; Xxye3ebj _@Tj CM ( PCT/11S99/18028 WO 001 51125 *coooot - 1COVPENSATI ON FOR
REPEATABLE RUNOUT ERROR FlI ,mmlmlmm N\/EI\FI'I ON The present invention

relates to ggyogR1systens i In particular, thpRTRISGHRMS
invention 5 relates to conpens or errors in servo systenms. BACKGROUND

OF THE | NVENTI ON Di sc drives rea and wite information along concentric
tracks formed on discs. To locate a particular track on a disc, disc drives
typically use 10 enbedded servo fieldslon the disc. These embedded fi el ds

are utilized by stemt osition_a head qver_a particul ar
track. The serV& @gﬁé@@&ﬁ&%@n%@% WHESCRWQU'{‘I‘]E QR drive is
manuf act ured and are thereaf tFQELgl ﬁﬁl‘YHﬁﬁlﬁi‘I‘lﬁﬁe disc 15 drive to
determ ne position. ?n'%frg g"sact center of a track noves
along a perfectly ci rc Eﬁ??P“arlé’LYﬁBtf‘ﬂﬁ BRSO EVREEVPes of
errors preveninhdads frived ol | owi payr tiisl arde dhep atre sefihe ihvest idype of
error is 20 a, Wihtdend tRigedsatiah 86t SES W M0 NG CEGatLRY, of the servo
fields. Witten-in errors occur because the wite head uSed to produce the
servo fields does not alma%mﬁﬁeww ar path due to
unpredi ctabl e pressure Effedriven rhadvwand evhigad iformasicheabengdynam cs
of its flight ceggénﬁf'fc d'tsz%ckéndféméav'ow aphges,in tﬂ? @1'0 gk used to

support the hea Because of these witten-in errors, that perfectly
tracks the paPRTFSFMREFIRFR t?é’ GerdS S |dt1€°hé’§&"\ﬁﬁl FyﬁbFa?‘H’IW a circul ar
pat h. 30 1Dbhe embeddledyperwb grieddst ltat phevdases.ci rThkse pabédded known as

a track fol | owBgser Al weinagkel Bl 0WL0GySTEGS AUt ? ﬁéfé’x‘? attempts to

foll ow t he i ned by t fvo e track
00/ 51125 2 be#sﬂugyerlsofarrt&rcrl M nGreffor s T PFRaUsEL S %ﬁ% same
aer odynanm ¢ amdiviématoonal thé ecisse havhem eatlee wr disen-dniesrots. I n

addi tion, t raﬁ%nﬁ?éé@w}élﬂ a‘%ﬂ’cilr Qfé Eﬁ&éﬁft%e: Q?ﬁﬁﬁ?erié'@ B EhE é}{"’léé emis

unable tq res ast _enou , h frequency changés in the path
defined By th r%@?v'bof?%qedg‘&n\?v‘ lpf’tséﬁ R-errors are often referred to as
repeat abl e runout errorBEdmEdyyse t hegdcfoddovhrgsahe erantes efchatine the

head passes alogxandt&dSka1 My a perfectly circular path around the
disc. However, two types of errors prevent heads from
following this ideal path. The first type of error is

20 a written-in error that arises during the creation of
the servo fields. Written-in errors occur because the
write head used to produce the servo fields does not
always follow a perfectly circular path due to
unpredictable pressure effects on the write head from

25 the aerodynamics of its flight over the disc, and from
vibrations in the gimbal used to support the head.
Because of these written-in errors, a head that
perfectly tracks the path followed by the servo write
head will not follow a circular path.

