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VI BRATI ON DETECTI ON USI NG A VELOCI TY SENSE CO L Field of the Invelth (BE'ENZOGZ
invention relates generally to the field of disc drive storage devices, 5
*and nore particularly, but not by way of limtation, to inproving data
transfer perfowoesesssof a disc drive by using a velocity sense egrhusbei2son
detect rotational vibration applied to a disc drive. Background of the
Invention 10 Disc drives are digital data storage devices i

users of conputer systens to store and retrileve | arge amu@““ﬂwmﬂﬁﬁwﬁww a
fast and efficient manner. Disc drives of the present gener ta
storage capacities in excess of several gigabytes (GB) and can t%"@&nster

data at sustained rates of sREIAATORARLVIBRAGYBN DETECTION. 15 A typical
di'sc drive is provided with a pidiNa Al VEQIO CRPOVRENSE egsridi ng di scs which

are nmounted to a rotatable hub of a spindle notor for rotation at a
constant, high speed. An array of read/wite heads are di sposed adj acent

surfaces of the_di c§ toItr nsfer data between the discs and a host
conputer. 'The Iﬁ%@%‘é@%ﬂrﬁ&‘—ﬂv 90 |y positioned over the discs by a closed

| oop, digital servo spgt @flenBoirefdtes %@mﬂe@ tb @hefleltl loy di3e AisveBlopk e visEs,f aces
of the discs upon air bearings established by air currents set up by the

hi gh speed ¥ ot atapdmase parcularkye But net By yray oftlimiggtionete inpreying date diapsire
tracks are defi C §:SC r 1 ¢ 26 pf Uuser
data. A preanp g’(r%&o%??v%r&ca?drl%uqrﬁé (Jar ear#p?v%gg&%ggkﬁﬁ fopge %&J?(?tent s??t hat
are used by the Jigatiot apsléddaotaidisl drivengnet i ze the tracks during a data

writ e operation. The 25 preanp further anplifies read signals detected by
thé head during a data read operation. A read/wite channel and interface

circuit are open s hNe preanp to transfer the data between
the di scs and t%&%@%&%ri gid housing is provided to support the
spi ndl e not®r and t heDicidriaesare digital dath otomagef deviass ehinhl enabletusers lof domputer
environment to mnimze partigculate.- p ~ 2002 99/ 83537 -2

PCT/ US99/ 12591 é&ﬁ?@ﬁitﬂa@rwdgfffws 1%3%6%’0%‘6%%53‘8&? a/@%ﬁ’?‘i?@%’e@ Peare
board i s nmount ethik@dtibes Pthe pieSént @endrafor R dih §t6rag6 € @ateelchss ¢fi sc
drive control electronics (including the aforenentioned servo circuit,
read/ write chanrseverahgighbittes (GiReandiona tiapyfer datpatsustpinedaates pbseyprabmegalsdes n
a stand-al one fa(gjg'%)gél such as in a typical personal conputer (PC) or
portabl e data pr ‘?‘ﬁa?° hmuni cati on device where a single disc drive is
utilized agsthe primagyygaildistdvads paridddneitiah plurile o€ maghéeticRpdridipt digdas
requiring vast ampunts of data storage capacity or high input/output (1/0O
bandwi dt h, a pl urhkich ase mpunted tearatetabledubiof aisgidle motr forrafation gt 3 censtant.ay

al'so " Redundant Mehgpest rithaRerher RS e Al e PERERE 4808 67

vari ous RAI D ar cdibds@6 ttansfer w@a bptwelh stedisdsanli@Bosbyorialtére 'BRrheads @k radially
e.ngtled "A Case for Redundant Arrays_of |nexpensive Discs (RAID)", Report

No. UCB/ CSD 87/ Jepeitiqned ovepibe discp hy aclasediqaps digitel sare0 pistenEROSpre agupedtosi t y
of Califorgja, ' belr.int UGt | . RAL DS
have fou ndﬁgvi de?ﬁ égd&ﬁ%gtgjtﬁ% %b‘\? gér){;%?/ d(l)s’? s g%%f %"2 g’% ﬁ{rg{ﬁg °§t§§'§?‘%{* ﬁg alr cu“%ms
signi ficant dat aset nphyfte¢ highdpeddavagionof facditdse . plhialitysoffopsigally soneermien t o
i ncorporate several tens, if not hundreds, of drives into a single RAID.

Wi | e advant ageottiaaky aredsfined anieah dismawriacedn apggommpdate feptasagrriaseodaia.or age
systens, however, the i . [l i L hin, .t ncl osur e
can al so set up undesﬁ?ﬁa}g@éb\%‘?%?IEY%%LQF@r%%}bzg%aeg%%gtgu@ grggévqmﬁ t%lrenuie e

drives, such as wpihediead micdécsivelyanagmetivothatitackd SuthSe datanditaopdtaficd. SThes ed

to nove the_heads to varj ous tl_racks on the discs. Such vibrations can be
transmtt e§5f r onpreamp further amplifies read signals detected by the head during a data read

operation. A read/write channel and interface circuit are operably connected to the
preamp to transfer the data between the discs and the host computer.
A rigid housing is provided to support the spindle motor and the actuator

and to form an internal controlled environment to minimize particulate
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drive to drive through chassis nmounts used to secure the drives \A{}hlBBG&UﬂZ
25 enclosure. Vibrational conponents can be characterized as translational,
or rotational in nature. Translational vibrations tend to nove a disc drive
. housi ng back anglologidi7al ong a pl ane of the drive) whereas rotat 'P‘E‘i‘?dswnsm
vibrations tend to rotate a disc drive housing about an axis nornal

pl ane of the drive. Because attenpts are 30 made to provide nom nal l y

bal anced actuators, translational vibratjons will generally have little
effect upon the ability of the actuator to maintain the heads at a |i 0
~r D~ C2UR mtgﬁtxﬁgé%fu% ?%H@%%Ad@@@t;nﬁéh%%@i@bpaaut hfagnté'ﬁft@ Heespect
to the discs, as t iscs and the actuato bot h respon

nmovemnment mducextebgr cfithh honsing teazdcomaiodutelthatisodsive Bovteadledectoneh i s not

usual ly true with rotatiopal vibrations om,nal,l, | anced
actuator, rotafPewgpn F’BFE’F?TB%IQ}&C?& Fert’gﬁﬁc‘fg ﬁ%&/gr‘f%@aap"sld’é’dﬁt? PStive to
the actuator begsype the actuator, acting as a free body, renains
essentially undi sturbed due to inertial effects while the di scs, nmounted to
t he housi Bg, are di Sibadavesye pfipauseddn astantiabonsl fashion. aticloas m\Nlepxcal

sufficiently sever such ause an "off track" condit

wher eby o head BPEoT RPN B fortbls asfe Bipte Plha/Srmiitfn S0 VesteR of
track conditi ogmgladisedned Baltizddastht geitnd y'ﬂata@tdr{lr%]e}’peﬁ'ﬁ)héﬁﬁ Hbw¥ert @
transfer data bet ween t he di scs and host device | ens associ at ed

wi th rot ati onalppliqgtigns tﬁqytrmgevaareamomoﬁdatﬁstpme@awltmrqr\htgbamput/output
Conpensation a e ) sensor that ca etect the
{(f/@?rgna IM'blg ?\ﬁ!ﬂl‘i‘t?eo(?dui gscanb arranggd mt nglv& d03% in U S

prssence of ro ron-in a rrve,; SuUC

ent NaQ 5, 23&méifrdes fefereatl BUYARA ID(“ReABRddn® A tdf,lnélﬁ)‘éhﬂﬂ@glstc?’ @
assignee of the 15 present invention. Efforts to both detect and conpensate

rotational vibr'Bedundansimgy pébwependanidDisendr & senrnalaticle pranesioe oagobs V\hl te

Accel orat i on FEOIPURSesRaat Wb pIRLEER MY Ael8HIEkS iR RiakE Romu
Di st urbances OReSiRlaht Birslys @nn\eﬁpedmrmsaqt@mmnatepeﬁq% EWOBRLSD $7/39B0t h of

t hese papers were presented at 20-the | 3'" Triennial. Wrld Congress, San
Franci sco) U. SDee, 19850 €ommater Scispes Rivisien (REES), dindversity eEEalifomia Berkelhpse
and ot her 5pr| Ok ﬁfotm%ppr oaches to mnimzing the effects of rotational

vi brati on in adiscidiive. Sensors that specifically detect rotational

vibration are comresgica! thyir siteidueddng RAIDs have faindeardgspadidaise iy g hiriéy pensi ve
for use in |l ow cost disc dri've designs and are also 2S often difficult to

proper |y cal i bepplecations egqgiing sianibeanydate drangfer andhitpigge cappeitieseldor s may
i ncl ude a pi e?gﬁésgﬁi cgn%% Thlcofdoldft dviPASEH B%t“ﬁ@:thg%ﬁ Cegh\%m &fs that

detects rotati I'on I nresponse to torsion 1 efllm

as di scl osed byingheRAIDr a¥ikihd adwla&tdgéimstyhfabihﬁmnﬁ gétéradad of Rirgddcaleataed her
const ructl on uses nmul tipl e piezoe|ectric transducers within a single
poonent Ooncl GOREE DHtes: BEYesd theconlios of MIPI&CF RS Wihin e skBRCes | n
e

cted nmotion,ARRRE hNGIsh s@tqﬁ:qﬂfa@&%ble vibrations from excitation sources within the

drives, such as spindle motors used to rotate the discs and actuators used to move
the heads to various tracks on the discs. Such vibrations can be transmitted from
drive to drive through chassis mounts used to secure the drives within the

25 enclosure.

