeds the phase voltage, nhamely PHA, PHB or PHC. The output
of AND circuit 1028, the output of AND circuit 1026, and the output of AND circuit 1024
is input into NO.R circuif 1022. The output of NOR circuit 1022 is input into OR circuit
1036. Additionally, the PHSLOPE signal is input to XOR circuit 1036. The eutput of
XOR circuit 1036 is a UP/DN signal which is input to AND circuit 1004 and input to

30 inverter 1008. An inverted UP/DN signal is output out of inverter 1008 and input to
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or current source 1011 and whether or not it is expected to be rising or
~falling. The RC current is filtered by the inpedance of Ihaugugd§04ilter
1050. The resulting voltage of the 15 loop filter 1050 at capacitor 1014
control s t ANDf ciegiidA0§. he oltpu HARD Qv 100hds an Yirsignakardthe ROENE cAnd

RCENC are i pput. t cireyit. 1 AL | [

Il nput to A&&%c‘?‘ﬁﬁeﬁﬂwﬁd?z%b%'@“%%ﬂ&*?g I E‘?@%ﬁp@? Staggﬁl;dgé}éﬁﬁgggtvﬁ ! uit
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signal Ls i : Nvi ; R | 8l $hi BOHUt bPth
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tap CT eXC?@ﬁHg {07e deases WPbdr@rition anl swifthi404PkBcldrgBdGwnThe filbert giatiit of
AND circuit 1028, the output of AND circuit 1026, and the output of AND

circuit 102850is input into NOR circuit 1022. The output of NOR circuit
1022 i S I nput into ORcircuit 1036. Additionally, the PHSLOPE signal is
i nput t'§ XOR circuit 1036. The out put of XOR circuit 1036 is a UP/ DN

si gnal whi ch i sFigapu? illuetr#isd tice advartaddx0ef ta grasaplinvention3d hersgbemersin (08,

An inverted UP/ DN signal i u t. of inverter 1008 a [ 13
Algust - 2008nAE 8 FedraPoagde 0HRR A Biatonyr RS Breddiel 0ns PRUE s ver

signal , - andid igisqiljsiitedb be NpeRbF @ther906s bsdreiisTiagaalipvh ihuaraitions s
swi tches 1040 and 1042, respectively. The current source 1010 s input to

the RC ci r eniployeds0n faasat isteadp figt. yrhigh it rarfermance g {der!. disgontingifydregends
to charge up fil¢t Frr'v%i irﬁs,_l050- The filter circuit 1050 includes 5 a
capaci tor fid)-fffo‘dﬁ %ér a‘Jf"'%'e W th resistor 1016 and capacitor 1018. The
output of the filter circuit is the VCO circuit 1020 which outputs the
signal - Q/Co ThI(?{e(1:‘)\eu|'lt'irFl)gl;J Eo PiBuFehf 0, the phase detector pumps the voltage on RC depending
on the RCEN signals, the bemf signals, and PHSLOPE. In this embpdiment, the phase
detector is constantly comparing the three bemf volitages to their center tap. Between
20 discontinuities, the comparator results have no effect on the RC voltage. When a
discontinuity occurs, signalled by RCENA, RCENB, or RCENC, the phase detector
pumps RC depending on the corresponding comparator output. The corresponding
comparator output generates the signal PH>CT. If PHSLOPE is high, RC will be
pumped up whenever the signal is one. If PHSLOPE is low, RGC will be pumped up
25  whenever the signal is zero. PHSLOPE indicates which COMSTATES have rising bemf

zero crossings and is high during COMSTATE B, D, and F.
For example, a discontinuity can be signalled by RCENA, during COMSTATE C
or F. If the discontinuity is signalled during COMSTATE C, RC will be pumped down

30 while PHA is greater than CT and pumped up while PHA is less than CT.
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XOR circuit 1022 is the sel ected phase being greater than the center tap.
The charge punp 1011 operates in conjunction with sw tchl318uRst?2§0¢har ge
down the filter circuit 1050. to Figure 7 illustrates the advantages of
t he present invention. The schene sin 10 and sin 30 correspond to 10 and

30 discontinuit Egﬁge LS SRERE 'b%ﬁ*f%av&b‘?m%%ﬁg vE WRRb g ) %'z@:r&@m%ﬁmgs of

illustrated to perior to other pes of schenes upon

condi tions th@bp#n@yvedefofms bextentetediin tmmECEp‘l \fnhdbwsmdlma‘tlngzermﬁhwérmmance
of ideal, discontjnu ree. i s sinusoid drlv St ferring to

