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

delivered tf. (g Spl Qgtbs‘o BRbr (ﬁngﬂﬁ agtah%ica'aeﬁf rfRhor® BF VERE vAA6H EHtrdiStrighown
as linear current’ control. Tn thi's mo e, an

positioning of the read/write heads, power circuitry to provide 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



anal og voltage input signal is provided which is proportional to the
‘curretit to be z 13 August 2004 delivered to the spindl e nBtH8ustER@4 spindl e
notor control circuitry processes the input signal and adjusts the |evel
of current didiveredrtedhdgpindie metapr The spindleryotac contll siftyiry Prasessescibe g e
brushl ess not or

uhi ah has coRvaand ARG e’ SEpue OB e B9 A RGReP vt Bl oo

configuration. The bridge includes two power stages, one for each phase, so

typically there are six power stages each with ?@?OV\B_I‘ devi ce. Three of
the power stagesThgfareerpiase Bestpso@eic ésong ef themaest¥ddsly uged bpgs /o8 pridie
st ages d | : t {hlj&:?eﬁ] ; coil and
gr ound. agllhelqgﬁlig\ﬁﬁ% ree ofen{t Eﬁ%@%@»@eﬁsgﬁ’ge@? ggg t H%Gg@gé devi ces
ar e ref err ecorifiguesdioihiTgh bsidde incidegdwopodved elageesorseioa eaeh phase, saitypically

connect ed between the power suppl nd the t.or il. e _power, devices
oo ot ere it bler Stho SR g roEr T8YPS, IRt or i€ pBRUEl s e 25T
flow from tigirpRwer deubes dret lBfedrtditoashic@hsigb dstageyend deviceSbeduugoittheyodret he
15 first of the three stages, a coil of the second of the three stages, and

t hen t hr ougteriectesipaiveen ptogeoil aad geougde ke, otherdhinseithess pewerfagoes

I ncl ude p ' : | r.QG [: S o Iy s

wel | - kndn” RS sl ol cRost i relolict B/E2RRR cibe ERRS: R SR SIRRELE: Wby

t hr ee- phaseaen@ngeziat ibetwdemolimne posienglipply dind dieg motorroeilt,  power supply. The
switching or commutation characteristics of the power devices are 20 very
I nportant in achi eving good performance fromthe notor and ot her favorable

charact eri sti cs. THOpMREHdeRk #0BpE@Iechd SWitdHEshih adégBendy thabglidhs MBses of
out puts, rectangular driving pulses, causing in the w ndings current

pul ses havi eigrentéaflewfonptepaveasubelydiascm Heh-sHe PaMer devige. 2Foitfdhe
dri V|.ng 1?“' ﬁn%fof tﬁwg%h%ﬂe%@éd&, é'&gﬂ‘% f?l'écs%coﬁ@gf 2 tﬁx@% éf?éé%r, aKBltﬁé}glﬂrough a

low-side power device 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



(enf voltage). The rapid voltage and current changes at the driver outputs,
.caused by the rectangular driving pul ses, |ead to kick-bEckugsel2884 or
"flyback pul ses" which are caused by a sudden magneti ¢ di scharge of an
abrupt |y turned- Bfapid awtent ohanges and the flybmakeniddesycakne wobl&0s 2 OhSonkulgarsd,

2004 Rapid urrent hanges and t fl yback, pul ses caus robl ems.. On on
rond, P hey iy Glse 0 HTaroihe Ml art AR RO E R IRET Jo PR ey R,
exanpl e, of d?dk}ﬁrﬁér ©n ﬂiescith&fhétﬁj d@Btd heirotidiefred@itdy cBHRnt,ahé Aghdck pulses
hi gh- frequency content, the fly ul ses cause strong el ectromagnetic

radi ati on. TAHSE HE§NY el&atr@raaereﬁi§| raéua e Thip ﬂam!samce@onwesabfﬁéilfép@ana@w
d h
equi pped ,w ttijﬂ? 5%%&@0@@)% ith @8 rh&opéé%n 2PRRE@ALHSpparRisN SRS m a%ges

| ocat ed near ances. |I'n or counteract such disturb
a known comerlotated near to thedisturbansty. éeswrdmtt@com:iatsra&msmlfstulrmmesmhemrad

bet ween each dri ver ut pu nd th ssoc wi ndi n rm nal of

motor By meaREoldeiaa e fiErs mofer a8 TP AP s P ey Fe A RN ¢ e
driving pul sggutanehéesdderats® wWitiding fyﬁmmﬁsef the ridtbs BPmdBRSeF thelst filtsrs, it is
possi ble to avoid the occurrence of electromagnetic disturbances on t he

| ead wires thossihle toslane e sdongsf te diving m&sa&ﬁe@ﬂéngwﬁledmowrmn%@s Rdisver ,
due 1o the LAHEPRGRS:Ble bR oRHelddbhfhive f'aﬁ%a@%@ﬁ&sﬁfrgaﬁc@a D the

pr esent ver outp Cl rcul
el ect r omagné¢adwiresltcathieanotst eridumsczsrwelaas d)ﬂnmeanbter wﬁndimgne ldowsresr, dxm tmnhe.

12 T L oS i o Sl B B s 2
phases. ¢ 1f &B&%n ctreu,t aﬁﬁusemsﬂ%rn@le?e@#dn%mﬂ& rddfatioRestitt B8c@E = the site of
phase- | ocke l oop ( . The PLL adjusts

the driver outputs

15
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



t he phase and frequency of the commutation so that the BEMF of the undriven
_(tri 20 stated) windings passes through zero in the cent el a4gustz804
appropriate conmutation state; This scheme works well when the shape of

t he commut atdiusoiaV efirosnhsonmey thessaraan voitadiei seeningdRiilotescabed abavecoanveat i onal
6-state, +1, +1 A ,.sequence. . In_ addition to the undesirable
Scoust o nobes, InBEsast b PN s aHeP N hammofd BratsRert e gurly Feh:

phases, toggih&in @pbhﬁld bhe tifd Subph &S b o8sullt, hi ibRehf WS Riof ah W@ Rctediegr ee
of 25 torque ripp in the motor. This torque ripple results in a

] - n
unevenness from fhemkasiapyt torthe Fhé. MNaverthelesatTWYM driei i higisdesineble igprder to
resonances _i.n. t.he OF: ot I ha i i i foit
"is desir e&“‘["&”'?eea‘é.('géer %%%ﬁ% [ CIH%E)%J@@,%?&&'S Fﬁr;@ iﬁ?\&ggs aégecgg{eé%kta gﬁbiannd:%%]
si gnal may JyerdieacingMpegReinadoat.t han a 6-state sequence. |f the notor driver
consists of 3 13 August 2004 a sinusoidal current source, the sanme voltage
sensing PLL descri bed above can be wused. In the case of PWM si nusoid

drive, the not Oﬁhgmﬁn@eﬁaﬁ%ﬂm@ oh gk WAt nRALRRENGE Yedlct et he
supply. As a result, no benf information can be extracted fromthem as

i nput to theiseldssofletesrwittetiisk riveonwiarsi Gonpequnngwl whatds needadeisiadigk ddye t o 5
mnimze power dissi.pation.in the.dri ; j S r Lo
packag: fig” &g mnag sanertngh it e Gfoioe aesbplated e rh Bl opEhTn i
enphasi s onegli&ld sHdlivenateduf acturers to reduce the noise associated with
di sk drive notors. Consequently, what is needed is a disk drive io and

met hod for operating it in which the noise associated with the drive in
operation is reduced or elimnated. 4 13 August 2004