30 The second type of error that prevents
circular paths is known as a track following error.
Track following errors arise as a head attempts to
follow the path defined by the servo fields. The track
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10 track densities increase, these repeatable runout errors beginto limt
the track pitch. Specifically, variations between the ideal track path and
the actual {oapRath created by the servo fields can resgbiuksvagsnsi nner
track path that 1nterferes with an outer track 15 path. This is especially
acute when a first witten-in error causes a head to be outside of an inner
track's ideal circular path and a second witten-in error causes the head
to be inside of an outer track's idealF2circular path. To avoid limitations

on the track system 20 I Se needed. t o npensate for repeatable
runout error sPO]ElJr?Wl\Aﬂ %eﬁrlsnc—"érrlr ac‘%?e%gl c% eﬁ?ﬁ?eﬁe’ﬁ%c? or ed
conpensat i on and u@éormp@naérefﬁ%@ds a@laetdd:irtaa@nawrahpenslnmmpmhe servo

| oop. HO\tNeverIn lsatidltqlgntT HFRIERN fdlts_owﬁgl téﬁﬂof@ ééx@rﬁr:?él%h&_fcéu@%d .
conpensati on val ues e present_.invention a s thes nd ot her
probl ems) and™8% f &% bt é'gv“ﬁt‘g&g%l 3&9 ‘ﬁﬁoﬁas en %Iv%ﬁY OF THE
| NVENTI ONS T hehmleémmuemm@hmgeselm ebetpam siﬁﬁ:lme\ﬁeby3m¢ hesetrvieav e

conpensation fpgidseLpeat abl e runout errors which address the above nenti oned
problens. In accordanc% Wi gh one enbodi nent of the |gvent| on, a disc drive
r68

having a servo loop fo FET b’f‘n FYTaTRedlcoPEFel delerr¢fe tlePFo | oop
i ncl udes Wor&id8Eile 3Gl 8339rEs g aassetheyc arrusel [téve \slaimeh gener at es

a servo contr@fr&wr@elcﬂ ntirﬁ‘ép@@éehéQdapéﬁgr@éVﬁﬂoﬂgsht lteacﬁrrorASSI gnal and
an act uaﬁlg cou(ﬁieg t he ,servo cont.rol IS gﬁf nmovi ng t he head
in responfe to"? ?8??751%9 dOTEEEFSsi e : rﬁ?%% e ruBEHFeed”ﬁ°r’fst he head,

i's capabl e ofbsghsi rip serig ti nft@lemattlr@nkl opatel. on t Bpeci Sicaliy, produci ng a
servo si gnal w@iaeélr&m bER@eSA! ¥VRe swélﬂ exsac&ogshtﬂegnw £ axdibgr ence

signal to produ osition error ensation storage 10
devi ce storest C@f 58%%% g‘r? ?vgsfjaeﬁdfsargé‘é‘rﬁs‘dﬁ &8tor is
adapted to exp@m@rtwmmm emmrmmmwmm & quqeefcttrtah:& expanded
conpensatkon yatne imRke 1§'eeé%§§'c\&%l|l§QchBB|xﬁFerD5.S@B!cgﬂ_lv@i@%nIHE DRAW NGS

15 FIG 1 is a_plan view of c drive _of .the_present invention. FIG 2
is atop vi evxFB? % AESS 5’fe g %I Ps e RBFAGS aRf | BRaf "% K3 ®a real i zed

witten-in tridéal EiGcular patthhodka deggndnvoittepriroeraet serees 20 | oop.

FIG 4 is a bipekddiagsamn qfnsadaeémd eaReef t 418 Ry €3eht éﬂ@%ﬂfa'ron FIG 5
is a block diagram

f are glogeroatl 25 FILG t\ﬁ?’] i's a aph of a
witten-in c tbléit on ‘fa“bcfgmf—' FBEL90F £ S’Fab’ﬁa%]f Pt t‘?esﬁ' f conmposi ti on
tabl e. FRG. 8issneedddnpioi tpmpenbane cfrr trapeanaide3gustepseirersccor dance
with the invention. The written-in errors can be compensated using

stored compensation values which are used as additional
inputs, into the servo loop. However, sufficient memory
is required to store all of the compensation values.
25 The present invention addresses these and
other problems, and offers other advantages over the
prior art.
SUMMARY OF THE INVENTION
The present invention relates to disc drives
30 that have compensation for repeatable runout errors
which address the above mentioned problems.
In accordance with one embodiment of the
invention, a disc drive having a servo 1loop for
positioning a head over a disc. The servo loop includes



