;e3e. .t Xdo6f TsL -1 ACTI VE DAMPI NG OF ACTUATOR BEARI NG TRANSLATI ONAL MODE
Field of the Invention This inve | ates generally to the fiéld of’
magneti c data storage devi cm\\mmm\ﬁparti cularly, but not by way of
limtation, pRsoving dis oper ational perfor mangrayselshect i N9
and cancel i ng %ransl ational noti®®®¥ the actuator due to actuator bearing
def ormati on. Background D sc drives are used as primary data storage
devices in nodern conputer 10 systens and networks. A typical disc drive
conprises one or nmore rigid magnetic storlage di scs which are journal ed
about a rotary hub of @% dﬂﬁh@lmbﬁﬂcgfr (mﬁkm ck. An array of
read/ wite transducing gent t d| sc stack by an
actuator to transfer data between tracks 0 e d| scs and a host conputer
in which the disc drive is nounted. 15 Conventional actuators enploy a

voi ce coil not diield of hoddventipn t he heads with respect to the disc surfaces.
The heads are mountfl ihefibd £t Gndtiny 1) ShetlifPorHapert! dthdrbge dilicBL s whi ch
project radially ou rom an cact uat or y. e act uator- body pivots
about a shaft rmdlmoemlpatrtapumle mtsctthway@fﬂmutatiwgtcaitnpaovmdlsq dsivec| osel y

adj acent the o ﬁﬂ;? t llel with
t he 20§aX| s of %ﬁ:@{au@é%h %{?e%gﬂftgéd'ﬁlg t&g]r%elmﬁﬁﬂing s%gt%n%?ﬁ?hat t he
heads nove in actuhtan@qlaaethdteibeamtgﬂetfdrmasmfaces of the discs. The actuator

voice coil nmotor includes a coil nmounted on the side of the actuator body
opposite the head arns so as to be inmmersed in the magnetic field of a

magnetic cir cuiBackgrogndi si ng one or nore permanent magnets and rragneti cally
25 perneabl e pol e @1 CES cur rent Ras % 1 hr.oy h the c , an

H Veés ar% used as rlmﬁry da a Stora BVIC%S 111 com .
el ectromagnetic fie I's’se intéra |cf|eld of

the nd@neti c cisysems artdmanmlsseAttymcat dist dtiee mpasesronaor:mondaxgubmugxtetic t he

wel | - known Lor ept 9 shi. As, the c ator body
pi vots about thgor?ﬁe ostCSW f'rcagudmtl?tdabﬁm acfgla%l\r‘/re% %é SBmd *’PH’ or sc "M ur f aces.

WO 01/ 01393 PCBi&SQ&b]éO,QﬂﬁnaﬁofFénﬂ/vﬁﬁatrmﬂu@ﬁg lidads apempt)bnml adfacéthehebads i s

typically achieyed, with a close Servo_sys sdlscloedln
Unted Siates PHEGRY eriursRBebes SABLTuR wRI AR B An S i e SuBifhea t o
the assignee ofin whizhpieatienirive BMrountedn. A typi cal servo systemutilizes
servo'nforrration( itten to the SCs durin t he sc..dri S5 .

et Bt uri g, pr oo Lot oo MBS EEALPEE CTHEO BB U BF FER Willads
through the genespadtit®the dfsc Burfuoes. tThe heads bRImcingdata flekn®Sy atwhd @lds bfa i ndi cati ve
of the position,of th head.wi th respect to(ﬂgsel ect ed trﬁck The PES is

generated by t P& §let?’\9 BEgjet Y ioHGVarhfsorp ap A¢PRIY ofynkRe st rengt hs of

bﬁr st signal fs Genehabely pﬁﬁo?ﬂbgﬁta&hmhﬁuﬂtatﬁttﬁ?djd%immhblZsﬁQ a8 8 pygtidn el dsI in
the servo information on the disc surface, e seryo systemoprinmarily
bper at s i n ond Gy BBRLIE Bph PRt abEE Sispe it ettt R b e ng. A
seek operation aﬁﬁtoﬁtdtt&mmbfﬂﬂgplﬁdlsﬁio&ﬁfa@dithhﬁﬁds ¢ tad tAdhdabd inbwd intalplelé t 0 a
destination track on th as 00| ed,. di sc surface through the initial

accel eration arfgdghd 2 @¥50on of the head away fromthe initial

track and toward therhdeattdtdrazbiceaoltmamkmcl/&dyset@mntcume@aﬁ telsideppteach is used
whereby the 15 velocjty of th ead is repeatedly estimated (b d. on
measured posi t i%H§° a@&a&% hf%’ éqac}??vw%ﬁdtlﬁﬂwqgn?twﬁde ofdsi red
vel ocity traj echaphdtid seuit EnpiRRE ond B &S herdiSert ehaitts MAPMHEhetRAINEUT T ent

appl i to the coil durjng the seek are nade in relation to the difference

bet viedh 1 he estioHRRblS Polsimcst YV BGRFUErRRS 1gfRasted dhonely thfarly an dlgctiomagnatic e t hat
the head reachegldispét g hehThBRéts dith iRNeGnanereld $1AR hiletic circuit to cause

the coil to move in accordance with the well-known Lorentz relationship. As the
coil moves, the actuator body pivots about the pivot shaft and the heads move across

the disc surfaces.
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20 destination track (such as one track away), the servo systemtransitions
to a settling node wherein the head is settled onto the destination track.
Thereafter, the servo systementers a track foll owi ng node of operation
wherei n thegfRmdos caused to follow the destination trackpciaidebadbe next
seek operation is perfornmed. D sc drive designs thus typically use
proximate time optimal control with a 25 velocity profile to control a

sel ected head during a seek, a state estimtor based controller with
relatively slowintegration to settle the head onto the destination track.
and the sane state ghéédrabDsf thasRilion@ftielehdilis thhichlly fhRVed Rl a tRSdd
integration for track follow ng. Typically,. disc_drive gg(s)%g&e,rs have

enpl oyed bal | BRARrSERYG s¥stem puchige diseigreddp Unlied vaies Rt Al 2ebadf osugd &anbl y
about the pivolpyzgicphl. andHRsiEnAqR ietFsigne VO hé bR ivestidACH pRRAILERRZ95

assenblies are subject to ver raal d, repetitive novenents of the actuator
arm about the [YYeR uilizenseryginforma @HgItiE & the dises qugingheediscrdriygn t r ack to

track.s The pregisifAbulhg E%@ésk)r{g defaet ahfl 86erol M lpO¥didHL fAREK Al @Fthgh thedependent
upon the performance of the actuator bearing assenbly. As the storage

capacity of nodereiatignoEa apsianserios pigns (BES) whighyie indiegive afi{be pasisionof 18
required by theesdhidh teQfbcOb alsBRcEf irbidd OThePHY i8 Dtardd sy tREMH G s@mImdl Y
al so increases. Despite the requirenments for precise novenent, ball bearing
assenbl i es ar e compprungithe ilatixe vignal sanaths of burstisnals gensratedliiomatesisslsl y af f ect
their use in tqgakdmmahdRbRiy FARCH til SR ohbMERion MRUR diR&GHAdCal I Y,
conventional ball bearing assenblies 10 are subject to netal wear,

i ncresed vi br at i orfhe sereseysismawingidy eperaies i ane efivo selprtablempdesuseghkisgi ng.
Each of these Ijq ' L NGI RLESEHG I T8 an

exhi bited by thdgmélrg?{ f°§g‘3‘r’f?'ng‘ sggi‘g"}%%‘@ﬁéun n_g&?g% g%eil%%r%d h?%?ggacerth@vi th

t hese mechani cétrack ko destinating fra¢kadn thp assedizted disswnfatd thrpugh the iptigvi de an
undesirable tr i i L. pl ane
15 i mt ersect  nguina s8Rt HEEIRE, HeclaBBr o fiah Moo/ sonMiRalback
assenbl i es rot apwyrd thehdestinatiomtrackt ifovelocity cantsd dppyedchis uskq wherebhe def | ect i on

of the ball beag) Rt hin. ] . . e ring
assenﬁ y. The S\;ee;k{&gg?%%n%a? 1{%@&6{&1'%?5582{&%{1 gégc{%r{slﬁfaggre?}’%%@%)%?eral force
applied to the eotpazd by a vhieditygrofils deflning a desinaskveiooity bajestgrydpethasdéebn. Duri ng
deflection, th | ]. i i_bi i.ng- 4 ke to the

| ateral |y appl ?%%aéf: 4(5?“?" Z‘?{hﬁ‘%ggﬁlg;&g F‘ggfetnlt ?pé’(lq%?é){r?égeg%ofd ({%ﬁgg raigsS Eﬁ#ﬁ%ﬁ f"‘el]gri ng
transl ati on i s dhjpendeain differetdecbetviess thefestihaedodacity and the mesired veloetyspri ng

stiffness of the bearing a l.y. . Thi,s vibration e is often.referred to
as the bearing traE‘ZF‘gﬁi%glﬁstﬁ%g%%ﬁd {/eﬁ?l}cﬁwrcggc%?eﬁﬁ?sga §c ﬁgaeﬁ%%élhe pr oposed
to izt the prdeswmten wicki(sughas odelteackhhwa\h, thoshewo sybtemitlansitiorsno betdingc dri ve

oot or et | N R BRSBTS °
Pat ent No. 4, 81¥stBidBniesautendk fodloGimgesdetof apdrantwierdin thie hedd iotauwsdd tbear i ng
sl onal RS b R R BB 10 T L
and limting 30 seDiwe dhasdksigit thus Qpivally pseqpodmate sole wpiimalscohtdlwithea absor bi ng
t-he Vﬁg) ratory e\%‘?&%’ profile to control a selected head during a seek, a state estimator based
controller with relatively slow integration to settle the head onto the destination
track. and the same state estimator based controller with relatively fast integration
for track following.