SUMVARY OF THE | NVENTI ON The present invention provides a way to

synchroni ze the drive voltages to a DC pernmanent magnetic notor when the
notor is driven with pulse width nodulated (PW waveforns. The circuit is
useful when the waveforns are sinusoidal or sone other shaqs |ntt%&ed to
reduce the acoustic noise of the notor. Wen the drive wavefor are
properly synggm'ieﬁj%,:tmg lﬂvﬁmpd\ﬁveforrm cause a current in the notor
wi ndi ngs tha back EMF of- the notor. In accordance
with a first aspect of the present invention, there is provided a drive
circuit for a not conp a circuit to detect phase difference a
Grive  voltage to s BT BeRton oo ics supy bryneohise e dha YolkossaRe 1 om
the notor, timC ;dsrrmuﬁer&l mgnétuchmumgwaehltﬁb moRedignasvent MtB bllsd ALK

dlscontan|t|es tor, and the drive circu sponsiye to the

phase di fferé’i‘ﬁf’é’aﬁ?f; RéWerSg\” veforms othe EFreHTt g Upfidls ?é""ﬁ” fthér‘”é%’é’@"ﬁ‘ét%en t he

drive volt ag%ur@.@dudhher BENE dthert mapenm@fded 116 reeg&y BrRNEcoustié horessrchad
rovided a nethod for o ratlng

aspect of the I nvention,

2 bol yphase  dutiofiien B8 e WO crestrapR bR MOAEHPGH 16 et

si nusoi dal drcauge inJFréﬁtﬁﬁ the nidi® Wih@iflh$ et & 1nt|51%sefmﬂ10thelﬂac|@mﬂ$bﬁﬂ1@ ned
phases, detecting zero crossings of current flowng in respective w ndings
of the notor MAAd adj usting phases of the drive voltages to have zero

Cr ossi ngs substant ially simultaneously with the detected zero crossings of
the currents flowng in respective wndings of the notor. In accordance

wWith a third aspeah aéorddrfeMigsefist éé’ﬁé@ﬂéﬂtﬁ@prés@ﬁtﬁﬁvérﬁlon henel isleebviieaet hod
for reduci ng a ousti c ol se | n oper atl ng. a F@{ﬁle hase dc not or, conpri Si ng

the steps of @ HﬁICVFWb%BP%?ﬁ FRIORNRINGS BriiTeY tegtiaRhase difteprrse aorivRe

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



wi ndi ngs of the notor in predeterm ned phases, detecting zero crossings of
5 13 August 2004 currents flowing in respective w ndings of the notor as a
result of the drive voltages, and adjusting phases of the drive voltages
to have zero crossings substantially sinultaneously with t ? degg&%ed zero
crossings of the currents flowing in respective w ndings o é

accordance with a fourth aspect of the present invention, there is

provi ded a ciougeants flawing jeresrentivea winslingshek thedgotast a8 2 tasulbraf sthagdriver i ver

circuits fon,plax! dhigg ’tuH a§é£'&?'t@? tiPvé %lltggésmio L& z@Fc} %Fd%%in%bgna' S

belng dlscontln us sin nDtor ive vo ges or ication to the
driver circuisubstantiady SIwitaneously witbttha detacied gero arossigs ngme@urrents flewingf | owi ng

in the dri ver, @Sgg&%%rﬂ%@éﬁ %& f the discontinuous sinusoidal notor

drive voltages, circ ange the phase of the sinusoidal notor
drive voltages with respect to the current flowng in the driver circuits
to align zero crossm%s of the current flow nfg in the driver circuits with

zero crossings of ?RECAIATRMHR 2 fovdh agPesicol, ther RSNt InventioRothRlRclE with a

fifth aspect pbviddiea RirQsesr ob@t‘éﬁﬁﬁ bqiblyphbes ac 'rﬁot@* @Mﬂnﬁﬁ»ﬂng airides kirsllitsv e
product of the t ype. havi ng do brushless, - less hr ee- phase not or

for rotatingfef Qf& '9'”8(9“"559@'%3'%?“& m‘éf@FrﬁP? §F'H‘§Q SEQE‘P@@E"'M" lRHQUB L t s

for providi n&lrﬂ:’sbldélﬁﬁot‘éf ARd Soltyes Tbeaidatidl & Bb HRbF Sirdults! ARirBBE BIr,  the
driving signals being discontinuous sinusoidal notor drive vol t ages f or

appl i cati on td§tacHeg deioepssingscafiquErenifiioying i) ther@iver eifaits pA ¢ ffé‘l"b%‘?“&SSl ngs

of current fcﬁsféahtnﬂ.ouélsmlhwdm moRdr dfilé %ltabés 3&%@11&% dhandef thb PRasd bgei dal
not or drive vol taé circuit _to chan phase of the sinusoi dal

notor drive vihusaidak anWrWES‘f?étegest With trﬂ@e@tj?q m cqrq’e@iy\,lﬁﬁ\glng fn it dYsTver
circuits to k@R t3%ign SRSGbHRHsAf thB& it BBlving 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



flowwng in the driver circuits with zero crossings of the sinusoidal notor
. drive’ voltages. 5a 13 August 2004 BRI EF DESCRI PTI ON OF THEMBRA\AONES
Figure 1|Is r e.2 illustrates a sinusoidal

wavef or m ar J | lustrates a pulse width

nodul at ed versi on of the arch vvaveforms Figure 4 illustrates a

phase-| ocked | oop; to Figure 5 |IIustrat es a waveform generator; Figure 6
“illustrates a bFigke dillugtratasst DEHBOtNit put driver; 15 Figure 7 illustrates

t he advantages of the present invention; Figure 8 illustrates waveforns of
the prior art; Figure 9 illustrates vvaveforms of the presént invention; 20
Figure X0 ill usFiqires ildtrafsas sindedidsitwaivetorth Mdirchivgiverihlset)l | ustrat es
drive waveforns; 25 Figure 12 illustrates additional drive waveforns; and
Figure 13 illustrates phase detector waveforns. 13 August 2004 DETAI LED
DESCRI PTI ON OF Hd, g’@tﬁﬁﬁmtés hd& Wt%é&at&@%#s%‘%ﬁttﬁé‘ﬁﬁ:h%a%ﬂ

wi ndi ngs, such as illustrated In Figure 1, the drive voltages tencfto | ead
the wi nding current in phase. The anount of |ead of the phase depends on

the value or ma dt}rclé' ellusftraiesa Suect%glgcce,OOThe circuit of the present

E Figure 5 illustrates a waveform generator;
Fiéure 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.