DETAI LED DESCRI PTI ON OF THE PREFERRED EMBCODI MENTS Referring now to FIG 1,
a plan vicew of a disc drive 100 is shown that includes a housing with a
base plate {@dodfidsa top cover 104 (sections of top cover ptafisee 162800/ 51125
-4 PCT/ US99118028 are renoved for clarity). Disc drive 100 further includes
a disc pack 106, which is nounted on a spindle notor (not shown). Disc pack
106 can include a plurality of individual discs which are nounted for co vy
rotati on about a central axis. Each di$¢ surface has an associ ated head

gi nbal assenbly (HGA) 11 ichis unted to_disc drive 100 for

communi cat i onamst%l?v%eco ?%%0 Sl a'ﬁléf&l’fagﬁn?@tisizai neF s P Phal and a
slider, whichsignal etn gigSRONSeOLe Redecahvedupaai tioaderreod Eh@trlHGA 112 is
supported by a?guaaera?d‘t%t&& H&Ju@leias ﬂ;cd_”' %n& ns@f’&f'@cesﬁt%&llféxt rack o
accessing arm no nera as a fixture, of an actuator assenbly
122. Act uat or ©383 tr%l \é\@l%%vilggr 5¥‘§t Z”(fagb&lﬂ LEROnSe h 'R a5%512e coi |
mot or 1245 wheehtigl ceagnall ed Hysébsaer voocaned olincitheuitead,wi ishi n

internal circdhbapPd ofiéndidgtdeAMR] SnkBrask B UdLacRAtdL k3@ betveen a disc
i nner dianeter 132 a:&d di sc out er dl,arreier en the head is properly

a | 34, W
posi tioned, wPPEe PEHPUGHRY Wi t RTTVS nBePRat CPPERFTPY- 126" hcBHE%° data for
storage on theigfali s aembimsdiswidrh encodedesicgnalignelt he heeducen HGA 112 )
whi ch writes the igdQiaehi Meddy tBEgHABC. Al QLRSEnSAOERSy EbBSrigad head in
HGA 112 reads stored informati,on fromthe disc and provides a recovered
si gnal t d%et BBV OPC TSIt %céﬂatﬁﬁc%ﬂ@e’tﬁartéﬁﬁ YILURS AT PnBeFYR 25
circuitry 128ctuopgnsattme aisecadapeeddata segpahd Ftie 2desimatexp view of a
section 198 otoppdhsscd SN aRjkaeal ne PSRRI ompeHLRE 44 ack 200
and an act ual t_rLack, 202. Section 19B7includes a plurality of radially
ext endi ng ser YBLBF e} BEC St S8 V80 188Pvo fiel ds 204 and 206. The servo
fields include servo i nBRIBE! DESCRIRTION] 61 [THECDRAWENESCcat i on of act ual
track 203 gzal ong disc segidon 49Ba PIUNVRLERLPM idk dh@R9si bEopmof a head
away fromcircular track 200 is considered a position error. WO 00/ 51125
-5 PCT/ US99I 18888 Hhe* PHtT iy of track 202 that do not fol I ow circul ar
track 200 create witteflGn 2 epeat abire viewowtf posiecitanmerf orsdige position

error i s consigieyfes oRRANARLECK WiMla $hlzbd AL IATEnERREK OCCUrS each
I e € nea

FIG. 3 is a block diagram of a prior art servo
20 loop.
FIG. 4 is a block diagram of a servo loop of
the present invention.
FIG. 5 is a block diagram of a resampling
operation.
25 FIG. 6 is a graph of a written-in composition
table.
FIG. 7 is a graph of a written-in composition
table.
FIG. 8 is a simplified flow chart showing
30 steps in accordance with the invention.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
Referring now to FIG. 1, a plan view of a disc
drive 100 is shown that includes a housing with a base
plate 102 and a top cover 104 (sections of top cover 104