2 gur e 10, Beheseihin iyt whrSier And e iOfs peis e Yo Bis R o lriehe
RCEN si gnalgymdsheh Rediowh Wraddgual fnds, iAok Ro reh chaxhge fthediaeditaget 4101 Mhase

detector is constantl aring the three benf voltages to the|r center
tap. Bet weaet changstod ﬁMCrr}EfF?ﬁ@%nCYE he conparator results have no effect on
the RC voltage. Wien a discontinuity occurs, signalled by RCENA, RCENB, or
RCENC, the phase detector punps RC dependi ng on the correspondi ng

conpar at or out pfigurd 8 i€ an eepputedi vigw of trgRiRtaad RHE gato ¢ressings wken ke

ignal PH>CT. I PHSLOPE is high, ,RC wi wh th |
TsTone. |1 GONGLUPFSIDETT B 3 REHIP] Aok optiingBn b S8 OMEReT SR e o
zero. ESL@@ENWM&L@%@?W% @CM%J N{Eﬁgé\qm EHe’S;bLﬂﬁp laewh tinke Ad SREreSs BOS

and is high during COVB For exanp a dlscontan|ty can

be si gnal | guetpyMRGENA, theliRG ngd@omemrp@aéedcﬁrc poltage WIHépa%éamq MGy i s
signall ed durin ﬁg@ reater
t han CT anac%‘awget u Eﬂﬁsgmﬁﬁﬁ‘ws‘bé’?ge@%ﬂ%ﬁ%@ %gnd’\‘m tﬂe%fg@gure
12 shows bedrbssiayeionmansthantntisr of ¢hevdisedrdinoily. The zero crossings of the
benf wavefornms are centered in the RCEN wi ndows indicating zero phase error

15 Figure 8 illustrates the torque ripple for a 6-state system, and Figure 9 in panel 2

illustrates the same results for a 10° HIZ signal.

While fewer than six discontinuities can be used, six discontinuities per electrical

cycle were implemented. The width of the discontinuities may be selected to a

20 predetermined width and could be based on an integer number of PWM cycles. In this
embodiment, the user selects the width of the discontinuities by HIZ which selects a
discontinuity width of 1, 2, 3, or 4 PWM cycles. The phase difference between drive
voltages and bemf voltage may be selectable as an integer number of half PWM cycles.
in this embodiment, the user selects the phase difference by PHADJ, which selects

25  from 1 to 16 half-cycles of PWM,

The discontinuities of the present invention are typically less than 60°.

Figure 11 shows that the discontinuities are controlled by the RCENB and
30 RCENC signals. (The A phase is not shown.) These signals RCENA, RCENB and
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bet ween the driver wavefornms and the notor benf. As a result, the. RC
~chargé current 5 punps up and down for equal tines, causi yeost?04 change
to the RC voltage and no net change to the VCO frequency. Figure 13 is-an
expanded vRSENE redult ifPHB wapertive phese deversdicHils b@\iﬁ@guﬂnﬁé Ondﬂiaa!égh wavef or ns
are-a bit late, As result, the. O - h N ly inthe io
RCEN wi ndoé@?eq%eﬁ%% Cqﬁeﬁ%% 'E%%&érﬁu'ﬁ%%ﬁqﬁé' %ﬁ%ggngoﬁmﬁéti me, and there
"is a net punp up at the RC node. The increased RC voltage will speed up
the VCO  causing the RCEN discontinuities to be earlier and therefore
noving the benf zero <crossings toward the center of the discontinuity. 15
Figure 8 illustrates the torque ripple for a 6-state system and Figure 9
in panel 2 illustrates the sane results for a 101 H Z signal. Wile fewer
than six dirscontinuities can be used, six discontinuities per electrical
cycle were inplenented. The width of the discontinuities may be selected to
a 20 predeterm ned width and coul d be based on an integer nunber of PWM
cycles. In this enbodi nent, the user selects the width of the

di scontinuities by H Z which selects a discontinuity wwdth of 1, 2, 3, or
4 PWM cycl es. The phase difference between drive voltages and benf voltage
may be sel ectable as an integer nunber of half PWMcycles. In this