S invention synchronizes the drive voltages so they have a specific or .
_predetermned phase lead with respect to the back el ect rGrigeitZ084 f or ce
(BEMF). If the phase lead is mintained in accordance with the -

predet er ni peg DRODESERAIPTION OF MHEPRESENNINVENTIONSSSENt i al |y be in phase
w th the BENF._THE predeterm ned phnase | ead can pe nmodified slightly to

conpensate for differences between the notor voltage observed during the io

- high-i npedance gi,&¢®tHel inttidtase eMfotohRiidéabudpakildated it Figudt Qhe dAe
i nput signal called PHADJ by the present 1nvention selects the anmount of

phase | eadvbiéagreedand teeleag faswinging qusregt inehasst thgeanaeint of eagi i dhephase rent .
Figure 1 il . ' ' e
i i ngs 16543 e alle AL A8 ORI RAUEAREE. TS BRI o RS BresghEl
vol t age sacimeati@asynchfortizes thaidride noltadb3Zo thév havela E06cifid\bt predgterinineee

hases are shown, th resent ..i nventio coul se n ers of phases.
IIon t he cas@ﬁﬁ?g\gﬁﬁd’g@i %Q‘Pecgrki’ y@%kteg%tggmqﬁwe 'gyorﬂ%gé}@h'eﬁﬂ% A é’f’g‘bﬁase
vol t ages aindifthiMelah Scdotdancelitiphé prdfetSBnBE prakd RAE. MM ARSIng QUITBRLWREN
the three w ndi nﬁs is essentially sinusoidal. Typical ly, the center tap CT

20 node i seasgntigly bein phase Widsing BigMEhd heipiedetganiaee paasa lead cn be modified
constructi Qp . V, ' e of
the three SIS EMBE55a: 16 aifdalhs BBRE e foidrolidls BHEIPAFANRIARER 01
are appbi etigheintpedantsadiscdrttwitizd 4ndnide actuibbddkeEMF af thembios.h Asiimps gighal

wi ndi ng voltages. .25 Figure 2 j|]lustrates t wavef orm sets, first
waveform s é"?ﬁlefbéHéPd by tg%@fﬁﬁ?m REGRYBY ?ﬁ?%‘g? %ﬁo‘ﬂg@rﬁ ghﬁsq E’@Q g’%ﬁ’ﬁé? Bem
sets 202 a%ﬂa@@éfﬁ@‘b@i@@ véit£§llf§9:i:dj@1|e wiHQi'n?%ﬂ%ni.O be applied across the notor
wi ndi ngs 102, 104 and 106. The first sef 202,. which approxi mtes a

sinusoi d, includes three separate sinusoids 120 apart. If VMAG 7 13 August

2004  repr esent g heq ATRILENIEHE AR 186 RISRY Hoe IRINAY SLOIRE RindQ% | S

represented by
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



Equation 1. PHA = VMAG sin (wt 5 PHB = VMAG sin (wt + 2402 PHC = VMAG sin
(Wt -- 240) where PHA is the voltage applied to terminal ﬁl&lguﬂHBO‘}s t he
"vol tage applied t 4 10 PHCl the v to, term nal
196 (5 A JeeimanBabe smrfieid g Snliii it FevdBhAeh2 PR rePfeeierd se:
202 by subtgiagibhng the mninumof the three sinusoids. This set of
voltages is sonetines referred to as arch waveforns 204. The arch waveform
set-has the advantage that one 15 of the motor phases is always 0, thus

m ni m zi ng all;rM tchlnglnthe notor termnals. Equation 2
descri bes téﬁg&v gg;tess“qg?farch waveformset. PHA = VMAG (sin (wt ) - mn

{sin (wy, RHB =(MMA§2ﬂm(ws+|240)Nt 240)} ) PHB = VMAG (sin (wt-120) - (tin
{sin (w), sin (- sin évvt 240)}) (2) 20 PHC = VMAG (sin (vvt 240) -
mn (sin (vﬁ’*j‘c"syWAﬁ/\ﬁmi‘ﬁb)' I'n (W-240)} ) where PHA is the vol tage
applied to terminal 112 PHB is the voltage applied to terminal 114 PHC is
the voltage applied to termnal 116 25 As shown in Figure 2, a snall

di scont i nuiwherefPhih it the woliagke appleddeternimaliid2 i nserted in each voltage

wavef orm by turnng. e driv k| ng e i npedance of the driver
high) for a bri ?Hﬁ@,t}:gdoﬁ?gef ?M%\%ért\ I%F of each phase is expected to
pass thgpugh ZerFﬂ-IC'uﬂhteh/bﬁa@éT‘Qpplld?ﬂEtatterntuh‘@ tyger specifies T with PHAD] and

Wwith .30 H Z For a sinusoid, the discontinuity for waveform PHC i s
|IIustrat ed by el ement 210,

A second set of waveforms can be derived from the sinusoidal set 202 by
subtracting the minimum of the three sinusoids. This set of voltages is sometimes
referred to as arch waveforms 204. The arch waveform set -has fhe advantage 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,



8 13 August 2004 the discontinuity for waveformPHA is illustrated by
el-ement 214, and the discontinuity for PHB is illustrateld dugueli28fient 212.
In a simlar fashion, for arch wavefornms, the discontinuity for PHA is

i | 1ustrat e%ett’ﬂs&irﬁiﬁﬁi[}t foR dRvefoan FFFIﬂBlshHuma@éfEW eladnt and, draf theRiGohtingtye ment
224. Wile the driver is at hig ggedance t he vol tage dlffefrence 5
bet ween t hioryig @g@sﬁﬁt@a@he‘ﬁﬂﬁﬁéz d'ﬁ%é‘"@@ﬁfaép'ot“akf’ reh wekelpHes dhek EvF

~ vol tage of 8'%@&”%2% FEA R iR V%Fa%edjs% et Lbe nfoFTPF'i'Bttg{ Siekla®it Q@@ kan&Gr

vol tage an speed for the phase of the Ive voltages so the
BEMF passeﬁ’?—[dllbpa[gmeneﬁm eXédnileltye drivertihiet highfrepeddncehthediolispadifieggnog. 10

Notethat he vol tages applie o the termnals 11 he
wi ndi ng® cuPERfEen té?ﬂelgaqeﬁcge&cﬂ(p% Ppe ARd g ‘?Fﬁ?"tr?& Uf'%bglﬁ% g%&égﬁhg@ngpt

wi ndi ng cufHBRindingt meph@&adet@aoefhehhﬁordmwmtbawlaw MSIta?del gt hojustasite t he
time when the voltage applied to the terminals 112, 114 and 116 iS zero.