5 passes a particular circunferential |ocation on the disc. Track 2Q2
creates a repeatable runout error because each tine a head follows the
servo fiel dg, efine track 202, it produces the sane rror
relative to |c?eaf ét’jr ack 200. 10 Under the present inventi gﬁ?lugh ﬁozﬁ
attenpting to wite to or read fromtrack 202 will not foIIowtrack 202 but
instead will nore closely follow perfectly circular track 200. This is
acconpl i shed using a conpensation signd- that prevents the servo system
from 15 tracki ng repea %bl rungut errors resul ti ng fromthe irregular
shape of tracRreoxemared 395 SIBFLEX di aghi#s ofravee P | HHFERIS of the
pri or art. Thinstudes |disicnphokled0d, sdrivh d:anncumiﬁerﬂ onl8, spimdleg a gai n of
"K' and a di sgodbiveqrrit ZQgOngr ng a;gai Ly " Fos. Sgg ?Q%IQI ler 210 is

t he servo control crrcurtr W thin internal circuit 128 0 G 1. D sc

drive 212 i ncPtuedliky of &Pdéé’%@%} i whirkeaxgMourbedr £99 £0 r ack
accessi ngsar nrdaﬁé)tlsmsapmm ancdrit8ralanstibeadgihmiabc assdarkyhdd 2n all of 25

FIG 1. Servo Qg&{géé g;g N3t %n%i&te %G&)WE nt w%c}iéht hat drives

t he voice cor tor o |sc rive 21 sponse, |sc rrve 212

pr oduces headmﬁB{lF%ﬁ 596dipR Rréve310ph&onr FPF‘@HH%‘P?@Q%rWltthhes 30
represent ed adiacsepacate. i nmachsiHpaal1121 8 rMeidesh@uinibae \shidt taen-1n error
woul d ot herwi J [pl t . tion of
Wittenin or oiaBREafriciPcatiiLl b @?8‘ IR LR %Fﬁeﬁ%ﬂaﬁd S standi ng
of the présenEarRvEFRibie I syep@rrtsd, Hoi‘s%“ﬁﬂ?ntsﬁén 1v® Woig1is5 -6

PCT/ US99118028&ns elira mmmhasmeemmpara&ﬁbsam aypear2d agowai se 22D,

whi ch is addedeho,Lbey head, rbioe, THE SHTLOSA0 HALLBN, 205, Wiitten-in

error 218 and™noi se s in S servo _neasurenent signal 222.
Servo 5 neasurenent si gMEIUEEF pESSHBLY dcRedls MosAtgdratWeActAfitgnal 224,
whi ch is genenatedyby waleenebdilimetod ry24l28Hiakedsonont tdekligdedyl ocati on

for the head. séy%r%hwslh%ag g;gfghfvggﬂin22&&{,9%@0@{1%&%0312% gnal 224

produces position error si s in Servo controller

210. ' The seHfd LodptHrVEres 1 "‘Hhsa%F‘-iﬂt@sth‘oéBOr BepBRRR 7 1fHSG s
cal cul at ed asinder 1dPidhndttemn-10w) akduatdicie butbrwiieimet'sy” 188 . hagtknmot i on 216,

P 18 the 92kReohelhog difotRal2 porltsl el NS AatcRREya AN O | er 210

"r" is reference si I'S nol se S
witten-in er r’LBFerF?Bn‘F’E’EfEPaJﬁré’n 128 ppcpdeg) %‘%ﬁa thext shexasge| P Zﬁ‘eser vo | oops
of the pracor ddiscnawd dsemdsesponssodesi wightikn:d mher head .inTHGE 1mR,enent i s

undesi rabl e siAgen! l-aBeetskna ieataoubal d8 el bt ghdealdy, gl ar track

pat h. Further, because the transtfer_function, , requency
dependent, th&iPESnst rﬁﬁﬁ‘clf‘??ﬁr IpHEA kR §3Ff38n‘ftp%€3i h@f%’fm%"e‘r‘tnar n
frequenci es. Tiosm pelaki dgscausmd erenigesatar rposvétren e;rigna!; lrecause it

anpl i fies theg\%b&sg “di Rk dQ%EBabP rr%qri%!a 'mm@l a&a“ve
descri ptron of .the response o e cl osed system o FIG
circuitry 128 to pro duce a recovered data signal