Vibratioqz:al components can be characterized as translational, or rotational
in nature, Translational vibrations tend to move a disc drive housing back and
forth along a plane of the drive, whereas rotational vibrations tend to rotate a disc
drive housing about an axis normal to a planc of the drive. Because attempts are

30 made to provide nominally balanced actuators, translational vibrations will

generally have little effect upon the ability of the actuator to maintain the heads at a
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0 ~D~ C2Q2 WO 99163537 PCT/US99/ 12591 -4 Alternatively, rotat QC@% Znuz
sensors can be fornmed fromtwo or nore discrete |inear accel eroneters

detect rotational vibration in response to differences in the detected

- motion between the devices. Wiile potentially |ess expensive to inplenent
than an integr a¥8d%8¥t i onal sensor, comnercially avail abl e di s@FEUSIHI2591

| i near accel eroneters (piezo or sim I ar construction) can have significant
part-to part output gain variation characteristics) making such unsuitable
for use in a drive to detect rotational -¥i bration w thout special screening
and trinmm ng operations to obtain matched sets of accel eroneters. By way of
exanpl e, the afse}eetcénmsmnedleﬂeS}@CétO th¢ disem@s Atgrdisasvnd dhe acduater wilkbaths are

illustrative of con i onal regui ri e. el atively precise
(and therefore fa%&S’BﬁE?EP )m%lveé% rrbr%? sucglframgﬁﬁo%? Vébrzété{l bration routine
requiring use of a shekéer,sabh & Ad ulsﬁml@lrtf'ue\/wm edtatiunal Oibrdtiv@dn Even with a
characteristics. Such considerations nmake these approaches undesirable for
hi gh vol ume di S®mpalbalenced aewator rf@fatlawﬂ vphratentilhiend o mauptheidiss of the

response cqar a%ﬁx‘i:\zéh% 68 aOafdr %éca% {ua%? d;ﬂn §a?§é@%‘88¥'%hai nsel d

envi ronment. These references are a imte conpensat’i ng
rotational effestentialiy udd]smdtedacﬂrénea&rma'laﬁ&ttalw}mhaahc étkéamcsmtéchmwer

transl ati onal effects hve al been found to contri byte ff track
errors due to AGRECR] hSB};ﬂc ﬁigé‘mpweﬁlrrﬁf?tuf’ﬁ V"i’rﬁﬂ%ew}Wt?P {GIEMIYi seVergt dom

purely rotati ongleh HovemRRSKAE d8&hn "&H‘iraé]@t&%xtféﬁlﬁ{& hédaGk W4 Qway

conbl nati on of both. Accordingly, as disc drive track ﬁm ties and
or mance r ecfmmelrseht:sd ¢rapk being folbower rmbeff-trivkr condivmis ©an adveosely nual

nedfor | lrpr ov che the art to, conmpensati for he effects of
vi brati o_n1 n a ‘"’3 st ‘BFB gfhﬁ&r’ivﬁé%ﬁé‘?%‘?r\f@taa%wé%{b{h %BHP éﬁ?‘gﬂv'\‘inr ation
sensor circuitry. 251‘}@1&88{@%5%3&%& WHE BdthQbhal PRIr&[d2S AR wel'k88vh Hthe
provides an apparatus and nethod for detecting application of rotational

vibration to a ¢1$05drlwamé30mext§a@¢rpattmmhw ipeludeshuseyofisemgons thetican detect
erbodi ment s, o+ e BiSfnel ol fSeddihd DR A LSS AR AT 1 8 Pl ©

di sc andarota tSah

recording surfaee 3547 ickued Aafgdstalﬂ) a993 MESaith lmlgned toﬂheasdﬂ,ﬁ@e%@ﬂ% WO
991 63537 -5 PCT/ US99/ 12591 coil which is imers in a mgnetic field of a

magnet i c b r cuiRresnt BveRfiane Ei&rts ndos detszet§é<éswayer}§a§=§mﬁéwo@|\6wwn YEAge
coil is furtherg &%M@c&qrmﬁclﬁ&ém@@gmﬁmy VTR 8T di ke " [FRAsEd ¢ fiel d

of the magnetic circuit) w ocity sens
Disturbance Rejection in Magnetic stk Drives by Acceleration Feedforward

Control,” and Abramovitch, "Rejecting Rotational ljisturbanccs on Small Disk
Drives Using Rotational Accelerometers." Both of these papers were presented at
‘ ) 20 the 13" Triennial. World Congress, San Francisco, U.S.A., 1996.

_ While operative, there are limitations with these and other prior art
approaches to minimizing the effects of rotational vibration in a disc drive.
Sensors that specifically detect rotational vibration are commercially available, but
are often prohibitively expensive for use in low cost disc drive designs and are also

25 often difficult to properly calibrate for a particular drive application. Such sensors

may include a piezoelectric polymer film disposed between metallic layers that
detects rotational. vibration in response to torsion induced on the film, as disclosed
by the aforementioned Smith U.S. 5,235,472 patent; another construction uses
multiple piezoelectric transducers within a single component enclosure to detect

30 rotation in relation to differences in detected motion among the transducers.

|



5 coil being electrically isolated fromthe actuator coil. Rotatisgppa
vipration is detected in relation to a sense vol tage induced acr&gg bl&c 2002
velocity sense coil as the magnetic circuit is noved relative to the
.velocity sense cgi | . The disc drive interrupts a data transfer operation
bet ween t he heaiPan®#3¥'host devi ce when the magnitude of the rot RGTAREP/12591
vi bration exceeds a specified magnitude. 10 In another preferred
enbodi ment) a servo circuit applies current to the actuator coil to
position the head relative to the disc recording surface in relation to
servo information trgﬂsdu'geegbbysﬁtt,hgﬂhead, aas bwpﬁflggrgeaiﬁiagyé}?l ati Ond|tiﬁog tthe
sensed vol t age fromRENIRYRLITPIRUERH SENTOG fan Q FUBOTEIREFele
features as weljlncgs, AUIAhAGRSMEA BleGBtAEhANIBANdR if REpSIEIERTALENI On
as claimed bel ow W e apparent froma reading of the ?o | owm ng detalled
descri pti on andhadetevtedmasionttieeveenshe detiess. Whilé notentidlhi kefs Gwsusivetoi on of
the Draw ngs FI.G .1 praovides. a t lan view of a disc drive constructed in
accor dance 20 vﬂ”cp_rlue grﬁgg?rb?'}’é’%géﬁg%'&tmi BV EBHESER yWﬂ}l@_ﬁlﬁ &% he
di sc drives i ncliyghpgccalerSthexetst ($ie26 06 SinfiRir condheion)ScanHaRé SBificAndhatgnet i C
field of a voice coil notor ( of the disc drive and used to detect the
appl i cation of pasteutpwirgain vartigpicheraeteristing, mrkiogdurly unsuitable for wedvadieive an
Fa T G s bRl SRS p R 3B i B el e R
sense coil and dbusinacdttlddpetsasfiakbedlétomergrsincti on with a magnetic circuit of
the VCM of FIG 1. FLG 4 provides a functional block diagramof the disc
driye. FIG S provi d8¥ vyiaiseempialbepfserepionsatnbe ot HearbAdmorieli t of
o = o M ogriBisst B R RBET e it ARpEAR e e R DR 1
r egr 1(_'as e ?t at i ¥e mécipe (ntydahnrgfm{ge mﬁehﬁiﬁe)chgpyeﬁohgtﬁmst\mlt mr”]ma:lﬂil;zitio_y\ rbmﬁ\;\xﬁ r upt
a data transfer operation_between the.disc drive and a ho evi ce when a
magni tude of lr(ig);a IFigR e f wlﬁﬁ?gﬁ;{séeé@g%ﬂa%ﬁ%; W_éf_?’?WP‘égﬁéﬂsda_sB?Tlle
i's a control gi,agAmoheRhRs fRbAEIteachEs MIRIEMIBIEAhiEh Lbivkfcki igita
si gnal processorIn DSP) 6$H{aﬁe ser\}%) %}cr csu?’t gfr FI G l5lEltl De!t al | é%y%gvsccri ption
The scope of t heanufsgntingrandipsoicosithrbedaitation ¢fl the eesgefisermdrabteristivs cefppended
10 cl ai ns;, however, .i.n or.der.to praqvide sufficient information to enable
those skili ed i%ﬂV?’h‘é"%Fr't" ’gﬁuB?e%F?t%l‘?ﬁ%v‘an_g?%d invention, various
|to[] eI erred e ][Tb?ﬂl rrfnlt "lshés_e eéfe}]gefncetly dré al@@Wgﬂ@ddb &?M@é@ﬁting Eomgkdéiohﬁ elﬁlréel@ ][aﬁ& ood
at many o e foll ow ng, features and aspects are provi ded nere or
pur pos_esyof i | 1desnataddesss gﬁ@lqti@nab@“&c%é*@a?merdrﬁﬁémignalmfmqts&qvq Hed bran e
puent | on cen BuASYAANAVS! KREBRLHERChuc aBSLBRGHRRARIY ShotOBLS, |
data. The disc iddused vibfatibmed settRen purleBadtadionsl @asaiRiativndlHBW)ratheQisuang a
printed wi.ring assenbly (P_V\A?_ which is nmounted to the underside of the HDA
andyi s thé? notingludep gompingtien ofibotlthe PWA i ncl udes el ectronics used to

cortrol the operatio Iz : L .
cover, omtted from Elc:%;rd{'r@fyd at g@é\gﬂwl At ‘é‘??%“(rgh%g%? ?%ﬁ%ﬁﬁ%ﬁégﬁfﬁmﬁ&
mates W th a basmtitee ko iHoaed, thdierdidnsla @ritinnal mredbrinmovehapprerehiesninahd y

controlled environment for the HDA 101. A spind|le notqr. (generally .