Typically, disc drive designers have employed ball bearing cartridges for

30 journaling the actuator assembly about the pivot point. These bearing



WO 01/ 01393 PCT/ US00/ 40295 -4 through use of elastomeric conponents wthin
t he bearing assenbly, as taught by United States Patent No. 5,983,485
issued to Msso and assigned to the assignee of the present invention.

Al t hough absggd gilgif8 cormponents may reduce translational vigFpgdodizes he

addi tional space required for installing these conponents is prohibitive in
nodern, conpact disc drives. In light of the deficiencies presented by the
prior art solutions, there continues tg be a pressing need to develop a
conpact neans for limting the presence of bearing translation while

i nproving the oyemlies RQHNENRNGRy RibidAFepbRIve mdVeMEAE BE the AQuarbi IR Yo f

I nvention The present invention provides an apparatus and et hod for

i nproving the oBe PPt RoRtas H@r@@ﬂsﬁﬁfé@a’&f m_a""(S‘i HPﬁk\fé“Pﬁ?- olgpreckiendt ect i on
of a translati opalingRfiarek Wik dpefitivhd iDbépeAddAe ApdnntBe ffoefitc¥ oPfhet he
drive. As exenplified by present geref erred enbaodi nents. the disc drive
includes a 15 bgetondesring apisedh r{%/ft yieregr @Bty if Swdemdlisg dFigesePtnHee uat or .
The acguator suppRQidage, thelRaGsiaficgniRAlby dhd BRALADNEe SidieEm bl di sc and
is controllably rotated about a bearing assenbly by an actuator notor. A
servo control c‘?eﬂmﬂ‘%ssﬁw}’?’é@“@[?ﬁ?eént to the actuator notor to position the
head in relation { GeggietR sl pathdvemin bl Whify fsamidi ge sur face.
20 A proximty probe,” such as a capacitance probe, Is provisioned adjacent

t he actuator, ofubjepidp techanicablymitationyhatsen pdvsiselyasieptshsiy usgaritoday’sibigh- t o
detect extrane MRERRL didfes! MRrAGEURLDL, GAYSRLUnD bR bl AR SBhbAR Wi thi n
the bearing asg%ér%rft())ﬁ@. El'rﬁe geaersi ngrﬁansf aE”i on t21:%lgrr11al acan&@g representative
of a d@f| ect i orerevubjrchtotrhedallyeear, invtpasedsahrationalrgsepanreland frinsionmpd fubsicanbn of
current to the aeluatorpARLSlhesAfiialibR1Akbabes RO plelic LS kohd ABSLAL | ON
signal can be reg agaﬁée'taa{al?vg sz. an ext e?érfaa?éfsyt qu%gdgﬁc{c “to ?ﬁe di sc
drive. The proxixibitgd by the balibersing esernblp dpweg fotjorr ansl ati on by noni toring
the position of the, 90%&@&% tfeSd ALdn4 41ﬂnﬁ‘mﬁmﬁﬁa‘ﬂﬁﬁﬁng%mﬂmﬁgﬁ%lsd n the disc
drive. The proximty probe outputs a Bear ng translation signal 1ndicative
of the directi anovdelaradasipghiettiaddativhaltdegred efifiréedgmtin thes{-Xtnlame (i-eThelabear i ng
translation si I e . A - npensat e

t he sgivo cont (r}ﬂg%lsgétﬁlgﬁe %&%ﬁé&%%ﬁ%%@ J“?%rg a?%eyb%’ﬁg@{lﬂcr qﬁeg%ée@%{%ged by

beari ng transl| abiat). THikeamwslaiod isciatsed pfimatilyrbg sheadedlectibnaf thedell bedningh
characterize the.present invention w.ll reot fr . readi of the
Fol 1 owi ng dot ai g SREMer WG LR &fthe vl BRGROP, Th SRR BTN 1o
Bri ef Descri pt itzarings r¢sabs foomailateral feic&applied so the hapatpd duning aeevkot trackdi sc dri ve
constructed in cordance. W a preferred,embodi nent ..of & he present
Cnvention. 10 FPLSWYE ORerdtio ye:““%:‘ Heffeicr, fie pafl peain %v‘”‘%‘ bitp %‘%ﬁ%‘& assenbl y
const 2ict ed i n ragponseda tiedatedatiyapplipd fokeer The nanfabfiequendy affthetrhasltpigesent
invention. FIG, 3.is_a garaphi.cal depiction qf th utput signal froma
capaci tance. pr JSFIEtAsREHs detndenvhh e mizes ol the sttt padtheihine £'G "y i
a top cross- sectiffoesalof the deardipg akdemblye dhisrvibratiomandale\is dffenfrefeire@to aitheFI G 5 i s
a functional bl %ck dtira :ar%a@of ethe disc drive of FIG 1. FIG 6 is a
functional bl ocmaxé‘?%gaf"gl loq‘m?(llﬁe servo circuit and probe conponents of FIG
5. FIG 7 is a funatvaeiaglof bdlodas dinadeanprofosed wdinticiht presaiat bhirdngldti@aek

Vol ookly s gnalmesgo ket A dif RuriR bl chrar e bR wiide e on
control | ed operatua®harm tends to reduce the frequency of the bearing translational mode.
United States Patent No. 4,812,935 issued to Sleger teaches the limitation of bearing
translational modes through use of mass dampers. However, adding mass to the
actuator arm has the unwanted side effect of slowing seek operations and limiting

30 servo bandwidth. Other proposed solutions include absorbing the vibratory energy



performed with regard to a bearing position signal and a bearing velocity
signal. FIG 9 is a process flow diagramof the velocity controlled seek
operation showmn in FIG 7. FIG 10 is a process flow diagram of the

posi ti on combomdib®dd operation of 25 shown in FIG 8. . F|BT/US00/46298 t op
plan view of a disc drive constructed in accordance with an alternate
preferred enbodi nent of the present invention. 30 WO 01101393 -6 Detail ed
Descri pti on PCT/ US00/ 40295 In order td-set forth a detailed description of
various presently preferred enbodi nents of the present invention, reference
is first made thsoushse of elgsionteris hemponsnts syithis the beariagassemblydassauaht bye 100
used to store E@gpdl T. i sc
assenbly (HDA) 1 éngtrspzﬂ&f?lj\lr?t gggﬁﬁﬁ%%ggfgﬁ(?ﬁ (ﬁ%@gﬁg‘ﬁg‘ﬁ}&g gontrol

el ectroni cs usts pbgsenthm/eumcmc Aldthioygh ah@erptidih conipongnts maytadneecichnsiationaé

under si de of t . The HDA 10l
i ncl udes a basgl%dEM Q@%ﬁ%&ﬁgg Spgégqg%rljtegf&%ﬂml@tm:sg PBP&:%&ﬁlused to rotate
a plufality of p@%&ejﬂﬁloéimaoumnstd&mdnmsgh speed. Although not shown, 10
it wll be underst n e ur f aces
using servo data \/\I/?1 ?@P *ﬁ% de ﬁ%&ges}é&gg‘?@éy%@% rar?sﬁ\mltl?r’éﬁh g%?&ﬁ]?&r]\e;s a
conventi onal n’mﬂweupresamgmscﬂ toIdavqboplaO@mcﬂmms fdndam:lnugdhe fpe&nanef a serl es of

di sc spacers dis ace visibl e | ) to the
apindl 6 ot or  pERE Repaiof SHs HRBTAE inst T pbAe e ArGb it fhnk’ 105 1o
provide a cont a| ned enV| ronrrent for the 15 HDA 101. A rotary actuator 110
i's Cgﬁfl gured {10t ation about a cartridge bearing assenbly 112
(her érnaft er rb.'l'." "OL%VCW bearing assenbly 112") supported by the base
deck 102. An E- bl oTie prestd invensn ;ﬁ’eﬁdéshﬁ a@ﬁmhmahndpﬁe‘thddl’ﬂr mdprovieg tet uat or 110
and serves as the nount for a plu C tor. ar he plurality
of 20 act uat or °RFARCEh] rf%?’bﬁ“&%%l &Bcrfir’t"ﬁéhrﬁu% E}% tﬂgn trasfﬁ%ﬂ% fl exure
assenbl i es 118rmkleofwnbnaﬁoztwitmnammmratsembmafm&idrtvy of correspondi ng heads
120 over the surfaces of I'i‘ﬁ}dl SCS 106f The uat or, 1d1 S ro} ted through
controll ed appl i cd ?aﬁmal r]g?ﬁentgyopre erred em 0 iments € d15C drive imnciu esa

15 base deck supporting a rotatable disc and a rotary actuator. The actuator supports a

o~

head adjacent a recording surface of the disc and is controllably rotated about a
bearing assembly by an actuator motor. A servo control circuit applies current to
the actuator motor to position the head in relation to servo signals obtained from the
disc recording surface.