FIG. 2 1s a top view of a section 198 of a

disc 201 showing an ideal, perfectly circular track 200

and an actual track 202, Section 198 includes a

plurality of radially extending servo fields such as

30 servo fields 204 and 206. The servo fields include

servo information that identifies the location of actual
track 202 along disc section 198.

Any variation in the position of a head away

from circular track 200 is considered a position error.



WO 00/ 51 125 PES- 1 PK (r 11 dw) PCT/US99/1 S028 Equation 2 where PES is
PES signal " 226 of FIG 3. Using Equation 2, an estimation of dw can be

produced by w@Rmhieg reference signal 224 and noi se si gnalpchassodisdaPnl v
using 5 the portions of position error signal 226 that are caused by

repeat able runout error. This results in: d - Rw1 ( 1+P~ Equation 3 where
R is the repeatable runout portion of position 10 error signal 226. To
el imnate the unwant ed head nDtion created by the witten-in error, the
present invention adds a co ens tion s to the servo | oop of t he prior

art. This addBf HYAHT 298r \‘}bgFo@@ B3 §PLife o ptagent
i nventi on, whtxdrk QQﬂ]maitle Fer;tén im ﬂ‘elp@atébleheummms&tubat are

common to Fl A e nympgeed; the h Qﬂﬁeq@f\ added to

t he servo Io%or%)s co %ﬂ? o l&gl aﬁg&eﬁ% &\)Aﬁ %uce%r%lle

conpensat i on ™A C’FoiL ?/GaE‘Sn?Fe’?%‘aPGFVrEﬁCI} ﬁlﬁ‘e Hrsh eéd

conpensat fon lsasgmé a2®arsiicndert ed rahim€eréfei slinfrataoiomwf onr ithieen-i n error

218 and head gpid on Ffci HEVBLeatdooe IkbedytD LigoaLt iy recogni ze

that the corrpensatl on sig an_be_added a | ocat1ons wthin the
servo | oop. 2BeSA4Ee ter’r’é’ha&&ﬂ‘ﬁ 8nherd cblarsathsnssrynaficlds tHRE cl osed
| oop responsedefirsertadlo@ P32t predpeessedeasame PE2/dnlE20r8 Y I p K

(r-n-dw due) PQA&SP@’Q&%%@H%E% where dc is conpensation signal 228.

From Equation 4 is apparent that the effects of witten-in error, dwW
will be &Pininated by nShe PFRSErg nAvengdony fa higadn e HRsi®at i on si gnal
is equal to tte wgat tveodfrdaie fwbmt taekd R0erwiIl ndtl gLEsW aldaeks 3 and 4

above, an estjgatign O{ngé&&owsmgnﬁlog@ag Aoh et dR,§) | m nate
the effects of wiften-in error, dW_ appear
circular track 200. This is accomplished using a

compensation signal that prevents the servo system from
15 tracking repeatable runout errors resulting from the
irregular shape of track 202.

FIG. 3 is a block diagram of a servo loop 208
of the prior art. The servo loop includes a servo
controller 210, having a gain of "K" and a disc drive

20 212 having a gain of "P". Servo controller 210 is the
servo control circuitry within internal circuit 128 of
FIG. 1. Disc drive 212 includes actuator assembly 122,
voice «coil motor 124, track accessing arm 120,
suspension 118, and head gimbal aseembly 112, all of
25 FIG. 1.