desi gnated at |31 cqrapssping fopthesfieriof yityationetie 4192 dEke Using HeyRensive
plurality of di i . A disc clamp 108 secures
t he discs 10G t%ﬁﬁﬁéggﬁﬁélﬁ er&%?&@%ég@i%ﬁ_aﬁ@ﬁ?di scs 106 include recording
surfaces gfiot separately designated) to which user data are witten by way
of a rotary actuator 110, which rotates about a cartridge bearing assenbly

112 in responsesﬁl@mﬁ-ﬁé%ﬁsmﬂ&éﬂ%n of current to an actuator coil 113 of a
voLoe, 001 L, Lo (Ve eyt ohsaS3RBkgSt: bl Rachiee 2

magnetic circuit (not separa netic
field in which igiicagdniaf fotatédial vibialionSoiandiey 86de. The passage of current

As exemplified by presently preferred embodiments, the disc drive
30 includes a base deck supporting a rotatable disc and a rotary actuator. The actuator

supports a head adjacent a recording surface of the disc and an active actuator
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Ir 0~ D~ C 2002 WO 99/63537 ' 7_ PCT/US99/ 12591 through t he {hhuBEE 2002
cojl 113 sets up a magnetic field which interacts with themagnetic field of
the magnetic circuit to rotate the actuator 110 about the cartridgebearing
-assenbly 112. A .ty of rigid arms 116 extend fromthe actua

each of whi chSS‘Bégg@%ggga correspondi ng flexible suspension | 18. tP%rr/JS]ggmsgl
plurality of heads |20 aresupported by the suspensions | 18 over the
recordi ng surfaces of the discs 106 byaié beari ngs established by air
currents set up by the high speed rotationh of the discsl106. The heads 120
are preferably characterjzed as, magneto-resjstjve (MR heads,each having a
Chin fi1m i nducoivEnGh iy BBPsALiR 2 JRERHe Ry a?dméé‘éq‘rz?r&”.cfﬁﬂflaavt"é‘}’? cp3l
secures the actyatper 110 when the disc drive 100 is deactivated.and a flex
citrcuit assenbly 124 facilitates electrical interconnection between
theactuator 1 | 0 arAdetdnd, gassivedvelaityPsaseOboipisrfurtbet equplett tortbe actbatoFhgl 1
is a velocity sense coil , 130 whic asdi scussed bel ow, .i.s . used to detect
appl i cation of _‘Pmcéfqdoﬁlatpe\??a&nﬁtt'? Eﬁldt%d"bﬁg‘a@&gtécl%'a%ﬂk_‘Ylabth(gfvef%@' dF%¢ drive
100. As shpwn idg;Fdelhg blectridgily Rofftdd foffihe Achatdr b0 R&thABRI §@Farlon he
magnetic field of the VCM 114 and operably coupled to theactuator 110,

bei ng pr ef er abldetattesipinsrethtiontthiarsense vaitage imeed acrosothet vedocity tsemseanilcasithd |
3. O her configuratioons for the yel oci t% ls.lense coi |l 130, arxe)@r eadi |y

cont enpl at ed) hdRA]REHC ciGRif ismoyed Frlativs fodhe SRIORHE e85 CHe The 36 diVesense

il 130 is di DR : £Q) .
2 preforred entagriabt ¢ o tRied SpBayBRbE R O herd SrOF M LEicd nen > 17
acpuat or coil hdgnisidaofegoporaticdid]l cibravidmerxseedsadbspeciHted andpninde.net hodol ogy.

For reference, hereinafter the actuator_ coil | 13wl al so sonetines
referred 1 as a "filnAnothesiprefgriad embodionegti 1 yeryasirsuit gppliesRyrigny 104hg o
sonetinmes refer v 1 ] e i of
the velocity Sea%@%tc%r&oﬁistf%ﬁsﬁﬁ)ﬁ Ot\f/]\llgflie":lccﬁelr]astl7vlé Egﬁg‘?g%?g%&?’ g\t}lﬁretgv&tlhgrgﬁﬁﬁer
i n which rot at itgratvovinkoraiation teasdured &y ke VieaT, fae aidihg iapeladbh cothefsehnded di sc
drive 100. As nentioned above, vibrational effects canbe characterized as
transl ati-onal , ‘\@itagefram theaielocsy sgase ¢ofl.exanpl e, transl ati onal vi brati on,
illustrated by accel i i Fgle! ve
t he base deck 102 |l a eer%é ﬁ@v%rﬁééfﬁé%rﬂzcr;f%#g%? g%&%ﬁgﬁgdgnﬁ%%w&ﬁsc 3?‘}‘:%23%0
(in 0 15 D ~ the pfd9eht\IMvch¥ioh 35 8laimed bGH/ WIBAY dppdeht frhinsa readieg ofitheng a
pl ane generally, parallel . |l ane of the to i sc 106)., Because the
actuator 110 i sfoﬁBWir}ga‘fqt%}}egﬁ%é‘r%%@“éBSGtre‘(’ﬁ?é' c@éﬁ? ?Slsab‘étegéiéar"f‘ﬁés'assenbl y
112, both the discs 106 and the heads 120 will tend to nove together)
resulting in mninal head/disc displacenent. 5 On the other hand)
rotational vibrBriefddescriptiomof theddtawingsccel eration vectors 134 and 138,

causes novenent of t ase deck 102 about an.,axi,s.normal te.a plane al ong
Wi ch the. top i sc | B Sendes S wraiaf R abR R BV aRvERYe bR VS Bp RGeS O
th? base ggck |Q#h alpiéfeirb®embbainiett ofithe préentinlértRnbo@\iscr @ Riifduding a

esse

ntially stationary in space. The resulting displacenent can_adversely
affect a 10 datelesityrsenes caibwhighiipimmersadima magnelid feeld ofi2 Neisd caidoderd t he

cor copont 18 SRy P B IR NPA DeuthSRAF TR BRSHER A 9 2

disc 106 m ght e dixealrivej tten onto an adjacent track, irretrievably
corrupting the user data stored on the disc 106. 15 Rotational vibration
will thus tend to noVSthropidss ageumodebview d therlacity Jaseerihand an acryaeqr t
of the VO 114) JsiehatdVvis 18, §he velocity sense coil 130, inducing a voltage
inthe coll. In a manner to be discussed bel ow, such induced voltage is
used by the disc driFHE.tIoprieidest ctdse-segipnaktmprasentafion of tht iveloaity sdnbe adil on t o

the drive. 20 Refgrri to FIG 2 sh therein i i £ [
expl oded vi ew oY W S62rBEFed ismiineBisni psmsaee el of BeoreRbed PRt 4.
FIG 3 provides a crprsSpsbvRRSkL fiRBOASIENGEHK diadragf of e dikeldgetty sense coil

130 and the actuator coil 113 in conjunction with the aforenentioned
magnetic circuit of FHe Smwvidesa fynctianelHdodkadiagtamcolihe serve csedingl Igéndral | y

desi gnated,by the re ence nuneral 140 .in Fl ) LC circuit

| 40 i ncl uggs top and{:E(thQBrr‘hv 8?8351‘%8@%“‘1%7 cﬁgfh?o(rfaglﬁﬁige;%ﬁgﬁig nl ess
steel or other suitable magnetically pernmeable nmaterial) and top and bottom
per mmnent magnets 146, 148, al though other configurations for the nagnetic
circuit 140 are known in the art and can be used as desired. Standoffs 149
support the magnetic circuit 140 in a conventional manner. 30 FIG 4

provi des a generalized functional block di-agram of rel evant portions 0 ~r
D ~ C 2002 WO 99/63537 PC T/US99/12591 _g_ of the disc drive 100 of FIG 1,
including circuitry di sposled on the aforenentioned disc drive PWA. The disc

- A NN " . o o - A~



15 t hrough back el ectronotive force (benf) conmutation of the spiﬂd‘ eggﬂm
104. A servo circuit 16b controls the position of the selected head 1
relative to the disc 106. . FIG 5 provides a block diagram of the servo