15 |f the waeed torthe pogseaidheduve vwltaggﬁﬁatt%BEMFFP@wﬁé through ZerogECHEd t o
t he not or tﬁeeééﬂ]graéﬁh&a%coﬂtpnﬁllt?nd 116, significant power would be

di ssi pated’i river fiers. Anplifier power loss is minimzed by
pul se wi dt h nodul ati ng the vvaveforms Figure 3 illustrates the

di t t PH t 3 the d PHB b
el enenti0312. *Fi aleiat e GERTER wRPIEHd0 BMRTBRERoh Zoft B BHEARB! or m se
During t hev\hhcﬂﬁg Ef@dnt! Rnde tﬁé%frc@f@'dtﬂ‘ehﬁﬁmﬁ%lbﬁbmﬂh\éGBEEMEwww:ﬁHm\glcurrent

| npedance) waveform PHC is forced eit shown el ement 320,
or. | ow, shdhmlobgties efitbadiscaptnuitytiestighdly aget thatime ‘Gﬁ‘eﬁ e ‘&F@Eﬁﬁpﬂm tagheach

PWM cycl e corres ge that would have been generated by the
| i near arrpl‘?rm %?Q?ﬂg 1%40?"?1&1?16 )rég)ae?@case 25 di scontinuity which is caused

by the inpedance of the device being high |s mtroduped when the BEMF is
expect ed to pasIsf ﬂtleh \rzv%egfgrr%g r282 alr?g 20291Hus rated1 PS&r'e Iv‘Ee}f'é appfeeal t% thg otor
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



of the phase will be the value of the benf summed with the voltage of the
. CT. A'phase-1locked | oop of the present invention is ill ust3réuset 200 Fi gure
4. The 30 phase-| ocked Ioop i nc] udes a wavef or m gener at or 430, ich is

connect ed tCBlVﬁPﬁa‘%) 922 agd AL4uWhich (ol tupy Gansestedldh a moter 440 RIEse AR i s in
turn connect We Far R i€ 4inRRRE® tHEWRGERKm g%'ﬁ@ra\(&qs‘b‘@wd Wt 1bSand

connected to orm generator 430 and notor 410 and phase drivers
420, 422 arphaég4lrivaisel2nada? ancﬂmg@n‘éhawe&m gemeraide@(hmcwriehes argjw@ser at or

432 connected t 4 N uI W nd
S ol oo cmelaabdad Sarissted PRAe Wit ia0uphudS s Wil MpedlRly 42 an
VMAG whisch pugsaivideh faoklitargphi Ingsle tothel drehaogérmgenr BRI sigralMMAG viitiver s
420, 422 and 424, signal ~PHADJ, signal H Z which_ determ nes t he wi dt h of

the RCEN wiGea&@is tha a@myd@ﬂ rtf&voltaaﬁa "squgﬁpafphmwvm 43014221308 42drbigPalos
QVCO cl ock @iﬂﬂgl RRHIE, E&%m&&a he wihh dt4he REER mﬁjowsqnﬁﬁ/cﬂ%%xéé or

432 is the si gnal e VC signal 10 are” anal og
drive vol tan&’s&g\mmP\&NbNmolmwdhe@@lmb@r Qf @NQQCPW\&QPHB M@WETM/‘E signel.

I i dt h_nod its 450,,.452 454, d
Ci'gnal 1 ronPUpHErarah MG EN epe s 457 tRLOp e b iRl AR VR BHA
di gi tal i gpgibh aPslhsabg BEvd Poitges wmmsz&e(t@heéﬁélftol 9°grtal1h§PBElVPHBJértcaBHCI iy
expected to be ri sngE] or falling. The waveform ggnerator 430 i nc] udes

pul se wi dt rihmlﬁea« mgdulier &'IHCQ'tﬁﬁ@ps‘*@%énQ/ﬁﬁ@ ditiogally. 8AOURUt GionRl femgnal
whi ch
ichis a th%or i r n @3@4?@% Fsﬁsé?bﬁfs?érﬁd;%:dhq@‘é él&ll g napifmglt: &

wi-dt h nodul a nd output Trom hase ect r an circuit
440. Li kewpisme ddtectpuif the BEME Ivolrhaghulsﬁxpect&ﬁio bapiaing arkialing Ehegwavefasnwel |

o e S dpuno EERY p SRS DTNl TR g
arches geneyai\gh s@hel wWhieh %ﬁ%né@laﬁhﬂﬂ@hse& Be aR@EP@uce&ﬁﬁJtttb%Il B@E%Lﬁsegnm
These are phase detector enabl e signals.
width modulator circuits and output from the phase detector and VCO circuit 440.
Likewise, the pulse width modulator 452 inputs the VB signal 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



When these signals are high, the phase detector 440 nonitors the back EMF
~zero crossings of PHA, PHB or PHC. These signals al so calfstugubi@Ophase
drivers 420, 422 and 424 to enter their high inpedance state. The out put
si gnal s PHpuPtdBhamphapeiGetectayandNC @ ivitsweit 440.v Ehe pas® defectonand Y20 eirasiti nput

to.nmotor 4 C [ UPA

si gnal andagﬂg%&oe(?\éég Sa%ﬁ Wh{‘lb t%g gﬁgaﬁﬁ&h tﬁs/?egngf&ftgﬂpnﬁ%régﬁ

Driver 422sjgnpLicS dibek difi shanginpand thbevaRSENB gongrnabr 4800 THiphksesdrivee PHB
signal to notor 410. Ljikew se, phase driver 424 mg(uts t he UPC signal and

t he RCENC §|F§H1fa42%r§|&9 B‘ﬂﬁ%ﬁﬁfyef ﬁ‘éCLFi'I—‘i@% REA e plaseotrter gieit %oﬁrﬁlcaﬂamt?d t he
RCENA B@Fﬁg{% Hetto h
30 det Zlctggr an%H Cl rcfilfigteﬁgssé‘!itﬂe é%ﬁ& Si {rﬁf}ﬁ&toﬁ{%o\lgl gnalrlEreI &ﬂﬁep aee

PHC si gnal neoter thGout® tﬂagusentzwmkthempuesmqmdllr‘rgequaaee{r@mt ector and VCO

circuit 440. The phase detector and VCO circuit 440 outputs the QVCO
signal which is the output fromthe VCO output. The QVCO signal is a clock

signal that is irpewavkRrihneaer480M: GRBEERION FiRPe 5TdepaeforaY dor@iator
circuit 420, the phase driver circuit 422, and the phase driver circuit-424

are connect8f %N?@tﬁsg@r{épef\ﬁ@@%tﬂéﬁuﬁﬁ@'@r@’sﬁsﬂﬁistﬁe & eigraldim {15 ¥aEh t he
motor, allq %‘%9 GAthE ng@ﬁor%%‘%ne@é L‘PcHg[lfb VIW\C?H F1§|rgnd8(5{ﬁ?l‘té]ﬁilthna|

correspondl tage rop. generator- ustrated in
Fi gure 5. Elmamemcasrthg@mm&ts:gnalAthBO-ll@argnada.ttbeQ\ﬁ‘eO slanak iagd dhe NEPMEVI UPB

signal, and th PC.si | fromthe VCO i

gener at or #§Ha- ﬁ‘ Qeﬁﬁ@?vmé?‘ Iquygforgh%er@ﬁtg%g@g?wg%ﬁoagesc\gﬁaﬁhq@nghcgh as
t he PHADJ gjrgRakm xbh%ntﬂtén%fﬁwavéfb@n gM&Patir @fdInot andquifed iND\Mergatmmal .
The description o? t he wavef orm generator 430 serves to describe the

function déInewidhe eptiewyaatiols tavicalliarowriedorin g8 raKielEnt ety itiettha
requir ecéi ! w&v%fg?ﬁ'nt @éde?ﬁo & b2 Forhikel GG e WAMBIRY [BuItiSyihy PIAR! dirkuit! Snded,

and an equi val'en eUrt Cfor the
two pulse width modulators. As a consequence, an alternative might be to calculate the