Servo controller 210 generates a control
current 214 that drives the voice coil motor of disc
drive 212. 1In response, disc drive 212 produces head
motion 216. In FIG. 3, the written-in error, 4,, is

30 represented as a separate input signal 218 even though
the written-in error would otherwise appear implicitly
in head motion 216. The separation of written-in error
218 from head motion 216 provides a better understanding
of the present invention. In addition, noise in the



Rr 1 ( 1 +PK) 10 Equation 5 where Ris the repeatable runout conmponent of
the position error neasurenment. In terns of frequencies, Equation 5 can be
15 descri beg@pisins R(IW 1 (. 7wW) (1+pK) Equation 6 The coppepsdisea Si gnal
injected into the servo | oop of the present invention is preferably a 20

ti me-domain signal. Preferably, this time-donmain signal is determ ned using
the frequency domain rel ationship shown in Equation 6 to produce a

f requency- donai n conpensati on signal T:ﬁTd transform' ng the resulting WO
00/ 51125 PCT/ US99/ 180 g’ra §%uenf%\é rTg@ ensation signal into a

ti me- domai n &GP enssé’ts BREE-901%As*RPSRT Y 0*8 elPBiS (204, 206,
etc.) on eacﬁ?Z‘tOr,aUthhhles sdgpteto dthe heaf snafwifdmedTlas suwh P N¢dd- N~-RPM 60Hz

Equation 7 vmftqoliszus 1921 Sedi 1§ ReHLeU2 28 hPMdisel B8 or 8Eahi s per
spect of the invention i es the recognition

m nute of the di u
that the wri tltnenski“?] EF?gr i §SIYCpAPRGHTEMERF t AL EDH rr"&g of ¥Yhich equal s
60/ (N RPN smsd@emsebaasgnahezm gl suks reerteddifcpomt herspereémesn of t he

written-in erdiomagd¥¥s] %hlﬂ.'&hQH@'g\érﬁ%fahaﬁ%}bXn@efﬂé'i'cﬁ&c%@.'i:'r?slﬂ‘éth discrete
| i ne spectra ~CO~ 2 I\/I~ ma m1l T Js 15

Equation 8 wh&% i & oRBiked hasmtager Frei G AL -cadhy FF@E]Elb?ﬁby
conmponent . Whdad measavitérneron22c énsih nafieirenbkat sidnalk 2@idsprefiee¢s ne with N
sanpl es, resydssclibnt F@rf&urwgnéﬁrb% GAIRHStidNgiabuenles Nsbagdroni cal Iy
rel ated 20 e onené{tL %UI’IC'[I ons. (If the disc drive actuator 1s noving at
frequench es Ve the Nqu st frequency (f9/2 Hz), then these
frequencies will be al @hgedebed oboemeoflyRle st3 f haguancyosd@nlewptten into
the disc surfae@bnseWhb: t D scadditk@Raksconstraint, the 25 spectrum of the
witten-in error, dWand the vvrltten in correction, dc can be expressed as:
WD 00l 51125 (r-n-d.)

ye 1+PK

Equation 1
15 where "y" is head motion 216, "P" is the gain of disc
drive 212, "K" is the gain of servo controller 210, "r"
is reference signal 224, "n" is noise signal 220, and
"d," is the written-in error.
From Equation 1, it is clear that heads in
20 sexrvo loops of the prior art move in response to
written-in errors. This movement is undesirable since
it places the head outside of the ideally circular track
path. Further, because the transfer function,
PK/(1+PK), is frequency dependent, the transfer function
25 suffers from peaking at certain frequencies. This
peaking causes even greater pogition errors because it
amplifies the written-in error at certain frequencies.
An alternative description of the response of
the closed loop system of FIG. 3 is:
30