- circuit 166 of FIG 4., in conjunction with 'sense circuitry to be descri bed
as fol lows. DurVOF*®3¥Z drive 20 operation, servo information stdiGdU$9/125M
discs 106 is supplied to an automatic gain control (AGC) bl ock 1b8 which

adj usts the input signal anplitude to a range suitable for remaining

portions of the circuit. A denodul ator (‘éérmd) 170 conditions the servo

information, including anal og-to-digital (A/D) conversion, and provides the
same to a digi tINT BT TQN getinse Fepresentpti v of programmingdpidized by sha P ser vo

i nfornmati on, camm i . . . and
progr ammi ng’ st OPRRCERUPGRH IS, St ket 20lan BERRES IBaitodusd At ik PO,
command si gnal de@icz vaieinl a shegivierdeaif retaiidnal Yibraturcéxceedstapredapphineds a current
lc to the actuator_cqil 113 in order to position the selected head 120
relative to t hehfsshelds on the correspondi ng disc 106. Wth reference to 30
both FIGS.53 and 4, B8 ¥ Qe RpieCdnt it BRIDF drs - a4 d by
t he head 1520, pr earrpﬁlcgzlg%{%nlgg,l %’grmdpﬂon, DSP P%Zgrla}g%?ﬁg&%ggr 176 and
act uat or 0 ~ digital2}i2! P¥oce&o6dBIN) of 1he sové citdBt of . BS99/ 12591
Additionally, FIG 4 shows the velocity sense coil 130 to be operably
connected to an anplifier (anp) 178, which outputs a voltage signal in
relation to a vgl Yoramaged across the velocity sense coil 130. The
out put signal, Tndicative of rotational velocity of the magnetic circuit
148 (FIG 3) rel ati vEhd scophef thel ioeertipnsieseimsed bereinl @] be defded\byrthedpiended
didital formby way of an anal 9g-to-di.gital. .(A/.D). converter 180. The
i i tal sinar cia: Bewfver: Pt P SRt OLRIRTRIORE FHET Bt Yok ense
coil 130 (and agqRs s ROpMHSSHERBERE] ASei0n, vhSoly SHéfedRE ehfboliifeddRelcbe: as
e

well as to a differentiator 182. 10 The RV signal is differentiated by a
di fferenti at or wBbnembe discusseedltuxillhy wnderstodtithat rhanyt efithd Sfloving faanirde a

rotational accel eration signal t he DSP |7 econdar velocity
Gence path is. CHOAEETRBR ERBEDpeife i aBRee SOURSRa P s tesctifs 1 rs) A D
184, differenti@ivitonh8rtsanWHidH thelklaiBéd infvehtidiEé Al e ¥R an@ked8BSiradtheqanp 178
will sonmetines also be referred to as "sense circuitry,” as it is used to

sense 15 ¥dtational Referring Bust ioFICeilashonn thereitis adlenpean/rvafe disepirivesed
across the vel Ofd&%eé?é‘ﬁgrccé’drﬁglﬁg’rodatm gsrc’drfv% l%'iﬁcaﬁ? esaaof%'égﬁfis%ta%gﬁn%]gt
I ry 'y be use ol tage

ot her configurations of “Circul can rea 0 sense a v
across a coil s@bARSOT el ¥ plined wirisg asembbi (PWA) which ishaduritddetoahe cui try of

15 T et I ot A GLP EREPRS U
cl ai ms provi ded . : be fs¥e . ocity
sense coil 130 ji5.AfficsARES P orﬁ%@tlﬁe“éﬁé?&t{i‘%_oﬁ%é Hbl3100uk aiesdeadelos,

electrically isolated fromthe actuator coil 113, in that current applied
to} he acQator coil Altdg chyert bmittedi ffoml FiG el tolrg8eal anteriooporpassofi the il t he

it j | 30 t t fi .pat hs f, th il
115 13) S T gmol S witb 8 e a0 RE B RAU T PV B B r iy
exi st 25 bet weegortivflc wavikgtirhént ¥drdthe HISA 14br acy@idle Hotw(bbnebﬂwm?g}']n%ie@qd

that, in a preferred enbodi nent, the RV signal is used to detect e
presence of rot 484)dnsuPperted &y itkmbasa deekol QZrandriptates aplyralisy of diaes K16 ager at i on

when the magnit the rofat] | Vi i j fficiently.severe. To
rhen Lne RO Ul pLRoEeL o ARC LA, U3 SHSOB ST 4 S
fl owchart 26or aj@ATA TRANSFER | NTERRUPTI ON routi ne 200, representative of

programm ng stored in DSP nenory 174 and utilized by the DSP 172 during -,
0 4 DEC 2002 WO 99/ 63hgdiscs 106 iriclude recording surfaces (not separately designated) to

which user data are written by way of a rotary actuator 110, which rotates about a

cartridge bearing assembly 112 in response to the application of current to an

actuator coil 113 of a voice coil motor (VCM) 114. As will be recognized, the
30 VCM includes a magnetic circuit (not separately designated) which establishes a

magnetic field in which the actuator coil 113 is immersed. The passage of current

<



-1l PCT/US99/ 12591 operation. It wll be appreciated that the routg BTEC 2002
FIG 6-'1s atop level routine perforned as part of other continuou 5
executing progranm ng steps of the DSP 172 during disc drive operation. As
. shown at step §p2 %#%routine first determ nes the magnitude of _the RV 5

si gnal obtai ned3¥%rthe vel ocity sense coil 130. As di scussed aBoVHS¥1EH!
regard to FIG S, this value is provided to the DSP 172 by the A/D 180.
However, it will be noted that the RV signal will only be indicative of
actual relative novenent between the nmagnetic circuit 140 and the velocity

sense coil 130; such, nbvement,, t ake pl ace. d tq.rotational  vjbration,
from the appl i GEUEINGpotgtor esit T Esetsiip 3 Fagretic il Vi inferacks inghe

conbi nati on of hetduic fidid bBiieMRIMERE BirdfSiorafatetint actlaiopn 10 BBoMIRE capRidil ON
(if any) of the Tnduced voltage across the velocity sense coil 130 is

est abl i shed t hbeawigl asggphblydd2on of current to the actuator coil 113, and
this operation is set [forth Ste i,n LS.k ok aor pat i on, , of
course, is avail abl g?lﬁrarh %f%{%a afrgs fﬁéele“gﬁl?‘ﬂg%n tg%ﬁ%g!r]lt rl%ﬁﬁﬁ?%‘é’ﬁ%& by
the DSP 132 t osdppertdd cofrespottingdlexibl®susPensigini 18108 phiraltysdheads Mol pei ty
(VELs) is accor inglé determned at step 206 in_relation to the difference
bet ween t he vafuprpeTta@bytha ywepensipns d épevergbe meardingsurfaegs phike disss 106 by val ue

of this magnit i ) t i t . i4$$4.0N
tep 208, it it pelringRERBfgRy S o BERHR BN B thethE HAh oyl of B B
to a | evel aboves.wiheheddsd26 aremefetabiyucharddidrized an atagackocrasititve/(MR) keidst he
applied rotational vibration; that is, the threshol ?\ﬂ% pref erably

id'?nti fies whefAch haxing 4 thinfils indyetivewsite dementand pa B readglemert- t o t he di sc
drfve 10Qpexceeds aﬁl&ﬁ%]&b%@cﬂ?&'ﬂ?%%ﬁor?P@@h@ﬁthécﬁgc EXGERICPis dBdeifAfloans
per second' - (rads/sec-2), over a frequency range of Interest, such as, for
exanpl e. from 2@ shfex zir(lizisserabB0iQ4 HaciliRtes Alecsimah irftencenddetibn bétevermgmd t ude

exceeds the threshold T, data transfer operation (such as a read or a
write operati offtugter f%ﬂ?ﬂ?‘%%fsﬁ dF‘Hng’ngt ed, as indicated by step 210;
al ternativel y, whenche.panideds iAo SaScifenscaPtsd Michideeshol d T,

the data transfer operation is not interrupted, 'step 212.” Such interruption
can he carri eddisatssedbelowaisiused toodetevh gpplicdeme nfirataiampbwibtdtien30 the base

fi i f i dri . F le,. th SP | 72 i
TPag oo he  Comtskortiihtshedise privs b0 i Ehonn ML, (R velachy ceveaiaal Ehe
read/wri te chaffifbreed i@ e Ciaa0R MU/ BH FREH, BTSRRI 12 160 Lo

tenporarily suspenﬁeoperatl on. The routine of FIG 7 accordingly passes
back through atctamomppld,deinggirefeshippdisprged aithirt an mpar aperturdief tWERstvatioueoidnd,

as necessary, mpararily.suspend _data transfer o tions,.pf the dis

Grive 10014 pi e GV aRHRETRdn B Spibel Sr o8f Tadeivanaith canga.

vi bration uponpgytv&, SuchRe hebnfuirdish WREERIABNER ity Serde kbl 41 BETs BERIsed r ed
00 operates to conpensate for the effects of

enbodi nent, the disc drive 100
rofat i on@0 vi brboitan.ouRefperimerey ofithw acwaror Gpil 11 3 s hoapreftrsed¢mbaodimantotiec k
di-Agram represent ati on of . Operat i of the servp .. circuit .166. More
par b cul aryy - oecty e el 3ol in BERRL R drpRte bl Blutid AR S ot | ng
i n_programmi ng sgitH&sktddAmepmeBmEBs Mgy Forrelefence) héridafiér the &dadBy cdih €1PSP
172 in providing positional control “while mnimzing the effects of
rotational vi bvallialse sapwtimehectenred/@.as As' fissioopil prd thegelority sepseant! 1500¢ik 300
is presented represent.ative. o el ec dectrical and nmechani cal aspects
of the disc dr Iagsg S?B’G{imﬁ%Féﬁf%%detr%eaﬁ%e}&%gst ﬁoelipl ant 300 generally includes
portions 23f the pri M ¥ndebgihdesit abbratibedf e Vdiscigedevise €l ¢30,tit w40 firstar Fl G
5). The plant 300 receives as an I nput a current command (I CVD) signal on
path 302 and, halpfiddpdrsiew thempnne ia weh rotational viirakden el adveEs)y afifeghat h