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



15 waveform generator could be fornmed using two MDAC (nultiplying DAC)
~cjrcuits and two pulse width nodul ators. As a consequencE Auwmsi@0fer nati ve
m ght be to calculate the VA signal, the VB signal, and the VC signal
wavef or ms tiaduitsrd20h4?22 aned 434 ItcmektaaptM\mgﬁ'hepam{mtangé“hemm s@@i isncl udes

a prescal ar coupter 1t 528 ¢ ect ed o,to te counter .cifcuit

Boh ot ookt as EEEN b WD (Re S thS REFRL KB RS

- demul ti pl eygLschiat gvgh&t i8 batpul RBnPthe $éd calareBUnte? Eirélif 528 &ndi uﬁt@dhé reEyat e
counter circuit are connected to a |l ookup ROM 514, which is connected

to MDAC cieueretorsd0, Addiionally.diie PRWATM@@ ot tosihe loakipdROMrad 4.
connect ed I

circui t§45§geanoé§3wsng ﬂdﬁ?%%qh%%&tﬁ %%'?pggfgtngpgﬁ resgaEF%5§|F§¢€‘ﬁ‘ﬁe
RCEN gener gigasl |eiarseerrtéid.5m03 EREStT&TtEmQ;W ps'rtgmajf tlmwﬂd\hedﬁﬂbelzs $rghal and
out utsanRCENsi n ichis a ric ect e Si

Unen i gh 10GKR PR 4 et 8roLah Nt et hard FoRts (n & FAENES B Vs  ngs
associ at edy ﬁ&nh@ﬁoﬁ@\/@%l@d als PEECOMIRTE SignAHA Eiitmally, tﬂ@ﬁ%céla@nm S
al so cause e phase driver 11 13 August 2004 circuits 420, 422 and 424 to

enter thei noumtghcsrcqﬂeﬁ?@nnwtgtﬂa@ QVCheigrapxhish iniae QU@Uté’@D})hﬂe Ye@mlthee RCEN
gener at or n ui i gnal
oener aLar PAR IRk 8B ARTLE S GiheApuby RL BRGRLRE

gener at OL 2d0nteAditdit ||@ﬂf:l=l @@MGMS@E&IS?WEISS&F ginak sigaal wipiah is iapttte thestatgp ROM
514. 5 The RCEN sjgnal indicates t one of t

si.gnal an&OP@EN@"CL&ﬁ {58al Thesst ﬁ%es‘i-ﬂ“f‘ Se%%”@ﬁé&'ﬁﬂ? it §'ﬁéﬂ9ﬁ§1‘§‘$g§r§§]°8‘ﬂ" of
the ROM ad%mef?énot #ﬂ%%ké)@kuw@@mpméf thb@atB BB} BircfOSUH Bla COMBIATS28

i nputs the si1 gnal he nunber of QVCO cl ock signals per
COVBTATE sisignal whithd$ tipohtal thg RGN dermexciituait 512.00ktput front beiRCBNglermput

the Q‘/CO SIc CUI{ SW sctﬂelR%éi\rl]E S%%EP%CI%N@@]QH\QP 3}48:%0@_?@6 signal. These signals are
~ attained by the selection of the RCEN signal in accordance with the COMSTATE signal.
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 520 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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o QVCO is the clock input to the waveform generator. The output- of the
_prescélar counter circuit is the COMCLK signal which is B 4rgye#084 gnal
which is input to the state counter circuit 526. The state counter

sequences t hr oughy &6 ifistratdMBIOdESiag ROMBT th'erbLft;bLﬂLHrﬁeZ ﬁﬁh-doutﬂufdirg}éﬁ- Rodid

The output of the state counter circuit 526 is a I gnal which is
npUt b ¢ 14 TR rler o P irGAz, stoyat s ieAds HasFatadnioLsh sirve

- 512 is the %ﬁh} ' I

attai ned bfafgﬁgw\g[g{j%gﬁjlsgﬂ of F’/heh%gkfd dﬁp&& copghtﬁgierg'\?\nﬁeﬁ I%th%{e& ™ ©
COVBTATESZ ggr@alhout[;')\t/J'[f)Eevm% panichf are mymdmsylmmasp TRkt dibdices areghudwrt as tleenaviBAC
circuit t he circuit G 51 Th t of
Che NDAG a1 E1aLAna S DeEbarang o Bl inate cho PulEh Ster Pt it A BHL ot or
450. The oufigdiby @mern 15%&@&\@%@{ Cyihd Pﬁleﬁgﬁaff cBuld 3 MBA%I@ﬂalmmlglghﬁl dr”pUt

to the pulse wd nodul ator circuit 450, and the out fromth
circuit 516PHG signdt Ehgylegic csfrfdcwé‘immuctléhath@qmméﬂl Sdﬂfﬁll mﬁmeﬁ@d)rthe

circuit 45 The r

| ookup RO\/I Ign?hgﬁ%%ﬁéﬁﬁ E@H‘%é’ﬁ‘%% P@[r"%geé r"@mal ng’q'r'ﬁgaf% @EH%J{E e
address. Ther sigaan! /deﬁﬁﬁi%feattﬁ@ENBtmmizt;RﬁlﬂN@efwameHy ineludbaise azhdufal&time420
422, 424 into hi gh |gpedance nd 25 enabl e the (fhase det ect Eilogarge

The | ookup CR’WP[:‘P it 922! And RFAUSIRHAQE oreration; quing sifierspd ?E%S\;‘fé'h@? at e
the ar ch g olf ri
bre thon pultas brdRe #A B e, VB R o N R B o P B L

circuit 454sarzesgm1m[atad1[gmeld6FEETs(6‘t}ﬁhamd alyBsidiedral 612an4nUPCsigaalgvhith may
P e oA AREHEE SN P Ry e
circuits, arnbseulipuigndiiaretypiclly idigital $igsdls atheth, wakh Ihyiglkassicthel respective
15 PH signal to be forced high. The UP signal is input to inverter 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



circuit could be used for driver 422 and driver 424. A ty&I i cal out put
.buffer includes two |arge output devices which are typic These
devices are shown as elenents 5 610 and 612. Dependi ng on Iogl Cc |nputs t he
buf f er ei t hegcupuPytsidesé thadipeantisiigasl Smqe t'h?@harep 3pg|dischiargg @Rl tbes it

float. The ?Aﬂ’léll%g &eﬁ%ﬂogaﬁg ngﬁy\sA}]rw?éw ﬂ%f?é Sﬁé’rgn%rthaﬁ H@cﬁé@g@, taﬂg hePH