enbodi ment, the user selects the phase difference by PHADJ, which selects
25 from1 to 16 half-cycles of PWM The discontinuities of the present
invention are typically less than 601. Figure 11 shows that the '
di,scontinuities are controlled by the RCENB and .30 RCENC signals. (The A
phase is not shown.) These signals RCENA, RCENB and 16 1 3 August 2004
RCENC result in the respective phase driver circuits being turned on to a
hi gh inpedance state which results in discontinuities in PHA, PHB and PHC.
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17 13 August 2004 CLAIMS 1. A drive circuit for a nmotor, conprising: a
.citcuit to detect a phase difference a drive voltage to b Auspti28etto a
termnal of said notor and the BEMF fromthe notor; said drive circuit

havi ng a hi gh i npedance state to apply discontinuities to said notor; and
said drive cCLAIMS responsive to said phase difference to maintain a
predet erm ned phase difference between said drive voltage and said BEMF of
"said notor. 2. Adrive circuit for a notor as in Claim1, wherein said
notor is a brushlless MEriveticouit f3r a Aador, vemprisiagi t for a notor as in Claim

| or 2, wherein said .discontinuities,. are 6 per electrical cycle. 4. A
drive circuit foraglrﬂﬂ{j r“ceg%cttiarplf'@lsﬁi sfenee drige V%@é?%’es%pﬁed khase

di fference i sermimaliofaiaehdiyr andthb BEMF Arofli theamstor;cuit for a notor as in any
one of the precedin clainms, wherein said drive circuit generates

si nusoi dal wavef o??fg. dgve ACiryl, G upr Hgh HnRasiesee astate fhyaemle of the

precedi ng CcHRtAMinuREREBIdSAGIEr; &hgve circuit is PWM 7. A drive circuit
for a notor as in any one of the preceding .clains, wherein said drive
circuit gener at esSad iveeainerib responsiyelte sqid phase alifferenceatqlmajrtaigi 2 cui t f or

a nmotor as i predYerRitfeddphdsBeifErBRES bBfiveen said drive voltage and said BEMF

of said motor.

2. A drive circuit for a motor as in Claim 1, wherein said motoris a
brushless DC motor.

3. A drive circuit for a motor as in Claim 1 or 2, wherein said

discontinuities are 6 per electrical cycle.

4, A drive circuit for a motor as in Claim 1, 2 or 3, wherein said
phase difference is maintained by a PLL..

5. A drive circuit for a motor as in any one of the preceding

claims, wherein said drive circuit generates sinusoidal waveforms.

6. A drive circuit for a motor as in any one of the preceding
claims, wherein said drive circuit is PWM.

7. A drive circuit for a motor as in any one of the preceding
claims, wherein said drive circuit generates arch waveforms.
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clains, wherein the width of said discontinuities is changeable. 9. A drive
.cirtcuit for a notor as in any one of the preceding clai ns Avgust280h said
phase difference is changeable. 10. A nethod for operating a pol yphase dc
notor, conprising the steps of: applying discontinuous sinusoidal drive
vol tages to the wBndi nfjsdrie cinait fevtamotar aseidetny mineedf firapapdigt ect i ng .
Zero Crossings,: - QW 1. 1V indi ngs of the notor; an
~adj usting phg:gae[@g’o\?h%r%@r}h?iﬁh‘\}&ew\fjg??'gg%é%%ﬁ ﬁﬁlﬁg‘%/segfg%g%%%si ngs

substantially sinmultaneously with the detected zero crossings of the

currents flow nggin rgs ti.ve.w ndin of the notor. . The t hod of
Claim 10 further g‘orrprgscﬁﬁ’% %)%Uét\é\%—o\'fm%Fﬁ&o'hﬁau'f’a?ri%é’"?h%flﬁ\esew Wdous
si nusoi dal notaims,defiereinazlid plgese différencd i3 chapgbaisiet i on t hereof to said

driver circuits. 12. The nethod of Claim 10 or 11 wherein said applying
di sconti nuous sinusoidal drive voltages to the w ndings of the notor in

predeterm ned phas@es cammtheedforaghehatingta pofpRasHE Mbtbd, Ampriding et ect ed
Zero crossi nﬁ% of .said currents flowng in respective w ndings of the

motor. 13. THEPRHhod of A aim 10, 11 or 12 wherein said appl ying

di sconti nuous sinaysmyidghis@bhmmo\agIstr@gsiaat&ivb%itﬁ@e&{mémﬁﬁdiﬁ of fREOT N

predet ermi ned phases conprises applying a disconfinuity within 5%of said

det ect ed zer '8 redpiersiined phasess f | owi ng in respective windings of the
motor. 19 13 Augugdteéfifizero crossings of current flowing in respective windings of

the motor; and

adjusting phases of the drive voltages to have zero crossings
substantially simultaneously with the detected zero crossings of the currents
flowing in respective windings of the motor.