304 indicative _of positi | error in.the sel d d,.120. F further
shows an obser V& OHTHE™ gﬁn@S lglsgéﬁbvev@f) ¢ hESgrenﬁgﬁ(g’%el%yabggg‘p‘r" TAtgee! ‘gfe‘:?s can
mat hemat i cal Mpdeha@biered B ahtsiadRRaRRE rogfibRd] @Y Wiy ofieRathsle ghhd@i@s] of

head position (XEST.)) velocity (VEST) and bias (WEST.) on paths 308, 310
and 312, respeditiraéoy,. iliBsteatediby pcogleratindeyestasdd34gnd ddpdadilGel ofenivtres t hat

tend to npve the heads s f.r el ected positiQn ch..as . spri forces
applied @ t he “P?V&gﬁi%ff‘%e\ﬂvﬁ? kllgzq%tgrlagy aS“ga%%eq%ﬁ%%%Bléé‘e 8? h-éecqlgc gr ﬁ%?&@gw air
currents set up by 25 the rotation of the discs 106. The XEST on path 308
is summed at a summi ng junction 318 with a reference position (indicative
of desired head position) and the output on path 320 is applied to a
position gain block 322 having gain KY. The VEST on path 310 is simlarly
applied to a velocity gain block 324 havfng gain Kv. The outputs of the 30
position and velocity gain blocks 322, 324 are brought to a sunm ng
junction 32G



p ~ p~C 2002 WD 99/63537 -13 PCT/US99/ 12591 by way of paths 328, ﬁﬁg 2002
respectively. . The output (on path 332) is sumed at a summ ng | tBErC

334 wi-th the WesT frompath 312 and the RA signal (FIG 5) to generate the
- I cMD si gnal onypRiédis3892. The output on path 332 is further appli @grhRoslfds
bl ock 338 and fed to 5 the observer 306. It will be noted that the mgﬂ %
designation for the various inputs to the sunm ng junctions 318, 326 and
334 have been generally arbitrarily assigned and could be nodified with
correspondi ng changes in polarity of the respective signals. Accordingly,
during disc drj e =78 S, Q npl ed

basi s and prov hdse%a%? 51%?}\%%}%&\} o rc ?F%R%[%éé%?g m r?laantﬁgg %&S&??@gts of

rotational vi bBatausd thepiudtbe] i 8mostinaley ﬂﬂﬂ:ce&’albbou&emaﬂadglebedrir@ns for
the inplementation and operation of the circuits of 5 and 7 for a

gi ven appl i cat resemblinkil3.thoth gediscs 196 %’Gﬁbﬁﬂ’@dssﬁ%‘f"ﬁl 136%0 MQVE1OgF8beThe
di scussed. Gen?é'sﬁitfné)mtrnﬁlrﬁglfl%%%/d?gc& aéé%e%?l ty sense path on the servo

circuit 166 15 €an aring the transfer functions of an

angul ar vgl ocity ouputhe otierViiahd, Foestivaal viboatbom, iigtatedUsy adcelerithom or&Rs
where there is no feedback and when there is feedback fromthe velocity
sense coi | 130134and 138, ¢auses meyeyaent Hf thejbargideck 182 ebewt anards pernal ¢ at he

| ant, z er al follo I el nsh =
Bl et (2 LBl tathy B B e pleldso kA0t El R4 05RREn Rt )
t ransconduct angRna Rt BRSSAE Hedka 102, 1k e adfuatdiS1 id‘@isﬂtcﬁré@t)&fy refn@ingue
constant (oz-in/anp), J is the actuator arminertia (oz-in-sic ) and TS is

th rreasur enenesssamqll)estpmnamm Sace. (lihe rkaétiwdleplanelpbmmn(adve5¢lymffeht Zing

8 0 Y S SR SR 1o I Aot

Cr~(z) Kr Xr T4 06:Zfok R SMple; sﬁ&fldf‘t’lﬁedlslﬂlaéemerﬁécéﬁr A irlgV$ Qi Zp&uﬁém dEnd (KI
K~ Xb T, K ,) (z-kvseld7) where Kb is the banf constant of the vel ocity

sense coi | 130jntmd=(iHogmwn)utc(n(mszep;)r(kalbga)aclr en gheydisa Ieémghme avegwzitiensenf ,
kvsef and kvsefl are fhe Ioc i,ons, of poles and zero, ectwehg of the
vel ocity senseOB‘Qﬂ’i‘.a‘}W@anﬁ w‘HﬁgPﬁvﬁbl&‘Wéﬂ’pﬂf}gé ‘;ﬁqf 9repson0t Jisgn
appr oxi nation) jggcause the product 5 of the DA filter and t he
transconduct ance anplifier transfer functions is assuned to be equal to
one, whiad§ is a goo@oaznmmkinibamionmﬁshmsnemﬂ]oﬁmbbd: tlerbapedeck HX2qaséherade, about

15 kil ohert d the ¢t ct | t bout 35
iz and 20 & Ho e thagerie cEut 6 B8 LW | k4 aciet seerBe vERRRaY Fesie ot dafart on (1)
is altered by § cnjn% av\%l btuym%%eﬁenpamrﬁe% BJ}RECJSEE% BepRdDack iRRLEs

becone zeroes an |nat| on of tote zero and poles gives two new

pol es as shown vpha@qmsubbw {i@)discAlrtve o datect tbe application wé retational #iteaficertoy
spectrum of inter ranges from about 20 hertz (Hz) to about 800 Hz and
the bandwi dt h &€ rh§ vel ocity sense path should be set sufficiently high to

I w tragk-follow n&r&eirnh%meqacggadmmhwn istantifindtBic xBRARE SRS of
ational vibration. Mni'num bandw dth of the vel ocit y_sense pat h
the velocity sense coil 130 and the actuator coil 113. FIG. 3 provides a cross-
sectional representation of the velocity sense coil 130 and the actuator coil 113 in
conjunction with the aforementioned magnetic circuit of the VCM 114, with the
magnetic circuit being generally designated by the reference numeral 140 in FIG. 3.
25 The magnetic circuit 140 includes top and bottom pole pieces 142, 144 (formed
from stainless steel or other suitable magnetically permeable material) and top and
bottom permanent magnets 146, 148, although other configurations for the
magnetic circuit 140 are known in the art and can be used as desired. Standoffs

149 support the magnetic circuit 140 in a conventional manner.

30 FIG. 4 provides a generalized functional block diagram of relevant portions



may be limted by actuator resonances, so that sone conprom se ingt eD
design of the velocity sense path may be necessary to m nimze ef t EQ)Q'ZOUZ
fundamental track-follow ng characteristic transient and steady-state
responses. The design criteria for each given disc drive design wll

usual ly entail O3 i ety of specifications for track density, PGFUSE/12591
fault threshold (percentage off track center that a head can be placed and
still performa wite operation), trackfoll ow bandwi dth (crossover

frequency), and track msregistration (¥R) budget. These criteria wll

result in arequisite level of reduction (percentage) in PES error due t4
rotational vi boétlieatscidrom 100 fdFdapbrisauiing gicoiydtispdsed phéhe aforementioned

2002 WO 991 63537 PCT/ /12591 -1S oci,ty sense pa f.or anple, a 31
%.r educt i on \A/aglsf’cﬁlﬁ‘r’{ayt%g‘gbé%?éidﬁﬁicﬂné{&\ﬁah %5 qﬁo&&loﬁra&g&%gf@g@&i ents
for the | ead/| agvick h5@with BHich HeQiscRrivearnoe askatatedl Retexssiplg) tNakosous known
bilinear transformati on nmethods. In one preferred nethodol ogy, 5 the system

i s designed by devicel 5@ ean ¢omprisee peetone} eampuers@C) an whishehe g griyain at an
arbitrary Iowfroe%ee@cy gain value and adjusting the zeros and poles to
give a créssové’? requency of two tines the RV spectrum The velocity sense
path can then be corbtssieblwirddesdonespprovades tppldvebehtiiohef theapaxationioftiecs of
t he conbi ned paths_can be exam ned using suitabl e, sinulation software, such

as 10 Mat | ab/ Sidif1 drive 1968 Aes0edansa M BRI S TRFERNRERH RBTAREICT VARES BPEA Buch
operations it Vb%ﬁalﬂicsxﬁﬂd’cﬁﬁ%Qcésbﬁ'{sﬂoﬂ}"’fﬁﬁﬁ%ﬁfﬁyan@ﬁﬁsﬁ%&ﬁé tiisgs A0 the
at ck-fo

vel ocity sense altered tra ow ng capabilities of the primry
pal)h of the serimerfe¢eradrguit.158iigeliddseatata befflerdnotoeparatelRshavwrd derttie RESp@ERRLY

(nsuccessil |y PR Phes Rt Bl eed fsEiire® PORelse R &etear ) f i vtes ponse.