20 A proximity probe, such as a capacitance probe, is provisioned adjacent the
actuator, or inside the cartridge bearing assembly, and is used to detect extraneous
movement of the actuator caused by a translation within the bearing assembly. The
bearing translation signal can be representative of a deflection within the bearing
assembly caused by the application of current to the actuator motor. Additionally,

25 the bearing translation signal can be representative of an externally applied shock to
the disc drive.

The proximity probe measures the bearing translation by monitoring the
position of the actuator relative to a stationary component in the disc drive. The
proximity probe outputs a bearing translation signal indicative of the direction and

30 magnitude of the bearing translation. The bearing translation signal is used to



an actuator coil 113 of a voice coil nmotor (VCM 114. A latch/stop assenbly
122 secures the heads over texturized |anding zones. 25 (not designated) at
the inner dianeters of the discs 106 when the disc drive is not in use and
i ncl udes |i Wwao01®i3ps (not separately designated) to |imt ROTAISAGI4IRSE ext ent
(stroke) of the actuator 110. A flex circuit assenbly 124 and a
preanplifier/driver (preanp) 126 facilitate electrical comunication

bet ween the actuator 1 10 and the disc5drive PWA WO 01101393

PCT/ USO0/ 40295 Now referring to FIG 2, shown therein is a side

cr oss- sect i onal cowipensatefthet deevolsontrolrod thesismptor snotbt for dredlistunbrask srysedibenbodi nent
of a proximty . di scussed below, the proximty probe 130 is
used to detect %é'g%etﬁaégig?oéﬁzl ations. The bearing assenbly 112 includes a
stationary shaft 13Dhegdhindivtlies feaiugéscng advappiges whiclbghagacErizothe present 134 and

t he base deck 1 . ' i 1] .0 . deck 102
by a retaini ngmg'g tm}g'gl.l %%ﬁ ;{aﬁe@?ﬁrff%z:g@%%nghﬁh % a%‘?‘%l%%?i&%hedﬁlre %c?@gé’r?&ngl op
screw 3138 securegwdichestsatciabrdadrawispaft 132 to the top cover 134. The
stationary shaft 132 is annular having an outer dianeter, an inner dianeter
and a height (not separately designated). 10 The bearing assenbly 112
further conpri BestRespdiptioalof the Drwings | beari ngs/race assenblies (hereafter
referred to as " begLééqqs 140"] whi cp ﬁire af fixed t&.the auter. i rcunference
of the stationary l1s 4 1P plgn view ot adiscdrive copsimeted MPACEHRECEMERA on of the
beari ngs 140 abrtiired bRbslimbnt@f the\prhsfinvedtsch. and i ncl udes two sets of
bearipngs 140 di sposlglg,, 2t subst ant i z%l I%@ t he ftq{% and bottom of the stationary
shaft '132. Other 15 ContSuTaEPBIE R faee! Airp 2% BSHHY FINFYLH Po, pl aci ng
addi tional set sccofdaieavithigfrefeded abigudiménef telpekent inventisher ence of the
stationary shaft 1 t will .be understood that t beari ngs 140 conpri se
vari ous. Known GorpoidBng & 3 STRMHEH HEFIn ShiTE Ui IEDTD f EAPO RS roBg |
bearings and | ifxespondetts a (ypidal baafiag aisslhoenehiown) . Continuing with F1G 2 and
t he bearing assenbly 112, an outer sl eeve 2. is.20 conpe to the

boar tngs. 190 such th: 4 (OB o8 sceigrl By 25 b besing SrEPBE ot he

stati opary shaft 133Gnf {dn fuhdtiohgIblotk didgfe ol R/ ERERve of REG.QUt er sl eeve 142
is generally cylindrical and has iqr;ger and outer circunferences (not

separatel y shown). Ftfef & afppctionaldlosk diagran ofdhg seryegifquib@ndrotsor connecti ng
the noveabl e aBshhfdn¥@élofFIGPONENts of a bearing assenbly. Oten, the outer

That s gener ated HyIon] S AHREBIISS dagR P Ioet E P LIRS AR roans
i nclude using p&tcdned Wih Feifg%&o@bezﬁﬁ@%ﬁﬁ&ﬂsiéﬂaﬂzﬂﬂ adRshiUeRicitP §igRdlNg races.

The outer circunference, of the outer sleeve 142 is rigjdly affixed to the E
bl ock5'%5 in a condRt ? &?aﬁ‘mmﬁﬂiﬁqckmgm?fﬁenwwn eqatplledorsratiPg an wil |

recogni ze that pdérinBEwih flglrdid BBERIAS padifor \YMRKAd W et RER By igkalat t achi ng
the E-block 11 to the . \%\O 011 01393 PCT/ US00/ 40295 _I? i
FIG. 9 is a process flow diagram of the velocity controlléd seek operation

shown in FIG. 7.
FIG. 10 is a process flow diagram of the position controlled operation of
25 shown in FIG. 8.

FIG. 11 is a top plan view of a disc drive constructed in accordance with an

alternate preferred embodiment of the present invention.
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outer sleeve 142. Many designs enploy laterally engaging retaining screws
for securing the E-block to the bearing assenbly. Alternative designs nake
use of strong adhesives or pressure fittings. Wth continued reference to
FIG 2, showowhsdin is a preferred provision of 5 the prRGIVURJ02PF obe 130
Wi thin the bearing assenbly 112. In the enbodi nent depicted in FIG 2, the
proximty probe 130 is affixed to the outer circunference of the stationary
shaft 132. As shown) the proximty probe 130 is disposed in the space
provided by the bearings 140 between the outer sleeve 142 and the
stationary shaDetailgbDesaripéan of signal wires |44 create the electrical

connection betweenf ha I%gélfmt X Qlﬁgrdglg}:?igag*pcfgﬂ {}gﬁﬂﬁ@, ljgfé}r gunerically

designated). The si gna W res are cte perture in the
stationary shaﬁmedsmelaﬁdfﬂlanresm mgmmnh!@feafrmaisefrrstcead@éfr FI§§. 1twmclss;ha’ms onary

shaft 132. In g4 cg{ e&iﬁ»‘é‘@f% e ?8'1'1\%'31%'0’“ 416 SBF krg{}u{elfd&’cﬁ & a2 Qe 1 «f’o

capaci tance prob I ch outputs an ana 0g VO e signal representative of
a correspondi nglChtdamgheaﬂmiSEasscmplydthDfddél afihe pittechyaingrseabpboPMehke i s
nduced oY« e el LR ERE s e S ARL  RE B gl o the
commerci al | y aveiunddykide 6ftherHDaApHn|emd<hedcnas notAyﬁblg ilMB§sdchusetts, USA. The

principle underlyin t rough capacitagnce .is 20 based
on detecting a changléeoll[[ﬁxt Wé °é‘g°§? |‘ﬂ1’°?‘gs3p%°é’{g\/\€8wﬁg AP rl(%f
ferromagneti c pkedite satatd hpluceamacﬂ dm:sdes ﬂfa wnspan aighebeepl allthowghpwe sHoemn, can be
detergbned usi oy hguf )l ﬂ% mo‘?s ecg ‘gon E{c}i '&l lér14\/((1:Susn~errvepresents
The cahotant of RS epfesti B SRR Elnefor seeh ape ik AbiRLSiRash el the
two parallel pldmhemttenitorth@dxesenh\teslomdmmh mmalﬁnmmfg is @ patvahticanl thateeek t he
paral |l el pl ate % e capagi tance xh| bi by the
paral | el plat e gﬁ\sﬁg Sec“reﬁ\%[)(ﬁ P ﬁﬁfﬁ%gfﬁﬁf@gs ’ép‘Ea‘iﬂg t?”S‘Hy(
denonstrates t faajhcenaﬂmm(hcawtsﬁabu h FIGVBIts eie)spinﬂlarm-rwd lonaala tbpcd\hﬁ(ndt st ance
bet ween the par | at, The i r obe detects ange in
Che o oxi ity shoends o s e abok 52 FuandyiBt S Srman ity B fer 1 35 by
measunfng the ¢Hpacot.ance hel d between the proximty probe 130 and the
outer sleeve 142. The 5 r oxi mm/ ng 0 out uts.a ear i a&anslatlon
signal (BT signal) ndo gaCH‘aWéé B géf'FFé POt trﬁ’/tafl?f’oq o4ty ‘i?g" a change
in measured capadingatyembly 112 (hereinafter referred to as “bearing assembly 112”) supported
by the base deck 102. An E-block 115 comprises the central portion of the actuator
110 and serves as the mount for a plurality of actuator arms 116. The plurality of
20 actuator arms 116 project from the E-block 115 and support flexure assemblies 118
which, in turn, support a plurality of corresponding heads 120 over the surfaces of
the discs 106. The actuator 110 is rotated through controlled application of current to
an actuator coil 113 of a voice coil motor (VCM) 114.
A latch/stop assembly 122 secures the heads over texturized landing zones
25 (not designated) at the inner diameters of the discs 106 when the disc drive is not in
use and includes limit stops (not separately designated) to limit the radial extent
(stroke) of the actuator 110. A flex circuit assembly 124 and a preamplifier/driver

(preamp) [26 facilitate electrical communication between the actuator 110 and the
disc drive PWA.