11.  The method of Claim 10 further comprising pulse-width
modulating the discontinuous sinusoidal motor drive voltages prior fo
application thereof to said driver circuits.

12.  The method of Claim 10 or 11 wherein said applying
discontinuous sinusoidal drive voltages to the windings of the motor in
predetermined phases comprises applying a discontinuity at said detected
zero crossings of said currents flowing in respective windings of the motor.

13.  The method of Claim 10, 11 or 12 wherein said applying
discontinuous sinusoidal drive voltages to the windings of the motor in
predetermined phases comprises applying a discontinuity within 5% of said
detected zero crossings of currents flowing in respective windings of the
motor.
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14. A method for reducing acoustic noise in operating a pol yphase dc

. motor, conprising the steps of: applying discontinuous sihudesugd00dri ve
voltages to the windings of the notor in predeterm ned phases; detecting
zero crossings of currents flowing in respective windings of the notor as

a result of said fiVve WRticuIRs rediidthgaaionstic RGisBMR8Esrafihg hfdlha¥se Vol tages
to have zero,crossings ,substantially simnultaneously vmt% the detected zero

" crossings of 4% MOI,EIMBRASING MectiPRHO n respecti ve wi ndings of the notor. 15.

The nethod of O adﬂﬁiﬁ@aﬁi'ééérﬁﬁnho%&Hhé&ﬂ?l%rﬂ@'v%ﬁéﬁ@%hhe Wathih g e t he

di sconti nuous sinusoidal notor drive voltages prior to application thereof

to said driv@plaiin pigdetermirgd phasesicui t for operating a pol yphase dc notor,
conprising: dri Y%et@dtfng%erré chdin B%Y'cf]frgﬂtsdffdvﬁﬁ%ﬂw d%sﬂ%%ﬂv@ \}ligcrjilhgg ofotor,

said driving signals belng discontinuous sinusol or e 'vol t ages
for appli catihgrineter as paesil sfgaiddrivenditegesi atidr cuit for detecting zero

crossings of cUrifileibbophdlhsl b 1e Bhild Sloraibd B! hiy@ Sy EqUliAGOT ¢ he
di scont i nuous si nusol d | "notor drive voltages; a circui o change the
phase of t hesubistangiglldsimultanesusty witk theoti¢tegted zen crossimgpef thet curtdmés cur r ent

flowing in tfﬂﬁ’“@é invl%%pgtj:tfv%qf\:li{@ng??ﬁ{hie%oté?rO crossings of the current

flowng int I'Ver circu Zero crossings of the sinusoidal notor
drive voltages. 17. A circuit for operating a polyphase dc notor, as in

Claim 16, wherein said source, of. di,sconfjn s_sinuspidal npotor, drive
vol tages incl ude15%‘ a ?g'ﬁr LR ©fs 4RI ntdbu@%%u%'imﬁfngmﬁ%ﬁe"ﬂpfr\/e
vol t ages havmaodulatingli the odiscontinugusit sisasaidal etreedre driger wolages spigstof current

fhowing in tabpepligarlt%o\ﬁetﬂereof to said driver circuits.

16. A circuit for operating a polyphase dc motor, comprising:

driver circuits for providing driving signals to the motor, said driving
signals being discontinuous sinusoidal motor drive voltages for application to
the driver circuits;

~a circuit for detecting zero crossings of current flowing in the driver

circuits as a result of the discontinuous sinusoidal motor drive voltages;

a circuit to change the phase of the sinusoidal motor drive voltages
with respect to the current flowing in the driver circuits to align zero crossings
of the current flowing in the driver circuits with zero crossings of the

sinusoidal motor drive voltages.