_logic of citcur't I's such”t hat en the i's assert
signal willthbRE Nommvltlﬁbbefrwssmturrt will tehusl&dhpMQ@tb spearumend the phase of
accordance P_si atures driver

ith the ti t he- qut pu
ot carly. i eidie el o RarineE; b dRE fiserainihy ilodsrealigh BN REprie
provi si o fgatPREARTEPBrodHE MYz&tbhesssiy. ndl e nodes such as  start, brake
and energency retract. The output driver includes two FETs connected in

series, nanely a high-side FET 610 and a | owside FET 612. An UP signal

whi ch may incl ude, LBp, mgﬁg ;5@313%&% BPthBéHr%@eWeg%ﬁ'fb r&g@ak Ak Wit \kipe

anal og drive voltages signals are typic Igita S|gna S
whi ch, whenddtegiithe paase of theifrack &dfie et ative t&%@lﬂir&ibgnsajfma)RBEN sigeadd Figugd.
TheUPsignI_isinut t0|nvrter NDCII‘C t Z signal
i's input to?q H‘ésﬁ"?ﬁ?gf’ﬂéﬁu%ﬂn ?W&”@g%u SVRVEN € 8%&'&%@@?@8 HE
signal, js ReRWA LignANRCENBC8bhalOOtREBACANMA] figadith iffidhte BNfiscdutiRuity, 8he
|nverter 602, an Tnverted UP S|8nal is input to AND circuit 608 '|'

out put of AQﬁ]heﬁ(égurtrerB@@ur0§S|1ﬂﬁ t0ft1811ﬁ1@1@é€tcb bre mﬂwrwmt%wrwﬁ%qm@ntly
control s FET..61 e t

the gate of © 'lt—t]:'af%@ c@hwff OnE@E?d;H%%t%eg%CtéE@}g%l@% é%lélgl?tge 'E?n?f+u #ﬁg@gs

t he phase det @gtait samdeMODi @int cHetheh 4l nofhés Weptmietod:fe shey opfating. deeET or

is to determine the p e error betwenthe riv and t he

ot or o benfuranivtieren bE Fbesante o medoar ilasdBshad e fratng \abORiogthe

' rrpedanqg 2B 'fﬁtEP'i‘(’éi%dq 6a'p§§|tdrnl$ﬁﬁtc%ﬁtrbiﬁ tﬁé‘ﬁetﬁ\f@rﬁﬁ o(i“iﬂléfﬁ ndayetor e These

di scont i nwhgs are %ﬂ lustrated in figure 11. Wién the grl ve waveforns and
nmot or benf algealemifm& REENGcand RCEéIQoar@rmptﬁftoé'-&nlr%wmwdltm@&y tthe ough

£ ot ot Bl B RORLIA Y. She ERh RERRER: i ChED
: circuit 1026, and 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 comparétor‘ 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 6utput 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

i4



RC. During each discontinuity, the phase detector discharges RC before the
~zero 30 crossing occurs and then charges it after the zer® Armsdilng. No
chargi ng or discharging 13 13 August 2004 occurs outside of the

di scont i nuANDesirculsi1068. The outrut geAbiRtcidiug dRaf deean BiPesignal canchilie osiip of i £ t he

_ ] ._ o i . ; ; q
Ehe R vor ARDetifi bt 5.4 B fightvnipf iy FIRGs bR Hes bl o
~and the phggg cOfrenttddRrcd 1040 wavsk @ the RO cidvianoss wibnithet bR sinatdosesniet y

wi |l occur earlier and becone 5 better centered arqund the ze Crossi ng.
Ther e ar e meligh 108 chR aRdeaR shaI0m eish 6 A Kk the her Caredt Woho hliaes wi 1 1
det ect ¢ h?a%gggg‘l?gﬁ 044% ?z?r%hel% reSlstir 1686 P dBBaditdrd0Ye, Fhe blguREENNe

si gnal . " Fi gur I'Ilustrates one such inplenentation. Wienever one of the
RCEN si gnafiker oranitisythe & GREENiG1 GRtavhicRoBNBis thgraignal 6V GREERNT: o Pt thei ses

to indicat di scong,i,nuj.t one, pf the 0 0 11 is
enabl ed. - TROWIEH 720f el 5 affpse BRipd et R 1RO Tgh 4R Rhart

cont rol | ed plnpt 117 156)cbiib S Th EitaeRtioy vitl @atchn@42 b tearye slowndte filiiircait
current source 1011 and whether or not it is expected to be rising or

falling. TABS®RC current is filtered by the inpedance of the loop filter
1050. ‘Iihe resulting voltage of the 15 loop filter 1050 at capacitor 1014
control®d the frequency of the signal QVCO The signals RCENA, RCENB and
RCENC ar e i nput FigareJRillustrates tthd 602antaAghsi ¢fitoe atdsent inkentioRCENA schgmalsin 0

input to AND circuit 1028. The. si ) RCENB i.s in to. t i '
1026, and ¥R 5@@%‘?%&9 t‘?ggi ﬁ‘b%gat disEepin Nﬁs’crleg@%ﬁt'ttvglﬁfogﬁg %5%'@%%?9&@
vol tage is gfiipyis il uetiPRR Qlpckiosth @AEr typesibf sohefREMcad apod Bd2caridionsput
to 20 conparator 1030. The PHR signal is Input to conparator 1034. The PHB
signal is empioped dnéantphisaiesrly fieBavhieing theperipimasicy ohiderk disqppinuity-free
conparator 1030.. The o of conparator 1034 is input to AND circuit
1028.. Te 8&]1”&88@%?“"80%%@ ‘or 1032 i s

Referring to Figure 10, 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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i nput to AND circuit 1026, and the output of conparator 1030 is input to
AND circuit 1024. The conparators 1030, 1032 and 1034 oult3pdusust 2004i cal 1
out put when voltage of 25 the center tap CT exceeds the phase voltage,
nanely PHA, PHB or PHC. The output of AND ci-rcuit 1028, the output of AND

circuit 1026, a n lL.fcuit
1022. The out qupgoU%QEE]%Hé\HrgthH{f“?y%ﬁng%ﬁﬁtdﬂ%gﬁﬁafgf@%cﬁ{rﬂ%uie% &f%%ggbf
Addi ti onal ltye béiméwBHSbOREas: gerdbredsn ittrpBECENowIKORVs indicating 886 phadeeeroart put

of XOR circuit 1036,js a UP/ DN signal ich is ut t ircuit 1004
ond T rput . 1ESwas Tk EeRavearms And ik P s Bems e B it hd 20 el St
inverters 1 F;%ng; LBtirNEE UusiRE b rftiehshdgetd the FIO Goit U Ut
of AND ci rg{‘}ﬁ Oiﬁtlpgégﬁ%dééhgl grllal . an(Sj t@he out putsﬁ of KND c? ra-(?l(}?at 10(86 S

a DN si gnalnepkhangeciorthe MCO §Rpuenys 1040 and 1042, respectively. The
current source 1010 is input to the RC circuit 1050 when the UP signal
closes the switch 1040. This tends to charge up filter circuit 1050. The
filter circuit TFihleilB8dd adespandedodpact therPHB badifHQaeed ¢trobsingds Wher Hiest or