Turning nowto FIG 3, shown therein are graphical depictions of bearing
defl ection (curve 146) and Br signal output (curve 148) plotted agai nst ‘an
el apsed tine horizontal axis 147 and common vertical axis 149. 10 In a
nornal stat gy f‘] %, is a bearing assenbly 112 exhibiting nop(giﬁ{,éogﬁﬁszn) t he
magni t ude of t ’?’ signal output by the proximty probe 130 wll be a

nom nal baseline value, such as zero (note the respective val ues of curves
146 and 148 at the beginning of the time period). If bearing deflection

i ncreases the distance between the outer sleeve 142 and the proximty probe

130, the proximty No@hefediig tdFIRQ] shodnlthePeiBs SdidH\@bsslisrtionsl vieweas i ve
polarity and a_magni tude_ that is di rectITX’ groportl onal .to the_increasing
8 1

di stance (see PREINERFEMbly, 1P agd aprefeed e H15Ht of APTOEBE BODG 634/ )AS \\aen, on

the other handgistiigediRidve thd ROxifAty Psbe 1 BOisQUEEH d%!e@ﬁsé@m;lgfl@anfsleu@ﬁprrﬁach the
proximty probe 130, the capacitance increases_ and t proximty g};o e 130
£

outputs a Br sDEHHEE apEwoHg! 18 l%%qeﬁﬁ\?‘é‘lcmﬁfya‘%hﬁﬁ93%w€1°h 15{%#0’@\%@" ajs
directfy propog fwaoamuqn@metb%déa@r@a%egtaéauﬁhagm1@@%%&%@%%@ hal f of
curves 146 and respectjvely). Turni ncg@sgow to FIG 4, shown thereinis a
top cross-sect idetkali02\py aretainingat bioa At ilep ofhie jabriration ogepe a fPSRIEH t y
probe 130. The pi %We?&e%faﬂé&r%%h‘l@@td the &@Kz@@erqg’% anléaéfﬁlon;ujyléﬁ wotih the

pl acenent of the proximty pro picted in e bearings
140 incl ude a Wﬁlhﬁvlpgmowtﬁonlmﬁgaan lb@ﬁrldlab@enrm@@h@énémdémw 25 at 151
) spaced about dm%na%ger circunference of the stationary shaft 132. Because
the proximty probe Q measures a change in proximty in a direction
normall0to its face Thdbaggng assemblyy!Bfurtheraeimprises 8@furalith of balicheanngsfrace

def I ecti on 60l skfbdl RiteddiProbcrlidIhd bedigD 4o PRnRaleir i Bunk R cRNOU! ar
position of the rotar)5 act uat or rds, during rotation of the
rotary act uat orcirquhgferengeeof the\mtmarmw:amlm@@ sﬂm%@memgsorp"rg@mtm o/ probe
130 registers I Eﬁﬁ'

representing tggll?émgnegg#?gk&? ectl %ﬁg%a%@%ngégﬁﬁ@ﬁé{re 15%% t he

voi ce coil not drSptlSEQatﬁﬂbﬁtl’é@llﬂtheé@mnﬂéznttomofthestahmary shaftd3?2.i Qéer at t he

bearing assenbl, ggﬁ n 0
cent er ine of ac HOat oF qec guta%%:l?ﬂt Zihlalﬁé]% Q)%?lslé ﬁé@nor%gfsrggsq)gh%%?#% otary
actuator 110 i |ab<a1t pmsxuter circumfereireof the katigeny shaftila2. hxm& bd Bitlessweerd ltlaps  a
y-axi s 154 def . osition
r epr esent ed bylﬂ%g%?ﬁ[%s?%%p Q%rc?fe% ?]éc I o%?g%}sgégﬁgl%gg%?%g} r%‘/% rgr Viis
conpri sed conplosteetaye, ball kcaxmgs addutdicards @et sepexatsly(shown)he proximty probe 130
[ Tust rates the pos PitimngroitIo;2 bfiht Slarle bosembi) 1200003} e BRIl ' O 19
rot at 2Bn ( str okenectdh® thapdasings 146 pnehshaitils cmtaeslhalefl%ﬁ”retlheotates wblousdw oke of
;L‘teu;fgf‘r . f‘g}(g&l @{a:}s]n%ﬁ 158 WiR iR P G hloPRent. O Ut Slee 1495 L Ot A

generally cylindrical and has inner and outer circumferences (not separately shown).

There are numerous and well known means for connecting the moveable and fixed
components of a bearing assembly. Often, the outer sleeve is held in place with a
25 sufficiently strong compressive force that is generated by preloaded the outer sleeve.
Other well known means include using retaining rings or chamfered inner and outer
bearing races.
The outer circumference of the outer sleeve 142 is rigidly affixed to the E-
block 115 in a conventional manner. An ordinarily skilled artisan will recognize that

30 there are numerous and nonexclusive means for attaching the E-block 115 to the



approximately 15. Wien the rotary actuator 110 is in a position represented
by 15 centérline 15G a deflection represented by a vector VZ acts in a
direction perpendicular to the centerline 156 and has both x axis and y

axi s conporaps0oldBecause the proximty probe 130 only regiPETRISE0/4025 x- axi s
conmponent of the deflection vector Vz, that portion of the deflection
vector Vi attributable to y-axis conponent is undetected. 20 Because the
proximty probe only nmeasures unidirecddi onal bearing deflection, there is
sone error associated with the output of the proximty probe 130 as the
rotary actuat o¢utq!§t¢evebt"élt Sdanwasigiisrennlashleteradlytengagingaretainme spreavsderci num
expected errorg B4R fofpearing
defl ection not® et te ;R @gtﬁgﬁ’i‘?ﬁfs?g’tbg %IEJ@BEH%E@S er%S% cfan be
expressed mat h%rmgad;labivysmrmqs&ghﬁttms 25 fol l owing series of equations: F-Fx
-E(2) F W 01/0 1 Y -
representing the té@gﬁcfgﬁﬁéﬁgﬂgﬁﬂgﬁ%l&%{ %Bg}:ef%ég é)?r%se%ﬁérg{r;{am?ﬁfe X-axi s
conporfent of t the prxinity prebalid within the Bearapgrasserblys 1 2hdn Fh@rembndmr;mr or

associ ated w t@e %?éfﬁ%‘x@gz H{é'p}fo}u%ﬁ roB 1 $0 KQHRRA c?tthg oltEr {ntlﬁm?é%%rﬁ'e of
def |l ecti on. i ‘erentar metric prop | own
that: 5 Fx = F(heetatm)ar;( Shalt IMeAESt@wmeqhepmmlsy pmhe hmu‘s drsposed]m thosmke st r oke

of the rotary act 0. Su ut| |on uat.i an (2)
ot ovi des "t he £ BPF A R g Aisinb R elyieh B i Ales Wdbidha b BaSRTAT,
equation (4) yl3 dssdtbesigrol vired ht}oeeap.'rtbsBlleCtm:alI:Enn'betﬁmﬂmtweeﬁtl(eﬁ))oximity
Substjtuting a on f the to an rok of t e rotary
act ua{oor 110 aRd %E?Qﬁ"ﬁéhefaﬂ‘&’s‘ "‘&'\‘}E‘SHF‘E dﬁﬁ%’%ﬁ‘ﬁﬁm ziepsé%la lr%Srlr 3™ n the
nmeasur enent  of dirdeedplironghdnt aperure bethd &6kionaty shaft B2 il runlthseugt thevanaular

substituting a vvitth ﬁ&? lg{"ves %BQ? ent 20 error of 3.4% In other words,
there is a maxfMRCERP FRHIURDS en the actual bearing deflection and the

bearing defl ecti onln £prefetred adbdmymém,ah@pmximﬁ)tmownbés d Spacifan. ;#&be Thi s
l[imted error %’lr‘fk‘ generall be acce Ie|n m)s{‘r‘h |ICtIO§ However,
i n some onbodi Tt STGRS e arAbe RURE TALRPIEGHIEE oht S TPoes CAREE ™ o t ok
into ppnsi der atdpaéitahtts BRGHANRE umgiuﬁtiam i9fndhided by eélaive dﬁ@tablﬁﬁ@lt ofhen

nmeasuring . 25 bearing deflect A correction fact can be applied to
the BT signal PREHDURRESS1 0 R E g e guiatiFoik 16%&5?@3 CHONBEY PIOGR Lo t he

rotary actuat ofs thodtPHPB140 chb@fileRally taaifabR from Capacitec Inc., Ayer. Massachusetts,
USA.