a detail ed analgygirstelyesheding dhidhadirecfzeh@bpehidén offa Rhdifrie thamkt 160 A Ng
characteristics of the servo circuit could be m nimzed when the bandw dth

of the vel oci t preampliegdrivengiEcuiti(pisampy 464 Ayring data frap{eioReFLionandif dt h of
th i t i ' i , | d not
Goneral 1y be prieaib 1 SprefblhdioBREsHd BEACNEILT! brashiBaR JBPIO. OV T, 10

due to the presence Dbpindicwiricoit 164 B prosidedns esntroftherracitionalf tieodisdsi @6 to t he
characteristic, problemaof the additignal poles and ze[]os .added to_the

pl ant resbonse thipughackslertranotiverderse SeamDrammEEhn Aidhpepingle moter Hticti on
of an inverse fslé%tc‘lijl%ﬁit‘%% EP]I‘?trdlE‘ Ha‘éé)eo%ﬂitohgéﬁ“ltlpé M ctedtal 100 'i"a%ﬁ%]to:}ﬁé dfsgund

in some vases to substantrally can owfrequency poles and zeros 25
i ntroduced by tl96.vel ocity sense path, thereby restoring much of the

Fepeat ed runout ( RROTCH dPERERGIR Dopk FIAEien PhEPSHICETaNT OP0 ahF [onerta
function O/ (Z)oonjhtiédith!sekelcireiig So BBUSERE s FAIRBIAL DG diSe HHOCT LY
sense path are essentially cancelled) so that: i
) 20 operation, servo information stored to the discs 106 is supplied to an automatic
gain control (AGC) block 168 which adjusts the input signal amplitude to a range
suitable for remaining portions of the circuit. A demodulator (demod) 170
conditions the servo information, including analog-to-digital (A/D) conversion. and
provides the same to a digital signal processor (DSP) 172.
25 In response to the servo information, commands provided by the control
processor 152 (FIG. 4) and programming stored in DSP memory (MEM) 174. the
DSP 172 outputs a current command signal to a coil driver circuit 176 which in
turn applies a current I to the actuator coil 113 in order to position the selected
head 120 relative to the tracks on the corresponding disc 106. With reference to

30 both FIGS. 3 and 4, a primary servo path (or loop) is thus established by the head
120, preamp 162, AGC 168, demod 170, DSP 172, coil driver 176 and actuator



0 ~r D~ C2Q2 WO 99163537 -16 PCT/US99I 12591 (z ) _ c.~o(z) .
(=-~vsenn(t-kves,/) + ~ (1:, h) K~ T) 1~,) (_-hvsejl) (3) ~ I'~0% HEC:2002
(_ The polynomial in z on the right side of equation (3) reflects the

. inperfect cancellation between the velocity sense path poles and the

i nverse functi ovo 263885, because the inverse function zeroes areproragdo/ 3ol
calculation of a sinplified plant forward transfer function. Neverthel ess)
simulation results, as 5 discussed bel ow, generally show the adequacy of

this approach. Particularly, sinulationg0were perfornmed wherein position
error was characterized as a function of steady-state sinusoidal rotational

vi bration i npugs) at3.five discrete frequencies, nanely 40, 100) 200, 400 and

800 Hz) with anplitude, equjv nt to 21 radi ans per second 2 (rads/sec'-).
The sinulation ti rreALﬁiéléHmPBY’a}Jf]_eé-f"ﬁgo%’F #&Yﬁ?ﬁé’w SeRgsLadl bﬁ)stod?ed%’e?g;)
sufficient for fOe R8hYan GinpHHEL (kB 158, WRRA BuihuedsVoibiisfe P iticldiBATo gnd

| ong enough to measure peak error for the | ower frequency Tnputs. Position
error was al sovohagedéd enseoatréssithe wilagityoseake ¢aibi . i Dire mpstesi groahvendiicanet

ith t d . ( RV I | t . t
of |20t o 800 ret EVEIoTal SsihEPavs BRAERE ey CUEI ST e Shhedel B (o
for configurat k@iig cBR1BOVI chRrteans di@i&h{ﬁ:ﬂ%f@%@@f Ay arse615 6>-812ith] (9D

apl e .

(velocity sense pith) are provided in T . Position error val ues (set
forth in the seewovettenh80-t Fhg digital uignd, roprevemativeof ratationgd pebosis@f ther st i n

R L o R B Tk p N AR R b
Ere a(r:ti—Omogg;lgez,asiwdﬂeﬁkoIaqﬁfﬂnieaﬁat&[8)1. - Wth Sense Coil Percent (% Error

9
481 1. 9511001351 5. 3G3he Re5 sigophiadiffereied bsa diffprargiatorAdg and fil sasbsinma 466/ 2
624 Noi se 21648 yRad Rftkr 147bIrlvilE A tatldnd HolefRfdiPsigndNiEK 16 heDEPFPE A

secondary, velocity sense path is thus established by the velocity sense coil 130,

amp 178, A/D 180, differentiator 182 and filter 184. For reference, at least the amp
178 will sometimes also be referred to as "sense circuitry,” as it is used to sense

15 rotational vibration in relation to the sense voltage impressed across the velocity
sense coil 130. However, it will be appreciated that other configurations of
circuitry can readily be used to sense a voltage across a coil such as the velocity
sense coil 130, so-that the circuitry of FIG. 5 is merely illustrative and is not
limiting to the scope of the claims provided below.

) 20 From FIG. 5 it can be seen that the velocity sense coil 130 is not part of the
actuator coil 113, but instead is electrically isolated from the actuator coil 113, in
that current applied to the actuator coil 113 by the coil driver 176 does not pass
through the velocity sense coil 130 (note the separate connection paths for the coils
113, 130), ignoring effects of any electro-mechanical coupling that may exist

25 between the two ¢oils 113, 130.

Moreover, it Qill be understood that, in a preferred embodiment, the RV
signal is used to detect the presence of rotational vibration and to interrupt a data
transfer operation when {lle magnitude of the rotational vibration is sufficiently
severe. To this end, FIG. 6 has been provided which sets forth a generalized

30 flowchart for a DATA TRANSFER INTERRUPTION routine 200, representative
of programming stored in DSP memory 174 and utilized by the DSP 172 during



Table 1. 10-The last two rows of Table 1 reflect results for the rgjgttﬂfél
vi bration noise spectruminput. In the first row for noise, the po i 2002
error.values are the peak error observed during the 0.2 sec sinulation. The
“second noise r J t he cal cul ated val ues of RMS position err

these results ﬂ%\?\h’!ﬁﬁbe noted that significant reductions in pggirr{qsgé{?%l
error can be achieved through the addition of the velocity sense path to

the primary path of the servo circuit #g@. Dependi ng upon the application,
factors that may require additional consideration (and conpensation

fforts) include the effects of el - £ i t _th
Sctuntor coil opermiana T wal berr ey el B RSy T Rik A TSl b
resonances of J.b@ a6l Bebs ofldBePSonBindbushesteclitid plofanhafeNes ofthe hSP

velocity sense coil 130, and the effects (if any) upon seek perfornance due
to the additi divdldurmgrdiscadrivgdgrationt he actuator 110 by the vel ocity sense

coil |130. Evaluatio nd compe i.on for th effec are.wel | i in the
ability of those sk’gf ?]é%”‘? #@ng@”lﬂ?e TRe ’é‘?%‘iéé?@’ﬁe’s g%ﬁ%?ﬁn&\é\ﬁ? aft nga\}ent ed
above proyi de ghanbblapRatirdiR M Rgbdify BEseidd 1001 dionabe PabOROLABGEEAE OVer
the prior art, 1ncluding | ow cost and ease of integration into existing

di sc drive desodiS. 5Sahisnvaiursisirorvdges inghelPSEUIZibyrthe /D80, Haweypp drwijl
4 1 it . ! P NG L . 4
mothod for dersibS LRI slankrah] Gty b8 itieiie oF kBB IARP gk

PCT/ US9911259 Ibepiedrptha imapnatic virtuitil400andtthe acldtiscsaise ceil 126; saxlenplerhesd by
presently preferred enbodi nents, a disc.drive 100 inclydes_a rotar

a’épuat or 110 stppwreplAL %E’qiedﬁtaTQW]é’éfr_é%‘éfhpfr%fnﬁ]é? an HPB"‘HP%‘&'”@B”&%@ an
actuator 1§oi | i bager 15129'2\} Qc&ngﬁgﬂ&li bodih &1ids mexaof@&aﬁamst&{i&&gghe 140 of
a voice coil notor 114. second, passive velocity sense coil 130 is
further coupl eshdtpottien @Ganydobtheandudethveitsgdacrosstthevelagifiesanse €aikl 30 isf t he

magnetic circuit. Rotational vibration is detected in relation to a sense
vol t age i ndu_ce?:ftaé’&‘lgb?é@%f%%@@ﬂ‘C"é’é’“t‘ﬁéumﬁ%h}ecacélf"‘rt%ﬁﬁo_t‘l élg’ WBC‘QH‘ rel ative
to the vel oci t@@é&mqsga%)m@?dm@ Watia rie a6 strk ivahadsm R bairvean the head
and a host device is interrupted when the magnitude of 10 the rotational

vi brati on excendiablespedatidnad thegurrany demaod signslassugddiyrtbe DEP11 7&d0 tepl i es
current g) t he a]géuatgz coil to position the head relative to the disc
recor di nﬁ; sur FRUEITYET 1 dPati on to servo information transduced by the head,

as vell as in rel at \GRadPruliB 8f & SE1EEAl v¥IBLAOEEL]) sadebrlingly deictiting@asges Oi | -
For purposes of the appended clains, the terns "circuit” and "bl ock" wl]l

be 15 under st ofdf ingelstion toathie differen¢erbeswedncthe Halhasdeternpined by sigpy 202 and