1016 and capacitor 1018 Th t of the fil i t
i routt  10ABNGRIEHeBTTDaEesa BiiAe] it e bhT SR IPSH1da 78 SaRein 1 cui ¢
1022 i s ¢ herGENGHRESWONRS Buki Uidtirde ﬁ@lbﬁ@eﬁthé«ﬁ‘tﬁé}ﬁjrﬁﬁﬂbﬁlh tih@f andfigerehange

punp 1011 operates 1 n conjunction with switch 1042 to charge down t he
filter ci rdlﬁttpumﬂﬂafth@ gode The incipased Rés vellrgeawill sreed B thg VERe present

i nventi on. glggqﬁgg@w Hlségnt! rﬁq}ﬂegﬁkl Be3hnfPhE ?l?é’r%ﬂ)r& Qréq]vﬁw%g bathf zero

di-scont i nuﬁ r've orque ripple I'Tustrated

to be superdrogsitgs t@tmh&ftﬁeymﬁer(ﬁftmben@mnbmﬁed upon the condltlons
enpl oyed. In fact, it is nearly flat, which is the perfornmance of ideal,
di scontinuity-free is sinusoidal drive systens.

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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Referring to Figure 10, the phase detector punps the voltage on RC
~depending on the RCEN signals, the benf signals, and PHI3G@RREusi2804 hi s
enbodi nent, the phase detector is constantly conparing the three benf
vol t ages t RQENGC restétrin &re teapectBethasa driver dictieheinadiinedon toReig@dnpar at or

results haye no effegt on,th V. s (oF iUty occurs,
signal | ed BYP ,S%;?:l‘—ﬁiﬁh " SUI%&Q@%&O’?&@U%‘%‘;@?%& Pe@?gérﬁ'% [ﬂﬂbrrbs RC dependi ng
“on the correspondi ng conparator output. The correspondi ng conparator

out put generates the signal PH>CT. If PHSLOPE is high, RCwll be punped
up whenever the signal is one. If PHSLOPE is low, RC will be punped up 25
whenever the signal is zero. PHSLOPE indicates which COMSTATES have ri sing
benf zero crossings and is high during COVMSTATE B, D, and F. For exanple,
a discontinuity can be signalled by RCENA, during COMSTATE C or F. If the
di scontinuity is signalled during COMWTATE C, RC will be punped down 30
while PHA is greater than CT and punped up while PHA is less than CT. 15 13
August 2004 Figure 12 shows benf waveforns and drive waveforns. The zero
crossings of the benf waveforns are centered in the RCEN w ndows

i ndi cating zero phase error between the driver waveforns and the notor
benf. As a result, the. RC charge current 5 punps up and down for equal

ti mes, causing no net change to the RC voltage and no net change to the
VCO frequency. Figure 13 is-an expanded view of the PHB and PHC zero
crossings when the driver waveforns are a bit late. As a result, the benf
zero crossings are early in the io RCEN wi ndows, the punp up tinme is |onger
than the punp down tine, and there is a net punp up at the RC node. The

i ncreased RC voltage will speed up the VCO, causing the RCEN

di scontinuities to be earlier and therefore noving the benf zero
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crossings toward the center of the discontinuity. 15 Figure 8 illustrates
.the torque ripple for a 6-state system and Figure 9 in pknsugug 2004
illustrates the sane results for a 101 H Z signal. Wile fewer than six

di scontinuities can be used, six discontinuities per electrical cycle were
i npl enent ed. CLM& dt h of the discontinuities may be selected to a 20
predeterm ned wi dth and coul d be based on an integer nunber of PWM cycl es.
In this enbodinent, the user selects the width of the discontinuities by
H Z which sel ectsta dhddentirouitifblya wioldh) compfising; 3, or 4 PWM cycles. The

phase difference between drivye ,voltages and henf voltage may be sel ectable
as an integer nunB&Y toﬁ%t C\fﬁmaé%ﬁfg%?mq adfive ¥°®9§&8%€’éﬂp¥e@ keauser

sel ects the phameal oF Said herciearthBIEEME fiekd #le rasbopcts 25 from 1 to 16

hal f-cycl es of PWM,, The discontinuities of the present invention are

typically |ess thifidedive Feficht RavVighoRs hight irenrdagra c stte niR « PRRIY ar e

control |l ed byistbgtirdiERE: agid motd angENC signal s. (The A phase is not shown.)
These signals RCENA, RCENB and 16 1 3 August 2004 RCENC result in the

respective phase ¥l vEiVe Giegiirespareivegior eriddthasn differancs im maintpisdance state
whi ch resul t rddetinftednbiddyi diffGenéd bERendR) 8Rck Poitageldnd Saift 2004

CLAIM5 1. Adrive circuit for a notor, conprising: a circuit to detect a
phase di f f er 8had ,aAdeh ve voltage to be applied to a terminal of said notor
and the BEMF fromthe notor; said drive circuit having a high inpedance

state to apply o
. 2. A drive circuit for a motor as in Claim 1, wherein said motor is 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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discontinuities to said motor; and said drive circuit responsive to said

. phase difference to maintain a predetermn ned phase diffelefemsiZ®deen said
drive voltage and said BEM- of said nmotor. 2. A drive circuit for a notor
as in Caim1, wherein said notor is a brushless DC notor. 3. A drive
circuit for a not8r asAidrivel airenitl fosra motaheseinnasyicie dof teoptdcedingi es are 6

~per electrical,; . bve circuit.for a nptor indaimil, 2 or 3,
wherei n sai d%iaﬁrﬁg’gke’ﬁ%’feﬁlftgée@l%tg Ol?ggquaaﬁ%f) é}lﬁ@%&%@@amﬁa‘jﬁ%_ A drive circuit
for a notor as in any one of the preceding clains, wherein said drive

circuit generatesgsinugoidal waveforns, 6. A drive circujt for not or as
in any one of theg‘prec‘gcf?rﬂ’g o Clugi{?\g,a WHRIPLPR BP0 @Pey B B{ﬁc?%ing PWM 7.
A drive ci rculdim$ovhereimdait plasel diff@epcoachahgédtge pr ecedi ng . cl ai s,

wherein said drive circuit generates arch waveforns. 18 13 August 2004 8. A
drive circuit for a nmotor as in any one of the preceding clainms, wherein
the width of said1@li scaméthod firasperatingh@peRphase d8 mdtofidotfrigingombt for a
notor as in a&¥ o?e of the preceding clains, wherein said phase difference
i s changeabl &€P#®" A nethod for operating a pol yphase dc notor, conprising

the steps of: apabpiiing dbicERMIUS dRISoRRNAIRRI ithgsd oVhe WINdIAGEST tha the
Wi ndings of }n%?or 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.