The principle underlying proximity measurement through capacitance is
20 based on detecting a change in the capacitance exhibited between a pair of
ferromagnetic platcs. The capacitance of a parallel plate capacitor can be determined

using the following equation:

C=2 (1)

25 where €, represents the constant of permittivity of free space, A represents the area of
the two parallel plates, d represents the distance of separation between the parallel
plates and where C represents the capacitance exhibited by the parallel plate

capacitor.



proximty probe 130. The angul ar position of the rotary actuator 110 can be
easily determined fromthe radial position of the head 120 using servo data
| ocated on the discs 106. WO 01/ 01393 PCT/ US00/ 40295 -12 Now turning to
FIG 5, shoqu]w@@gi nis a generalized functional block di ggfasies el evant
portions of the disc drive 100 of FIG 1, including circuitry disposed on
the aforenentioned disc drive PWA. The disc drive 100 is shown to be
operably coupled to a host device 160 with which the disc drive 100 is
associ ated. For 5 exanple, the host device 13 can conprise a personal
computer (PC). A c@EHuatdn (Py eemSedtestfiat cofaeMinde s ihwpselyptBportierial ftodhe Of t he
operation of the disc drive 10§’?}ln accordanc,e_vx,itqq)épro ramm and

par anet er val udSRIcgPetyesnihgparalifl plajesy fpmRraHpity orohsff 8“6%&#’“&%@ thgqg
fllash menory 16Goximily bfthebitatsteett 143 Helatite 68 stafiilatio@af A32BY melufih@the( nOt
separately shown) for the tenporary bufferi n&aof 10 transferred data, and a

y
sequence cpntrGPWaéWeB"éﬁGEWEE}tPGP%WWPb% épéfl@l"g}‘t%ﬁléml%ffbﬁ directs
the opgration %?o%f&?@éwjd&tﬁ@@ﬁﬁﬁhpé&%sﬁﬂgn §igﬁhl A eAsmI Gingdr i ng data
transfer operations. The preanp | 26 is preferably nmounted to the actuator
110. as shown imwpgpitede and polarityiingigagive pra-ghangeiy mepgirggregnacitaeret o control the
rotation of the di sggniddfovta KIGT 9,;%2%2&@@&:@2&5@@8%{@&%&8ro?ﬁeaGi'ﬂ?m°)

comut ati on of the spindle notor . servo clrcui 76 control's the

position of thélefestientereiéarpnd Ry siapkautnyé (ueyetl®) pietied 2g@ivst apelgpsed provi des
a bl ock di agr amn@fhotiBéhial Gki¥ 94 F AdddbnimaehARrtRhl &isG405, 1N conjunction wth
proximty probe circuitry to be described as follows. During disc 20 drive
operatfon, servo i iranamal gatesthayrisa beasing pesemblydd2 exddbiting sudgileriéan. the an
automatic gai nn?a%mtﬁcﬂlofﬁ@g;)siéﬂhﬂﬁkpulﬁgth%l‘&hn%ﬂdﬁé H3044R teARdiri gnal A

anplitude to a nge suitable for renmaining p ions of the circuit.

denodul at or ( déasetine Yahee. sushdb edro (ot the respactive vahies pheurveasd 46 and 148dit ihg

anal og-t o-di gi tal;: {: [ QN oo i.gital

ol anal’ pr oceascrepilp g GENAT L1 BRERK IR hledfs W ple Bl
comrands provi desouter slkepies 1d3rand thie pprxirovy probe 132th¢ Progimi%y prabei 1 3 agpussari ng
storedsi n DSP : P I nd

Si gnalqst 0 a coi n%ﬁvh(ealryi'l_’_%/{‘Li r c%?i"tv ¢ [i(g\%rngﬁﬁ%%ﬁ%%ﬂ[&g?%%g%gr%@ pgwgggoﬁglﬁtg lc to
the voi ce coil theligcreasingrdiitance (sepihs ifirst balf ofrurvee | 4candd 4B egsplectizelyt. eWhen,ve t o
the tracks on t i I " f th FIGS. 5
WO 01/ 01393 -19?“3‘8??3&%3?‘?&’89‘3&9%@5‘2?3“%&3‘#?Aﬂé‘%’%‘%‘ﬁﬁ‘?@%ﬁfﬁﬁ&?‘ér | oop} is thus
est abl i shed by préxemitepribe DAY, theicapaaitante BicreA@Cankd8e prdsinnty prelge, 1309ptpe82, coi |
driver 186 and i £ ( o {1k 4 . roximty
probe 130 to b@v%gpsggf%gﬁlﬁyngé#ﬁselgfégﬁh%ﬁ%gd %ﬁrér%ﬁnﬁfl&etpg(l %@rg%éﬁﬁgggoﬁﬁﬁ%hgnout put s
t he BR0( bear i nghd dearesding distarce $3eg thel se¢and hellfl af quoves 544 andal 48easpentivelythange i n
proximty between t . .an sl& 14 he BT
signal is convertedk}? rgm(ﬁ??géikv{%ﬁ?'g{’ %pqgvfjta%?gés?“gﬁgrgésa “'8‘3‘5&\5@?8‘#3’?{% (Al D)
converter 190. beaegdisginbbi 112iagd the)proxipitepobd Ex0i The pictuzred arassskaioeds bear i ng

position (and rdinal es“g@ IS vi.d tq._the P 182, as
well as to a d?@%gra gdnl?'?eé 8?“% .g%.’%gﬁ[ﬁ%t @%F@%&ﬁ {yi%éébéiqs Q'egéﬁ%il%{ ed by a

di f ferenti at or F1G24,dhechetrings é4@hchugde aphiesdicy dfaglifidual ball Hedrdingsqops denotdéd a

bear i vel ocit ignal = he . DSP. 182, secondar aring velocity
pat h ?g t hus es 511%11) ?% c%dda\%ﬁ}t tgl %'Btf)rr%r)%l Mo e)'/]c%?rﬁdﬁees aﬁ%’&?‘yéﬁg‘ . A/D 190,

di fferentiator 192 Buahsé ihetpesxirhiyl probe130rméasurencehange in peaxéhity fnen anp 188 wi | |

sonetinmes also pe referr to.as.. X{mty pro ircuit 'Las. it is used
to detect 15 be(grre 108 "P%aﬁgﬂ ';Sttf“ber{lllhﬁ{r%{%(i%?"dﬁg’?sogphgh%&‘?”f’%%fﬁepﬁc '8P ati on ‘
vol t age out put rbgisttdadbypthe stoxinhiyy froedEs0hdfes vwitiwhy &ignlat posiidnlof B ra@r eci at ed
that other configurations of circuitry can readily be us to detect a
bearing transl a‘}C\%S r H?r g’b&'ﬁcru‘g%fd% urén%'l"f?%f"}ﬁf@e ‘S}%‘b@nﬂ?gﬁﬁqg’éﬁ"t hat the
circuitry of FIG 6 is nmerely illustrative and is not limting to the scope
of the clains provided bel ow.




20 Turning nowto FIG 7, shown therein is a functional block diagram
representing the progranmm.ng of the DSP 182 for carrying out velocity
controlled seeks. Initially, FIG 7 shows a plant block 196, representative
of el ectricabormdnechani cal portions of the disc drive 1®CTIUSeV46ZSng t he
VCM 114, the head 120 and the preanp 126. An observer 198, configured to
provi de a mat hemati cal nodel of the 25 operation of the plant 196, outputs
estimates of head position, velocity dafd bias (X~, VE and VWWE) on respective
pat hs 200, 202 and 204. Bias is representative of forces that tend to nove
the head 120 oPrpximitygrobesl3@pegisiergpnyagmelercompprent phthe twredismensional veqiers

est abl i shed byre%ﬁ?cdiiﬁ%?&tél%arﬂ; ({ehg%gh'scs 106 and spring forces fromthe
flex circuit 124. Bras wll often be E@?Si'ti on dependent. WO 011 01393
PCTNS00/ 40795 - 14 The inpjcationeérurrenhie theviies codfmatpraldRsrdatss gaeshBant e on
path 206 10 2 RLAl ldafleddhe il SGHMREF ARAVRich AR sl Bl 0 90 IS the
physi cal distance remalining I n e seek and is determned I'n relation to

t he di¥ f er encepdipandisglar toventedsietof the agthatohll Oh €zdtedlit® agind 52 tepresatsathe on of t he
dermnd vel oci ¢ ey BHGE Roslin S s lepBHR YR 1526 aBPEL RS 17 e
or from val uesl$tdefieet iorbe petpomdiculgy td thio [xeaxisTls6. heﬁ:bnsjtimshmcim;edsbiygnal VB
fromis output : i ] ' i e
i frerence. bet SRS LR drkepbl of IR Vs boriPBhh Uil 22, 1
beari ng vel oci #x4s sioghizdtes\/Bsisachl dtequronimiyl probe h3) sgisweisitbe ¢ruincdafloctiddl 4. |t

w | | R)e unders;t/gogvthat the 10 polarity of the bearing translation velocity
Vs signal depends on’ whether the translation increases or decreases the

di stance bet ween t hecoatrastrcestediny 56 diRsteatsd theyosipionxf thie hytugpod ¢helldkit ofThi s

di fference from sunmm ng,. bl oc is referred to as,.velocity errqr, and is
b ovi ded Lo g RIS cRere SRkt nthegels yeRbrereats e Aglt e T Sk et | on