accordance wt r ' i i . ri f th | .al ned
"second coil" iz;bs4t Egcli E}h% a%g&g%aﬁ%%?ﬁéﬁirﬁ%ﬁ“&t'eg%%fér%&r#a? ‘ﬂjet%fal érg?et%g}l?e%ew Il be
readi | y under sthoatipldcD asdezistai steyp RO, tvich the niegshiold) Tdirsfersddy being sdedaber i be
the fact .that separate electrical connection path re provided for the
fist anabseco ??B?‘P‘gt," al§vVelrbove v _Pcé‘rﬂ“? fﬁﬁ%8’&°‘th@€ﬁaﬁ“‘9h%d°26mﬂiyrr§’€°‘coiI
does not pass Fhléraﬁyﬂ&i fotRionBCOBEBA! that is! the MREHIY ¢ ﬁ?@fe?z{BYy identifies when a

el ectromechani cal field Coupling therebetween. The phrase ™ host éew ce"

wi || be under smoguituds afeberatdswnahyibrioh @pplidd totthe dismdnive d0@ sxasedsa t he
clained di'sc drive, such.as, but nat |limted.to). the persangl .conputer

di scussed abovd*°%} ?d%%ﬂtuaﬁtﬁ‘fglaa§3%rpe§‘aﬂlé’\/eeqﬂ)é% a’ése‘?erfsf)?cl"cﬁ)‘ ?Wdé(sifa)r'f’i‘"&rul ar

order, such ord@khidhch Farde JTGhteRRE 8S&As fof ekirfiblel NNt 20 héte; SEPRESAS HE he
claims. It wll be clear that the present invention is well|l adapted to

attain tH8 ends andAhduenimgéent thenpgniade gxcegds thegbresholdd. adaartemstet her ei n.
Wi | e presentl e d e i ve.beepn, descri.bed far purposes of
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thensel ves to inifeeddy sép 21®dltkmatibely avherathe nvdghtid@bLVENS QiR ass&ckd t he

spirit of the invention_disclosed L )
the threshold T, the data transfer operation is not interrupted, step 212, Such
interruption can be carried out in a variety of ways, depending upon the
30 configuration of a particular drive. For example, the DSP 172 can issue a flag to

the control processor 152 (FIG. 4), which in turn can direct the read/write channel



0 ~r D~ C 2002 WO 99163537 -19 and as defined in the appended cl ai% DEC 2002
~CT/ US99/ 12591 ~ ~DECu,~ -20 CLAIMS: 1. A disc drive, conprising: a

base deck supporting a rotatable disc and a magnetic circuit of a voice
.coil notor; a rotary actuator, supported by the base deck, conprising a
head adj acent WRM®PSY and a first coil inmmersed in a magnetic fRCAVEFo8M25%e
magnetic circuit; a second coil, affixed for novenent with the rotary
actuator and electrically isolated fromthe first coil, which is i mersed
in the magnetic field of the magnetic cidcuit; and 10 a servo circuit,
operably coupled to the second coil, which adjusts the_current applied to
the first coillG0rtotemnpesapily suspendranegationndibe eeineedfhlCon 2ssydinelyasessni ned

by diff tiagti | ' i |f t
of the mgnet |k DudR o AP G ORHEE AR R BRI WPL, Wi RRY T

accel eration sigpehr, SeripfaRly spendlatpmeftr opératibes efithe dist deipplO0@ch t o t he
first coil. 15 2. The disc drive of claim1l, wherein the servo circuit

appl i ed cur r enpreventihsundesisable gffects of @wassi v 1ofsopalyBiation Hpemdr velsensisid
interrupts a d operation between the head and a host Crevice
w th whic ther%?:f:ﬁ%e%fo r%&%’r’i S associ ated when a magni tude of the rotational
vi brati on exceeds alsp6@atier @etferagrantbodémerOths.disthdrinvei 190 ogperaves tof cl ai m 1,

further conprising a servo circuit which applies current tot fjrst coil
to control | abl SPIHEESRESAr %ﬁéff%%‘§8¥ioﬁatPO€PbY‘£ 100 AT L M -(jn st ored

on the disc ai Qlowm%{ﬂag%da%ck!afag?ﬁﬁ% Srdelont SFRueR GYeratibh 6piHe skHd her

applies current to the first coil inrelation to the voltage I nduced across
th3 second 25 cimit 165. Muee gagticubirlyy éhedflock diagraim reyresemtationhinclsdesond coi |
is/d

i sposed within a central aperture of the first foil ...A nmethod for
det ect i nbo app! Medyled FxisHng BROBEATAPING] Sé?rﬁgi”(?)lpsltpgmﬁn’(ﬁ’é%yﬁz&&cﬁ) aﬁggi sc
drive having ayd ﬁ%/oﬁ’aﬁtrb@ Eﬁz W Di PPN Shat cORRS »@ﬁ#ﬂ@ﬁﬁ%iﬁn% ffeat abl e

di sc and il -21 as a first coil rmrersed in a nmagnetic field
of a magneti c effaccuof ravdticnal vibcaionaiponning drive.wherei n t he head i s noved

s e o L g Fg Y by Rk B S ed bbb gh e
field of the nagnReld Qelhicaiddd médh@nical aspects of the disc drive 100. For reference,
15 the plant 300 generally includes portions of the primary loop established by the
servo circuit 166 (see FIG. 5). The plant 300 receives as an input a current
command (Icyp) signal on path 302 and, in response, outputs a position error
signal (PES) on path 304 indicative of positional error in the selected head 120.
FIG. 7 further shows an observer (OBS) block 306, which generally
) ) 20 provides a mathematical model of the plant 300 and perindically outputs estimates
of head position (Xg¢r), velocity (V) and bias (Wegp) on paths 308, 310 and
312, respectively. Bias will be understood as indicative of forces that tend to
move the heads away from a selected position, such as spring forces applied by
the flex circuit 124 (FIG. 1) and windage effects caused by air currents set up by
25 the rotation of the discs 106.
| The Xy on path 308 is summed at a summing junction 318 with a
reference position (indicative of desired head position) and the output on path 320
is applied to a position gain block 322 having gain Ky. The Vg on path 310 is
similarly applied to a velocity gain block 324 having gain K. The outputs of the

30 position and velocity gain blocks 322, 324 are brought to a summing junction 326

O



5 second coi'l affixed to nove with the rotary actuator and el ectriomz: lUEC 2002

isolated fromthe first coil; (b) detecting application of rotati
vibration to the base deck in relation to a sense voltage i nduced across
‘the second coil; and (c) controlling the application of current to the

first coil in WO®ESH to a 10 rotational vibration signal deterfGTHEPIHYS1
differentiating the sense voltage, wherein the rotational acceleration
signal is sunmed as a conponent of the current applied to the first coil.

6. The method of claimb5, further corrpri%‘l ng a step of: 15 (d) interrupting
a data transfer operation between the head and a host device in relation to
the sense vol t hyavayof prrhs 328¢ B30, 18sPEE¥EN 6, wherein the interrupting step
(d) further conpris r'ﬁﬂnr@ to a
predeterm ned thr esﬁﬁr’?’ S&{Haéﬁ%ﬁ JeSrS%1 %Eﬁ% t ﬂge{ﬁlt%rigﬁs er\gg%ge]?atl on
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measurement sample period. With the feedback in place (i.e., utilizing the

25 velocity sense path), the transfer function Gpv(z), is generally given by:

y <
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K, K, T, (z-kvsensfy (z-kvsef) 2)

S @) | (o kusenfyz-kvesf) + % (K, K, K, T, K,) (z-kvsefT)

where K, is the bemf constant of the velocity sense coil 130, Kv=(kvgain)
(kvsen)(kvfga) is-a gain constant and z=kvsenf, kvsef and kvsefl are the
) locations of poles and zero, respectively, of the velocity sense path. The
relationship given by equation (2) is only an approximation, because the product
5 of the D/A filter and the transconductance amplifier transfer functions is assumed
to be equal to one, which is a good approximation as the D/A filter poles are set
at about 15 kilohertz (kHz) and the transconductance amp poles are set at about
35 kHz and 50 kHz.
It will be noted that the transfer function of equation (1) is altered by the
10 velocity sense path such that the feedback poles become zeroes and the
combination of the zero and poles gives two new poles as shown in equation (2).
A typical rotational velocity frequency spectrum of interest ranges from about 20
hertz (11z) to about 800 Hz and the bandwidth of the velocity sense path should
J be set sufficiently high to allow track-following performance goals be met it the
15 presence of rotatjonal vibration. Minimum bandwidth of the velocity sense path
may be limited by actuator resonances, so that some compromise in the design of
the velocity sense path may be necessary to minimize effects upon fundamental
track-following characteristic transient and steady-state responses.
The design criteria for each given disc drive design will usually entail a
20 variety of specifications for track density, write fault threshold (percentage off-
track center that a head can be placed and still perform a write operation), track-
follow bandwidth (crossover frequency), and track misregistration (TMR)
budget. These criteria will result in a requisite level of reduction (percentage) in

PES error due to rotational vibration from the compensation provided by the
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velocity sense path (for example, a 31% reduction was found to be required in a
particular design),

Coefficients for the lead/lag filter (184, FIG. 5) can be determined using
various known bilinear transformation methods. In one preferred methodology,

5 the system is designed by first setting the velocity sense path open loop gain at an
arbitrary low-frequency gain value and adjusting the zeros and poles to give a
crossover frequency of two times the RV spectrum. The velocity sense path can
then be combined with the primary path and the characteristics of the combined
' ) paths can be examined using suitable simulation software, such as
10 Matlab/Simulink software available from Mathworks, Inc.