17. A circuit for operating a polyphase dc motor, as in Claim 16,
wherein said source of discontinuous sinusoidal motor drive voltages
includes a source of discontinuous sinusoidal motor drive voltages having a
discontinuity at said detected zero crossings of current flowing in the driver
circuits.
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circuits. 20 13 August 2004 18. Acircuit for operating a polyphase dc
.motor, as in Claim16 or 17, wherein said source of di scBnigusti984

si nusoi dal notor drive voltages has a discontinuity at 5 fromsaid zero
crossings of current flowng in the driver «circuits. 19. A disk drive

product of the tyfe havéirmitdfodopdratiahh @ofphked de Matss astiRgnPgee ot or
~for rotati ngﬁvﬂ_geta.-cogfai ni ng%ére%)ltng congrisi,n . three driver circuits for
provi di ng dr 14 HFTENGRI eurer diiscantijueus sinygoidal matar driye yoltages Bas  sai d
driving si gnaldiscoetirgty it S @i BaiauRrs bREsALS F cOféRowlid ethedhapes for
application to the driver circuits; a circuit for detecting zero crossings
of current' $1%¥ng in the driver circuits as a result of the sinusoidal

notor drive voltages; and a circuit to change the phase of the sinusoidal
notor drive voltages w th respect to the current flowing in the driver

circuits to aligr®erd ebslivagsodust of e dne BaAYing leodd deushiesshélallr i ver
circuits w ti8sg ehee@HASS nitdsr o ré{%’tﬁ'lfg asﬂﬂt'é- nEdhing Meia, Yokishg! t 2ges.  20.

The disk drive product of Claim urther conprrsing'a circurt for
pul se-wi dt h nodultBreerdjiver &ireuitss faamrpeifiing drivings sigoals tepselected isets bl t ages

prior to appldigat i r S el | | ' 21 [ drive
product, as I r|1 d aﬁm%gﬁbﬁgtf ngéggr}aﬁé ls)éflﬁé og%d&ﬁggé&gféé'fssoi%ﬂiﬁﬁaﬁms

si nusoi dal rdbtvervoliagessfoy applivgtien tontbkeullieer cirasidsir ce of  di scont i nuous

si nusoi dal not or _dgi i . disecontinuity. at. i d,. detected
Zero crossings o ((E:'bc\rﬁ?efﬁf h#fe%\ﬁmﬁ%ggyon&?’ﬁgn% ?’\%gﬁ}}%{‘fﬂ?ﬁl{’gm gg‘? 9RVE sk drive
product, as dingui} as enrd9jit Fehesingdoidaltraster driwavaltages; and

o a circuit to change the phase of the sinusoidal motor drive voltages
with respect to the current flowing in the driver circuits to align zero crossings
of the current flowing in the driver circuits with zero crossings of the

sinusoidal motor drive voltages.

20.  The disk drive product of Ciaim 19 further comprising a circuit
for pulse-width modulating the substantially sinusoidal motor drive voltages
prior to application thereof to said driver circuits.

21.  Adisk drive product, as in Claim 19 or 20, wherein said source
of discontinuous sinusoidal motor drive voltages includes a source of
discontinuous sinusoidal motor drive voltages having a discontinuity at said
detected zero crossings of current flowing in the driver circuits.

22. A disk drive product, as in Claim 19, 20 or 21, wherein said

source of discontinuous sinusoidal motor drive voltages has a discontinuity
5° from said zero crossings of current flowing in the driver circuits.
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source of discontinuous sinusoidal notor drive voltages has a discontinuity
. 5fromsaid zero crossings of current flowing in the drivErAedustcddPds. 21 13
August 2004 23. A drive circuit for a notor conprising nmeans operable in
accordance with the nmethod of any one of clains 10 to 15. 24. A disk drive
conpri si ng means 28per Abir’meicﬁcaitm@daﬂmcMeinbhsingmeaQ@%F@fab‘ré alns 10 to 15.
22 13 August_ 2004 NETE AND, AP TUS FOR SYNCHRONL ZI NG PWM SI NUSO DAL

" DRIVE TO A ﬁCW%@tW%@@E%Wé Ptofl8r operating a pol yphase
do notor in which discontinuous sinusoidal drive voltages are applied to

t he wi ndi ngs of Itzae n&jjor i n predeterm ned phases. The di scontinuous
portion of the sifflusof’ fSIVEROMRIISING MRANDRRATableiR aceqrdandayth Benf zero
Crossi ngs arghydgleaficRiims a0do phases of the drive voltages are adjusted to
have zero crossings substantially in the discontinuities of the drive

vol tages. The nethod and circuit result in notor operation with
significantly reduced acoustic notor noise. Figure 4 23
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