Li nuting functrbw@y safetol NEN Th MdetpplictioRy ke-Rdlt dfeke tdthBactddorlshékesame time, 15
the destination track location is provided on input path 220 to a bias
predi ction bl GERoyipmtely ke Whsndhs rotasy agfpatard s 1B p PRTIBED sipreteAtel dY summed wit h
the epdimated Biasin@ise Y APAREoh {-égfékén?éa bavecth 9, 24 iRUldiRRRat h 226 1S
summed at the sunmm ng junction 228 wth’the output fromthe notch filter
218, as wel | @¢rrandiadasrielthegenterhige j 1frand hanbopley axis andpeaxis eampesents-short | y. 20
The out put of 1 j 1 %@,g biStel RV i . 232

havi ng gai n K‘Il;,egﬁlssiglgﬁ)&%gh g‘ﬁ‘s’%ﬁ} or e%%tﬁﬁitﬁéé%rgﬁg Sé u@e%%gghg?'lte 1g‘%‘éiﬁglt%i cs of
the VCM 114. Thaeton¥i phat pirdosefthedellgetionepiony? jttributablsrio 2.34iswpmpongnider r ent
nul I signal on, patdk4236, used to null out current. The resulting signal on
path 238 conprises a current demand signal which is provided to the plant
196 t¥ adj ust the Pecausd thaprokinibeprols: ansl weasurgs eidigectiomn! beaning defiestiers, t he

pl ant provide : t . ] r.QW fo a
Gemdul at | on CaEaay e r A YR Rl bl oL B Rl B O P g
junction 244. apfuater 1 deniathsbway fom thenentsding d52H athe maxéminn gspacied edonssiing

| i neari zati on al : i It QEH: 8, which
is 30 differe&%é@ﬁé?aégﬁ%?ggkﬁﬁﬂg ?%%h%g@n%?t E%ﬁ%QQ?F@%%mQ@§P%§ée XF to
provi de an  \®ximity pR6S 1 FCTTHUSIO 408 xpreSied hnthematically thopughERR on pat h
252. SO sunqg? ! k 250 is the bearing position signal Xa
dutpu?gby t he (Bﬁ&%%yh dﬁ%“@?@%a| path 254. In this manner) the operation
of the observer 198 is naintained nomnally that of the plant 300 while
taking into consideration the X Qrs%%nal. It will be understood to one of
ordinary skill 5 in the art that,—&althoggh "sumed" at s@ym ng bl ock 250,
the polarity of the bearing positidnh signal XB signal varies with specific
beari ng deflection. The current input to the sumring junction 244 is used
for saturation conpensation and is accordingly summed with a saturation
null input frompath 256. Gain bl ock 258 applies a saturation gain KSAT and
the output is differenced with the 10 bias sumfrompath 230. Finite
response filter (FIR) block 260 provides the desired tine delay to the
output of the notch filter 218, so that the observer 198 receives a
switched input fromeither the FIR 260 or the saturation | oop, depending
upon whether the coil is in saturation. Accordingly, when | arge changes in
current are applied to the VCM coil 113 15 during a seek to quickly

accel erate and decel erate the head 120, provision of the XB and VB signals
to the DSP 182 enables the servo circuit 176 to conpensate for the
resulting bearing translation. Now turning to FIG 8, shown therein is a
functional bl ock diagram of the programm ng of the DSP 182 during a
position controlled, or track foll ow ng



20 operation. A plant block 262 is presented representative of selected

el ectrical and nechani cal aspects of the disc drive. 100. lor refer’ence, 'the
pl ant 262 general ly includes portions of the primary | oop established by
the servo ciweu/d13s76 (see FIG 6). The plant bl ock 262 r ePeT/USID/46295 an
input a current conmand (I~MD) signal on path 264 and, in response, outputs
a position error signal (PES) on path 266 indicative of 25 positional error
in the selected head 120. FIG 8 furthét- shows an observer (OBS) bl ock 268,
whi ch generally provides a mathenati cal nodel of the plant 262 and

periodi cal | y owhgefds the veaiertrepreseftinipethel toped difléction, (FxX+3 the vedtargeprysetitid and
bias (WE) on p S 27 72 7 re ctivel i he observer
Toa in Ao ) 0 A epmpaien flfe ity st ARG B B oenl fudit T e of
forces that t esssodiaecdwitleddtinting entg sheamnais éangrments eff the toead dgftesiion. digingsuch as
WO 01101393 PCT/ USQ0l 40295 -16 spri.ng.forces applied by the flex circuit
124 (FIG 1) gérl%-gm\:mm ﬁérb%mg’flftggfnso%%rgﬁ%étcfaﬁéegOr“%c%a}trents set up by the
rotati 6n of the discs 106. The XF on path 270 is sunmed at a summi ng
junction 276 with a reference positi (}n (indicative of de?' red head
position) and with the bearing po&fTifdfo5&)gnal Xa out put the A/D 190

al ong signal path 254. The output from summ ng junction 276 on path 278 is
applied to a position gain block 280 having gain KX. The Ve signal is
summed wi t h t hwhisegirerigseptsiopehal{ofdhe ietal stygie ogmemr@rywtuﬁq%lloeaﬁd'gmglrfgi | ter

194 al ong sign e LitGed filb 28&ationne out put of sunmmi ng
junction 282 a%ﬁ@fgo a‘\‘/‘gtf°c’>‘<s~f| :tg} gfa? g%ﬁpc%ﬁﬁgﬁlgvi ng gain Kv. The

out putl§ of the position and 10 vel ocity gain bl ocks 280, 284 are brought to
a summng junction 286 by way of _tp 605288. 290, respectively. The out put
(on path 292) is sumed at a sumﬁeﬁm@iﬁn 294 with tiw WE from path 274
to generate the I~Mp signal on path 2. The output on path 292 is further
applied to gain block 296 and fed to the observer 268. It will be noted

that the sign designation for the various inputs to the 15 summ ng
junctions 276) ﬂﬁg’ﬁg’gfg‘ﬁa“%&%ﬂé@sﬁ}éﬁ/@“ﬂ@@ﬁef%?ﬁé&"&l ly arbitrarily assigned
and could be nodified with correspondi ng changes in polarity of the
respective signals. Mreover, it will be_understood that the polarity of
the bddring position Xa and bearilig*&o€ity VB signals dry with specific
transl ati onal nodes. Accordingly, during disc drive operation the bearing

position Xs and bearing 20 velocity Vs signals areq?(enerat ed on a

st eady- st ate basi s SRehptngg Wik oncohalfnf thedtptabangplag sroke of7the rasaryiaetiaiplze t he
ef fects of beayjyigqlbidns ke AlesRORaiflEm PGt erbin B mEHLieREnd Jrafk
following. To gurt her e%p?rtaﬁt% etshgé)'?%%%rﬁ?%kgt (taeg e(lg%elrna{t?lgn ofe prrnoxi mty probe
130 and the seprogingiymuelict130.78, 2 tFpiGS diso devnd. sibstitetsnzacwity éijgivhowesesk and
traCk.ZTOO! | owd NG %f 99‘/«!%%@%} Rékdd “?e}é i3 % 2 %L%hﬂgregg%eEQeeﬁ!m% a{cgial Shovvn_
therein is a seek optimzation routine : e seek optim zatron routine
300 begi ns at bdagpg &FRcivrt dand thedbeantigtdefledtion regfistaedinetke powimityqrobkt138bép 304,
the profiler 2 calcylates a refere velocity. fromthe.tracks to go

si gnal 206. Ong'g%f flrlglsglemelkggiegoﬁ Wﬁr%{'?r%%?besatcceeﬁ?%&én i ]{l] 89" he proximty
probe 130 However, in some embodiments of the present invention, it may be desirable

to take into consideration the angular position of the rotary actuator when measuring

25 bearing deflection. A correction factor can be applied to the Bt signal which takes
into consideration the angular position of the rotary actuator 110 with respect to the
proximity probe 130. The angular position of the rotary actuator 110 can be easily
determined from the radial position of the head 120 using servo data located on the
discs 106.



30 registers translation present wthin the bearing assenbly 112 and

out puts theé bearing WO 011 01393 PCT/ USO0/ 40295 -17 transl ation BT signal

i ndi cative of the direction and magni tude of the bearing translation. At
step 308, tWeOBM3% gnal is sent through the A/D 190 to pr 86GASIWV4495heari ng
position X B signal which is then sent to the DSP 182 al ong signal path 254
and also to the differentiator 192. Next, at step 310, the XB signal is
differentiated with respect to tinme afdd-filtered by the lead-lag filter 194
to produce the bearing velocity VB signal output to the DSP 182 al ong
signal path 212. TNQWB@amgﬂgFR%lSoﬁiowthﬁeelaw&f@arrah?fgfwwpmlbh)cya si gnal s
are used to caﬁgﬁ;}i&g%m%&smrm&edi%ﬁ@ehb(ty%if%.i,hﬁclwiﬁg Rafinof bearing

translation at Ste re specifica bearing velocity VB signal
is summed 10 disposed pie thoafasementiondd-dise drive PODA e Thedisadyyed A isghewn the updat ed

reference vel 81§ér£t}fy £4 T@d&?ﬁh&’&ﬂ%&i&ﬂ@%ﬁx xglgit?l?thg%?sl’:idﬂge %ELJsQﬁatéﬁ Fop Summed
with the position output fromthe plant 1 and sent to the observer 198.