From such operations it was discovered that low-frequency characteristics
in the velocity sense path altered track-following capabilities of the primary path
of the servo circuit. Significant reductions in RV-induced PES error could be
achieved, but with a severe step response penalty. After unsuccessfully obtaining

15 suitable results for both step and RV response, a detailed analysis revealed that
the alteration of the track-following characteristics of the servo circuit could be
minimized when the bandwidth of the velocity sense path was significantly higher
than the bandwidth of the primary path. However, a high bandwidth velocity
sense patﬁ would not generally be practical because of the possibility of loop

) 20 instability due to the presence of actuator arm resonances.

A practical solution to the characteristic problem of the additional poles
and zeros added to the plant response by the velocity sense path was found to be
the introduction of an inverse function at the input to the plant; such function was
found in some cases to substantially cancel the low-frequency poles and zeros

25 introduced by the velocity sense path, thereby restoring much of the primary
path's fundamerital characteristic step response and low-frequency repeated
runout (RRO) rejection. With the introduction of an inverse function Gvi(z), the
additional poles.and zeroes induced by the velocity sense path are essentially

cancelled, so that:
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The polynomial in z on the right side of equation (3) reflects the imperfect
cancellation between the velocity sense path poles and the inverse function
/) zeroes, because the inverse function zeroes are based on calculation of a
simplified plant forward transfer function. Nevertheless, simulation results, as
5 discussed below, generally show the adequacy of this approach.

Particularly, simulations were performed wherein position error was
characterized as a function of steady-state sinusoidal rotational vibration inputs at
five discrete frequencies, namely 40, 100, 200, 400 and 800 Hz, with amplitude
equivalent to 21 radians per second ? (rads/sec’). The simulation time used for

10 the sinusoidal inputs was 0.02 sec, sufficient for the servo circuit 166 to reach
steady-state condijtions and long enough to measure peak error for the lower
frequency inputs. Position error was also characterized for rotational vibration
noise power input with a root mean squared (RMS) value equal to 21 rads/sec’

) and a specirum of 20 to 800 Hz over a simulation time of 0.2 sec. Simulation

15 results for configurations both without and with the velocity sense coil 130
(velocity sense path) are provided in Table 1. Position error values (set forth in
the second and third columns of Table 1) are expressed first in nanometers (1 x

10 meters) and then in microinches (1 x 10° inches).
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From these results it will be noted that significant reductions in position
15 error can be achieved through the addition of the velocity sense path to the
primary path of the servo circuit 166. Depending upon the application, factors
that may require additional consideration (and compensation efforts) include the
) effects of electre-magnetic coupling between the actuator coil 113 and the
~ velocity sense coil 130, changes in structural resonances of the actuator 110 as a
20 result of the presence of the velocity sense coil 130, and the effects (if any) upon
seek performance due to the additional inertia added to the actuator 110 by the
velocity sense coil 130. Evaluation and compensation for these effects are well
within the ability of those skilled in the art. Regardless, the embodiments
presented above provide significant manufacturing and operational advantages
25 over the prior art, including low cost and ease of integration into existing disc
drive designs.
From the foregoing discussion, it will be clearly understood that the

present invention is directed to an apparatus and method for detecting application
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surface in relation to servo information transduced by the head, as well as in
relation to the sensed voltage from the velocity sense coil.

For purposes of the appended claims, the terms "circuit" and "block" will be

15 understood to be realizable in either hardware or software, in accordance with the
foregoing discussion. Description of the claimed "second coil" as being
"electrically isolated from the first coil” will be readily understood, consistent with
the foregoing discussion, to describe the fact that separate electrical connection
paths are provided for the first and second coils, so that current passed through the

20 first coil does not pass through the second colil, irrespective of any electro-

\) mechanical field coupling therebetween. The phrase "host device" will be
understood to describe any device which communicates with the claimed disc
drive, such as, but not limited to, the personal computer discussed above.
Although method steps have been set forth in a particular order, such ordering is

25 not necessarily limiting to the scope of the claims.

It will be clear that the present invention is well adapted to attain the ends
and advantages mentioned as well as those inherent therein. While presently
preferred embodiments have been described for purposes of this disclosure,
numerous changes may be made which will readily suggest themselves to those

30 skilled in the art and which are encompassed in the spirit of the invention disclosed
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and as defined in the appended claims.
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5 a rotary actuator, supported by the base deck, comprising a head adjacent the disc
and a first coil immersed in a magnetic field of the magnetic circuit;
a second coil, affixed for movement with the rotary actuator and electrically isolated
from the first coil, which is immersed in the magnetic field of the magnetic
circuit; and
10 a servo circuit, operably coupled to the second coil, which adjusts the current applied
to the first coil in relation to a rotational acceleration signal determined by
differentiating a voltage induced across the second coil from movement of the

magnetic circuit relative to the second coil, wherein the rotational acceleration

signal is summed as a component of the current applied to the first coil.

2. The disc drive of claim 1, wherein the servo circuit applied current to the first coil
to controllably position the head and interrupts a data transfer operation between
the head and a host device with which the disc drive is associated when a
magnitude of the rotational vibration exceeds a specified magnitude.

20 '

3. The disc drive of claim 1, further comprising a servo circuit which applies current
to the first coil to controllably position the head in relation to servo information
stored on the disc ap'd transduced by the head wherein the servo circuit further
applies current to the first coil in relation to the voltage induced across the second

25 coil.

4. The disc drive of claim 1, wherein the second coil is disposed within a central

aperture of the first ¢oil.

30 5. A method for detecting application of rotational vibration to a base deck of a disc

drive having a rotary actuator which supports a head adjacent a rotatable disc and



10% m+ & ()- 10% m+ & ()- 993_?vU4A10 #10% m- & ()- 10%m- & ()- (04 DEC 2007
10% m+ & ()- 10% m+ & ()- #310% m+ & ()- 345>Z7=vU410 # ; 10% *& () -

S1096 & ()- ' $109% & ()- S910% & ()-10% m+ & ()- #34)| pdX710

SYA0% & ()-ml0*S10*10* PS$ ' 10%6 & ()- S$ ' 10%) & ()- S$' 10% & ()

S$ ' 10% & ()-B|[:dX710 S310% & ()- Sy- 10% & ()- SL10% & ()- S&I0% & ()-
Sy10% & ()- S10% & ()-d[Z|[: dX710 10% & ()- "@10% & ()-z

S FI0% & ()- S 10%& ()- S 10% & ()--S110% & () -3l |[ dX710  f($10% & ()-

SY'"10% & $10% & 109% & 1 -10 | dX710
Sl 4910% &-( %) b 1@%0&(%5%@1%%3 %tsc f%ﬁ 9@%@@@% circugt Of@o)éog i I
S,,10% & () - hlo@f%ﬂ&eﬁlﬁ%/ﬁ&ad% ﬂleed%fcé’elss ﬁﬁ%skj&re(lﬁtto%l@cﬂ&nl@pphed to
SLOF%A0% & ()- S/10% & ()- S610% &' () - rstu| obU410

S 10% & () - 10the-firgt-cpil.lthe method ronapyisieg et}apsa) S%40% ) - & () S10% ) - & () -

Soloa (), Ssrdty ann g b in & Bitylolgel nd Bl binep ML

S99318% & () - S9 16¥erd ¢oit afﬁi@P/fb&lc(v)s-vﬂt}P/ﬂﬂ: fatarpddfator &c(eﬂédﬁ%(a&y( ) -

SY&10% & S9$10% 0% S9l g10% & ()- S@
F10% &('(()Efu [: 41@%’% eg{ffﬂm&lfélit)c 1 ’SY96 10%(& (§ (S)L3100/c( & ()- S110% & () -
SYF+"10% & () - &&e@t&g@gp 1RGO rStafomal Vibratité e baseFbR M feldtion to

S9z10% & () - 31004& () 109% & () 10(10( >b|[;A410(S SI"10% & ()- S
10% & ()- 10%" ]&aee)nsezml o qdgced acrass Gggseequi-col andog & () - b\ { | [: A410( S

S 100 & () al | SBPA %té%wﬁkat#%%é‘f‘e%ﬂt TR R ) s )

109 &0() - S (10% &diitionS¥abrhO8K kel detblonimed By diFferedtiatingB3 s2hseé vidage,ng 23] ¢

SN0 S R kAL L Skl 0 7
Font U#* 3=EN6Xaj xq%@%ﬁbﬂg plfedd td fidstge@pPqr st uv

| aB| r Ul a#$&&* h- ./ 3F5677q89 ; <= >>?@\DpH3J6NQ _RTTWZP[\ _adlgj no$tt uwyF| %4 ~
KI 13zl 6| bwxyz{|}~6Ti nes New RomanAr i al Cour i er Nevv' h Root

E“%%&&@%ﬁ&ﬂa&@é@é&@?ﬁ? c@{};ﬁ%ﬁgﬁg Fﬁl I kI mopar st uvwkyz{ | } ~

(d) interrupting a data transfer operation between the head and a host device in

relation to the sense voltage.

7. The method of claim 6, wherein the interrupting step (d) further comprises steps
of:
20 (d1) comparing the sense velocity to a predetermined threshold; and
(d2) interrupting the data transfer operation when the sense velocity

exceeds the predetermined threshold.