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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notor in predeterm ned phases; detecting zero crossings of current flow ng
_in respective windings of the notor; and adjusting phaseb d¢eusté@0dri ve
vol tages to have zero crossings substantially sinultaneously with the
detected zero crossings of the currents flowing in respective w ndings of

the notor. 11. Thet metheiafd ot ?écmc_ﬂ\'% ddoLEHe hoBe P bp&ialifly BYohphasdt h

nodul ating the di scontinuyous sinusoidal notor drive voltages prior to
“appl i cation $RECERS; CABPASINGtE §19RST O%i rcuits. 12. The nethod of O aim 10 or

11 wherein sai d apphhddiscohtheons snUesiBairVesRitdgs @rthd RindhdLGise L0 the
wi ndi ngs of the notor 1n predeterm ned phases conprises applying a

di scont i nui t JORY i Bregdetpsminaddihasesir o crossings of said currents flowing in
respective w ndi nggeQfgt %@%angsjo?cuﬁgﬁts%h\g@gﬂe\? & v&iﬂdin&%opr 12

wher ei n said applying I sconti ndous si nusol dal vol tagées~io the
wi ndi ngs of theengtat as airesulinfeaist dive veltdgesiasds conpri ses appl ying a
di scontinuity w thins:2% i taG 0%Si f . ts
flowng in respecétaﬂl%lﬁ%i EE?S%S%&M? hgﬁ&%@?égig{olgﬁﬁ@ug%eg 98’%%‘5 ‘J’; A
met hod for reuhstantiglhasiondianeously with ithe detectati zego argesingplof tfes cutentot or

conpri sing tmiﬁ%ﬁp%ﬁgééﬁvg%wihﬁgopl{hge &E'}__nuous si nusoi dal drive vol tages

to the w ndings notor I pre erm ned phases; detecting zero
crossings of currents flowing in respective w ndi ngs of

15. The method of Claim 14 further comprising pulse-width
modulating the discontinuous sinusoidal motor drive voltages prior fo
application thereof 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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the notor as a result of said drive voltages; and adjusting phases of the

. drive voltages to have zero crossings substantially simulXawge?904 with
the detected zero crossings of the currents flowing in respective w ndi ngs
of the motor. 15. The nethod of O aim 14 further conprising pulse-width
nmodul ati ng the ditkontA ciwmgs’gsbpsmaﬁﬁgialpowt'@éelg&inXﬁor},/@btiﬁt@ﬂ?inpﬂG oF t?_
application fhereof. t 0. sali riyer circuits. ) circui or operating a
| pgloyphase dc*ﬂ&*lﬁf?mé& srqtgtf%@é%ﬁqqqﬁgyoqﬁ Rt matondyg valtagesihes i ng
signal's to tadiscoiuitysRi5d fid Yhia Fers bdRshgs BELHGe i RAGRY im@eUsivel nusoi dal
notor drive voltages for application to the driver circuits; a circuit for
det ecting ze¥&U%0ssings of current flowing in the driver circuits as a
result of the discontinuous sinusoidal notor drive voltages; a circuit to
change the phase of the sinusoidal nmotor drive voltages wth respect to
the current flowi'¥y i A €ifk diive spdudt of §he dyreohaying e deboushiesssiHads of the

current fl ow hidel | | it it . i t he

si nusoi dal Yrkﬁ%%rth%?i%%m%(%fgg@%ﬂg %d%ﬁar%ﬁﬁ@%ﬁ%r%%ﬁgfng pol yphase dc
nmotor, as in O aitAfegedrivenisiipeitsnios pravidiogrdriving signsisdiot $eleded &etmufslol dal
notor drive : taC ; |+ I QIO I I, dal notor
drive vol tagdt-g?gjs h’g\gﬁ]goﬁi&' ﬁgﬁ'ﬁﬁpﬁﬁﬁﬁfggﬁ'gﬁ'%%ﬁﬁété%e%ﬁg%@aﬁﬁ%gg! ngs of
current fl owrivg violagessfod applisation ta theidriver @®ults, August 2004 18. A circuit

for operating a ROLYRRAGRP d8feciRy Ibro gl%sjsiﬂggo?icmnlegt'%wing in the driver
circuits as a result of the sinusoidal motor drive voltages; 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. '

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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17, wherein said source of discontinuous sinusoidal notor drive voltages
. has a discontinuity at 5 fromsaid zero crossings of curiefgui29tng in
the driver <circuits. 19. A disk drive product of the type having a dc
brushl ess, Hall- less, three-phase notor for rotating a data-containing
medi a, conpri si n@3. t hAakivdrciresit for iarmoior 8ofmprisipg Maafs RPefibla/inng signals to
selected sets of, coils.in the or, said driving signals being
' discontinuonggrﬁﬂgﬁMﬁgﬁh?ﬁW4h°Jgﬁqqh?nﬁdﬁF§H@§19681§pplication to the
driver circuits; a circuit for detecting zero crossings of current' flow ng
in the driver circuits as a result of the sinusoidal notor drive voltages,;
and a circuit tozéhanééjlﬁ NGIEQEWPTISING Hears prprablgdn ageardanegrwitie vol t ages
Wi th respectary®riehsd ciithg @0ke i5owWi ng in the driver circuits to align zero
crossings of the current flowing in the driver circuits with zero
crossings of the sinusoidal notor drive voltages. 20. The disk drive
product of Caim19 further conprising a circuit for pulse-width
nodul ating the substantially sinusoidal notor drive voltages prior to
application thereof to said driver circuits. 21. A disk drive product, as
in Caim19 or 20, wherein said source of discontinuous sinusoidal notor
drive voltages includes a source of discontinuous sinusoidal notor drive
vol tages having a discontinuity at said detected zero crossings of current
flowing in the driver circuits. 22. A disk drive product, as in Caim 19,
20 or 21, wherein said source of discontinuous sinusoidal notor drive
vol tages has a discontinuity 5 fromsaid zero crossings of current flow ng
in the driver circuits. 21
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13 August 2004 23. A drive circuit for a notor conprising neans operable in
. accordance with the nethod of any one of clains 10 to 15.1%24ugug 28046k drive

conpri si ng nmeans le In rdan i n f cl.aj 10 to 15.
22 13 August 2004 Wﬁ&%@% Egﬁﬁ §|§YE"P‘%/@|‘%?’&B DAL

DRI VE TO A DC MOTOR ABSTRACT A nethod and circuit tor operating a pol yphase
do notor | AB8BTRACHI sconti nuous sinusoidal drive voltages are applied to

t he wi ndi ngs of the notor in predeterm ned phases. The di sconti nuous
portion of the sinusoid is tined with the benf zero crossings. Benf zero

crossings are dgtRsthed andkfciibhRs @ﬁe@iin% BedifpheSe ¥eIntREER vitiigh dREbMMuBdst O
have zero cr053|n€s substantially in the discontinuities of the drive

vol tages. siHecidatdrbe valtages reanplicdsuthe windings of thepeetar inopregetemined
signifi ganbhéfsése.dﬂ%e&*s@&'ﬁﬁﬂ%ﬂscponﬁ% O tHdifGsoid 't Pwih B2 bemf zero

crossings. Bemf zero crossings are detected, and phases of the drive voltages are
adjusted to have zero crossings substantially in the discontinuities of the drive voltages.
The method and circuit result in motor operation with significantly reduced acoustic
motor noise.

10

Figure 4
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