I n thiSs way, etrmphs e hogt dsyise d6beansoppese ARrsohflaomputeefPédence vel ocity by
altering the Ve ou s yer. locity
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current is caHuvw Hi08u acdordanespwiBigrogrammsngegdIiatintetes veloes staredinh dyoamnd
current is appl. i i Lce i Of . ot
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steady state bmbidss adala buffer ot sepaditety dase) e dle tempaary pufferihgaifng t he anount

of ti r equi ggf sgett t ciflc t l presence
of bel?ra i ng trgrns %r?eldgﬁ%a’%@afl%‘?ﬁ?ﬁegcq’ﬁéélv?rg%ﬁ%gﬁ& ’O?ISé’sﬁ(gvs\/%ﬁ%eelkg?O% s a track
fol | owi ng opt whichatireas the opératien F20¢adMrite hanokl 170lkkhdihe prramptlRéridwantg on:

routi ”.e 320 bﬁgtla?rs s%r osgrei@on%.z %hWI rtczt}{lt I?f fsmrtflrgl;ll (r)nr(])m?t];d%ttlé g:?&atgrqllb.ow ng
operation. As nenfioned above) FHEM R 2k #6110 ng operation is used after
settling the heddwhi®FIhtlo a sel ected track of the disc 106. The track

o1l 00 19, Ober at| o8 Bl 3 Eedas eshih R G BRSLER, (),
326, 1she pr oxitirbligh Hatlodlectib@{dtinefosaer(bant) eaninnglion 6fthd girndbnmatod 1@UtpUt s t he
R T AT CRE TR AV TR R
be understoodidfiat alternative nethods and devices for neasuring bearing
ranslatton exi ot a8 S RO e e SR bR eyt L e st S0
188, A/D  WOcBdjhkt1idf srith bfboxitaity piS6H 090 be described as follows. During disc
20 drive operation, servo information stored to the discs 106 is supplied to an automatic
gain control (AGC) block 178 which adjusts the input signal amplitude to a range
suitable for remaining portions of the circuit. A demodulator (demod) 180 conditions
the servo information, including analog-to-digital (A/D) conversion, and provides the
same to a digital signal processor (DSP) 182.
25 In response to the servo information, commands provided by the control
processor 162 (FIG. 5) and programming stored in DSP memory (MEM) 184, the
DSP 182 outputs a current command signal to a coil driver circuit 186 which in turn
applies a current I¢ to the voice coil 113 in order to position the selected head 120

relative to the tracks on the corresponding disc 106. With reference to both FIGS. 5



190) cal cul ates the bearing position signal Xa. The bearing position signal
XB is sent to the DSP Z 82 al ong signal path 254 and also to the '
differentiator 192. At step 330, the XR signal is differentiated with
respect to wown01393 produce the bearing velocity signal VBPCIAE0§&RS ng
velocity signal VB is output to the DSP |82 al ong signal path 212. The
track follow ng optim zation routine 320 continues at step 332 where the
position estimate signal Xe output freh-the observer 268 is summed with the
bearing position signal XB to tBr oduce a conpensated position signal.

Li kewi se, at <mé[ BEimary serve Bt £9rlgoR) és thagestablishgd by thodeads] 20, D W24-h t he
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a disc drive 100 includes a rotary actuator 110 supporting a head 120

adj acent a 15 Yot Wp) B reppetivg pethigly: 07 ade0%: Bies Eé"rﬂresi’itsu\’erﬂ%‘?r?’éd in a
magnetic fi el dih@fierd ¥ @loG@the head 120 off-track, such as windage effects from the air currents

established by the rotation of the discs 106 and spring forces from the flex circuit 124,

Bias will often be position dependent.



coil notor 114. A bearing assenbly 112 is used to pivot the actuator 110
and a proxi'mty probe 130 is provisioned adjacent the bearing assenbly 112
and generally conprises a stationary shaft 132, a plurality of bearings 140
and an out ewosi/gaye 142. A proximity 20 probe 130 i s used poy/usemdozdser a
change in the position of the outer sleeve 142 relative the stationary
conponents (i.e. the stationary shaft 132 or base deck 102) of the disc
drive 100. In response to a change in-i4he relative position of the outer

sl eeve 142. the proximty probe 130 out puts an anal og bearing transl ation
si gnal BT repr esenDatihyeseek. thtieurber ef trackn toageds inpgnor pedle 26K totalpeofiléerans| at i on.

25 The proxim robe 130.i ncl.ude roximt robe circuitr, i ch
generates a b@gg'i ‘ﬁﬁgﬁ%l?fet iagﬂveslhﬁgﬁﬁks%g%f‘fgh%&ﬁgﬁfﬂi ﬁﬁavgfﬁql? E8dhal vB
used toI enhangecktahe iq&&ténﬁtnmm:eladén tohthe ?iﬁfktéﬁc&b@t@@ntthéﬁhcﬁitiﬁﬁhgﬂﬁ(hléatio_ circuit
176 applies cyrgent to the actuator .coil 't osition t ead relative to
the disc recoﬂéé ﬁ‘b“[@ﬁfq‘%‘é‘ qq‘ﬁherc@f“glaf'%'htr?c&' E%Fﬁﬁoqsﬁﬁl&ﬁ%ﬁiebﬂmﬁ% €duced by
the hend. as \Wprbpridie ddindndlvaloti®od gath 10 (KBugk dor\dRadPleSin@AlAion WO 01! 0l 393
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claim® It wiPelaply jtaebearipg fransigion yelacay Vs signakdependsioa whether theiapt ed t o

carry out the QRiIfhn@alesArldedbastBe SibdiceR v R VuRY SRevEIRL bAN@Ed as wel |
as those inherent therein. Wile presently preferred enbodi nents have been

descri bed for PRRNIBERLS] 30 ohisfiEerarcs dross tmming blosk Sifkis crfamukis 2tay be made
which will re%@lo_lsft’yé’r&ggﬁﬁs;{rm%ﬁﬁ§bfb&ﬁmir§§a“@ﬂtb@arl')h&‘.lt%t and whi ch
are enconpassed in the,naglrlt of the invention disclosed and as defined in
the appended @rggigigtion liniingyfuneiongad they thepyghipotch fiies 184 AtV LB Emes| ng:
PGT/ U0/ 4029 3ped ek @itaBb A B RdkBloshhis is pReVidedn Gibu path B Rlol af BlasPredidtidf bfocR! €
radially defined; a rotary actuator having an E-block which supports a head
adj acent the d”3cvhigh prediets apamewd abbigs which isgummsd sith dheasimated bies gind a

bearing sl eev%uinﬂﬁ“é]ﬂh&@n@?@“fhetdﬁ?put on path 226 is summed at the summing junction

228 with the output from the notch filter 218, as well as a second summing junction
230, to be discussed shortly.

20 The output of the summing junction 228 is provided to a gain block 232
having gain Kr, used to compensate for nonlinear torque characteristics of the VCM
114. The output is summed at summing junction 234 with a current null signal on
path 236, used to null out current. The resulting signal on path 238 comprises a
current demand signal which is provided to the plant 196 to adjust the position of the

25 selected head 120.

In response, the plant provides a sense output on path 240; servo data are
provided to a demodulation (demod) block 242 and current level is provided to
summing junction 244. After demodulation, the servo data are linearized using
linearization block 246 to give a position sample Xgamp on path 248, which is

30 differenced at summing junction 250 with the position estimate X, to provide an



shaft, wherein the bearing sleeve is rigidly affixed to the E-block so that
the actuator rotates about the bearing assenbly; a proximty probée disposed
adj acent the E-block that generates a bearing translation 10 signal

represent at change in the proximty of the E-bloc to the
{VY)%B of CTRISdoYs
proximty pro an actuator notor coupled to the actuator; and a servo

control CII’CUIt Wmch applies current to the actuator m)tor to position the
head in relation to servo signals gengrwated as the head reads servo data
stored on the 15 disc, wherein the servo circuit further adjusts the

current appli %QseH%r Exli’@r (%Q]J( HAb&h ZS‘PtRTso siinmES RADSit L1622 5068tk Béhring
transl ati on signal disc drive of claimil, erein the proxinmty
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probe is affixed to a nounting bracket disposed external to the actuator,
and wher ei n t tRKIE-iposersidesion theeX e signgn Im&@e\mﬂfexﬁoodtﬁmmf rdinapskilbf

bearing transkajlgR thapBNIIESs@And @S ﬁﬂﬁmxﬁlé@i&cﬂ‘zw { ?oYé@i%ﬂofﬁH@beﬁnHé ock and
proxinty probe durlng rotation of the actuator. . ThHe disc drive of

claim |, wher epsitienignsl ¥ signal yagnsorith spesife bearng éefteatwcu t ance probe. WO
011 01393 PGTI CISOOK0ZY A% B tnd Binflch Gublib 3406 oS Budariffer i 1 ¢ N

bearing transl ation si gna determ in re ation to an error associ ated
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I ndi Rt Ive of d&r'ijt{graegégk {ooqug:ﬁly%ﬁ)élérgtg and decelerate the head 120, provision of the Xp
and Vg signals to the DSP 182 enables the servo circuit 176 to compensate for the
resulting bearing translation.

Now turning to FIG. 8, shown therein is a functional block diagram of the
programming of the DSP 182 during a position controlled. or track following

20 operation. A plant block 262 is presented representative of selected electrical and
mechanical aspects of the disc drive 100. For reference, the plant 262 generally
includes portions of the primary loop established by the servo circuit 176 (see FIG. 6).
The plant block 262 receives as an input a current command (Icmp) signal on path 264
and. in response. outputs a position error signal (PES) on path 266 indicative of

25 positional error in the selected head 120.

FIG. 8 further shows an observer (OBS) block 268. which generally provides a
mathematical model of the plant 262 and periodically outputs estimates of head
position (Xy). velocity (Vg) and bias (Wg) on paths 270, 272 and 274. respectively
(similar to the observer 198 in FIG. 8). As before, bias will be understood as

30 indicative of forces that tend to move the heads away from a selected position, such as



to the actuator notor to position the head in a desired relation to the
disc; 15 (b) using the proximty probe to generate a bearing translation
signal having a nmagnitude and direction indicative of a translation within
t he beari ngwaasersid y; (c) conbining the base current comrer@I/us0g40a9s and t he
bearing translation signal to generate a nodified current conmand signal;
and 20 (d) applying current to the actuator in response to the nodified
current command signal to position theléaead with respect to the disc. 7.
The nethod of claim®6, wherein the nethod conprises a prior step of
affixing the ppung forceyappliebby the fiek eiratitlZ4¢RKT- 1) sivavindagetelffieets cavsed byt er i or  of
t he bearing 25“% ‘]IPLe\’gﬁy}h}@&a%{}%eé’Ecs‘ib@' m 6) wherein the nethod
conprises a prior proxinmty probe to a nounting
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Turning now to FIG 9, shown therein is a seek optimization routine 300. The

seek optimization routine 300 begins at step 302 with the initiation of a seek routine.
At step 304, the profiler 208 calculates a reference velocity from the tracks to go
signal 206. Once the seek is in motion, step 306 shows that the proximity probe 130

30 registers translation present within the bearing assembly 112 and outputs the bearing
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and also to the differentiator 192.

5 Next, at step 310, the Xp signal is differentiated with respect to time and
filtered by the lead-lag filter 194 to produce the bearing velocity Vp signal output to
the DSP 182 along signal path 212. The bearing velocity Vg and bearing position Xp
signals are used to compensate the reference velocity for the presence of bearing
translation at step 312. More specifically, the bearing velocity Vp signal is summed

10 with the Ve output from the observer 198 and with the updated reference velocity
from the profiler 208. The bearing position Xp is summed with the position output
from the plant 196 and sent to the observer 198. In this way, the bearing position
signal Xy affects reference velocity by altering the Ve output from the observer 198.

Once the reference velocity has been compensated for bearing translation, a

15 corrected command current is calculated at step 314. At step 316 the corrected
command current is applied to the voice coil 113 of the voice coil motor 114. It will
be understood that the seek optimization routine 300 operates on a steady state basis
and serves to decrease seek time by reducing the amount of time required to settle the
head 120 on a specific track in the presence of bearing translation.

20 Turning now to FIG. 10, shown therein is a track following optimization
routine 320. The track following optimization routine 320 begins at step 322 with the
initiation of a track following operation. As mentioned above, the track following
operation is used after settling the head 120 onto a selected track of the disc 106. The
track following operation begins at step 324 by estimating the position (Xe), velocity

25 (Ve) and bias (We) through use of the observer 268. At step 326, the proximity probe
130 measures bearing translation and outputs the bearing translation Br signal. While
the proximity probe 130 is used to measure bearing translation in the presently
preferred embodiment, it will be understood that alternative methods and devices for
measuring bearing translation exist and are considered applicable to the present

30 optimization routine. Next, at step 328, the proximity probe circuitry (amp 188, A/D
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15 operation. As such, the amount of command current being applied to the voice coil
motor 114 will also be relatively low, Thercfore. the presence of bearing deflection
during a track following operation is more likely the result of an externally applied
mechanical shock to the disc drive 100 than from the application of command current
to the voice coil motor 114. The track following optimization routine 320 is
20 performed on a steady-state operation to enable a track following operation which is
more resistant to externally applied mechanical shocks.
In a preferred embodiment of the present invention, the proximity probe 130 is
provisioned adjacent the stationary shaft 132 of the bearing assembly 112 (see FIGS.
2 and 4). However, alternate configurations of the proximity probe 130 relative the
25 bearing assembly 112 exist and are contemplated as within the scope of the present
invention. For example, FIG. 11 provides a top plan view of a disc drive 100 showing
an alternate embodiment of the present invention in which the proximity probe 130 is
located external to the bearing assembly 112. The proximity probe 130 is mounted on

a mounting bracket 340 which is rigidly affixed to the base deck 102.
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present invention.

From the foregoing discussion. it will be clearly understood that the present
invention is directed to a proximity probe 130 and associated method for improving
servo control in a disc drive. As exemplified by presently preferred embodiments, a
disc drive 100 includes a rotary actuator 110 supporting a head 120 adjacent a

15 rotatable disc 106 and an actuator coil 113 immersed in a magnetic field of a voice
coil motor 114,

A bearing assembly 112 is used to pivot the actuator 110 and a proximity
probe 130 is provisioned adjacent the bearing assembly 112 and generally comprises a
stationary shaft 132, a plurality of bearings 140 and an outer sleeve 142. A proximity

20 probe 130 is used to register a change in the position of the outer sleeve 142 relative
the stationary components (i.e. the stationary shaft 132 or base deck 102) of the disc
drive 100. In response to a change in the relative position of the outer sleeve 142, the
proximity probe 130 outputs an analog bearing translation signal By representative of
the direction and magnitude of the translation.

25 The proximity probe 130 includes proximity probe circuitry which generates a
bearing position signal Xp and a bearing velocity signal Vg used to enhance the
performance of the servo circuit 176. The servo circuit 176 applies current to the
actuator coil to position the head relative to the disc recording surface in relation to
servo information transduced by the head. as well as in relation to the Xp and Vg

30 signals.
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5 the personal computer discussed above. Although method steps have been set forth in
a particular order, such ordering is not necessarily limiting to the scope of the claims.
It will be clear that the present invention is well adapted to carry out the
objects and attain the ends and advantages mentioned as well as those inherent
therein. While presently preferred embodiments have been described for purposes of
10 this disclosure, numerous changes may be made which will readily suggest
themselves to those skilled in the art and which are encompassed in the spirit of the

invention disclosed and as defined in the appended claims.
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shaft, wherein the bearing sleeve is rigidly affixed to the E-block so that the

actuator rotates about the bearing assembly;
a proximity probe disposed adjacent the E-block that generates a bearing translation
10 signal representative of a change in the proximity of the E-block relative to the
proximity probe;
an actuator motor coupled to the actuator; and
a servo control circuit which applies current to the actuator motor to position the head
in relation to servo signals generated as the head reads servo data stored on the
15 disc, wherein the servo circuit further adjusts the current applied to the

actuator motor in response to the bearing translation signal.

2. The disc drive of claim 1, wherein the proximity probe is disposed

adjacent the stationary shaft within an interior of the bearing assembly.

20
3. The disc drive of claim 1, wherein the proximity probe is affixed to a
mounting bracket disposed external to the actuator, and wherein the E-block has a
detection face which, in the absence of bearing translation, provides a constant
proximity between the E-block and proximity probe during rotation of the actuator.
25

4. The disc drive of claim 1, wherein the proximity probe comprises a

capacitance probe.
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5 6. In a disc drive having a rotatable disc on which a plurality of tracks are
defined, a rotary actuator which supports a head adjacent the disc, an actuator motor
which rotates the actuator, a bearing assembly having a stationary shaft about which is
journaled the rotary actuator, and a proximity probe disposed adjacent the bearing
assembly that generates a bearing translation signal representative of a change in the

10 proximity of the bearing assembly, a method for controlling the position of the head

with respect to the disc, comprising steps of:

() generating a base current command signal indicative of current to be applied
to the actuator motor to position the head in a desired relation to the
disc;

15 (b)  using the proximity probe to generate a bearing translation signal having a
magnitude and direction indicative of a translation within the bearing
assembly;

© combining the base current command signal and the bearing translation signal
to generate a modified current command signal; and

20 (d) applying current to the actuator in response to the modified current command

signal to position the head with respect to the disc.

7. The method of claim 6, wherein the method comprises a prior step of
affixing the proximity probe to the stationary shaft within the interior of the bearing
25 assembly.

8. The method of claim 6, wherein the method comprises a prior step of
affixing the proximity probe to a mounting bracket disposed external to the bearing
assembly.

30
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