-10 N1 d~, (k) -~ C2) 2Nk mo N1 d~ (k) -~ bme ~ 2Nk mo
PCTIl'l 1S99/-18028 Equation 9 5 Equation 10 where cm are the Fourier

coeffici ent&o%/ﬂitzl%e witten-in error dw, and bmare the Fogpi8dos02s
coefficients o e witten-in conpensation dc. Gven these constraints

regarding the spectrum 10 of the witten-in conpensation dc, it is possible
to exam ne the effects of decimation of dc in order to reduce the nunber of
points of dc. dc consists of N points?-In accordance with one aspect of the
present invention, it is desirable to reduce the nunber of 15 points in d~
wi t hout degrading the perfornagg _oﬁLtQ;_nglfen-in conpensation to | ess
than an acceptable |evel. This TS thekequi'varent of resanpling d~ at a

| ower sanple rate) and then increasing the sanple rate when the
conpensation is applied. 20 The resanpling operation igqsewsn in bl ock

di agram 250 of FI .. Jhe original it -jn_,correctio ~ 1S a
discrete ti n%'ggf‘a%ﬁ‘éo]fs %%Eofgrl]ggag\,i %# aOftsgﬁf;’jl'e 3rat ésf‘ﬁgogq"l%l']aorbr N~RPM 60
Hz. The deci Rat @@ cetriewtiion sifgndl dan | bea pdioducetlie iyt nkgndxpngd 25 of N R
points with gesapPh&e sAgRadf 24NR-HEPM @Q)gn'a‘l-zﬂ'@%rﬁﬁ%m?t&ﬁhds per formed
once, whgn te\%econ*%imsagl o% table .,is per rranentgHgthSd, r exanple on the
di sc 106. o&P511985. Pt BO[USeY 1B928 17 261 ithak 3> perforns a
| ow pass fil rernsed by nepeapabileenuneut grwsot.i ofhigl gesditanthel i m nat es. any
frequenci es above the Nyqui st frequency éfe/ 2R Hz). 'Next, decimation bl ock
254 reduces the 5 nunber of sanptigs ing R-fold decimati on. Note that
ot her deci nmation operations nay be useggln_accordance with the invention.

At bl ock 254, only those sanples that &P at tines equal to integra
multiples of R are kept and the remaining sanples are discarded. 10 This

deci mati on operation results in the decinmated correction signal, 3~, which
has NNR points and a sanple rate of f,/R Hz . The deci ratadiaory ecti on

val ues are sigsed kN ikhendi sepl88,61c blask.250or Dl nge ' sadback these

val ues are recovered 15 from bl ock 256 and provi to expansi on bl ock 258.
Expansi diff bl SEKCE53 Pt &% an R-fol d expansi on on the deci mated signal dc
accordi ng the equati orfo elfikinate~(Hd Bhwantédkhezl awtinhegredtedil ti pl e of

R -Q ot herw,ge.pEqual t oo 1l 20t e neXpRRskRR Qhvififish Wis a

Interp0|atlogog£gg§ation signal to the servo loop of the prior art.
This added signal is shown in servo loop 232 of the

15 present invention, which is shown in FIG. 4. In FIG. 4,
the elements that are common to FIG. 3 are numbered the
same. The compensation signal added to the servo loop
is compensation signal 228, which is produced by
compensation circuitry (or servo compensator) 229. In

20 FIG. 4, compensation signal 228 is inserted after the
summation of written-in error 218 and head motion 216.
However, those skilled in the art will recognize that
the compensation signal can be added at other locations
within the servo loop.

25 With the addition of compensation signal 228,
the closed loop response of servo loop 232 is expressed

as:



i nterpol ates between the data points to snooth the signal and provide the
resanpl ed signal d~, having N sanple points and a sanple rate of fé. In one
preferred erfoshsipiat. |inear interpolation is used, howevedor Radsts

i nterpol ation technique may be used in accordance with the i1 nvention.

Bl ocks 258 and 260 are located in servo conpensator 229 of FIG 4. The
present invention results in a reduction in the total nunber of corrections
whi ch nust be 30 perforned per track. for exanple, if data is collected
froma drive having 96 servo sectors per track (N=96), Wo 00is~ its -12
PCT/ US99/ 18028 and t he sanpl e rat epof t_hg_cgr_i Vf is 16 kHz, corresponding to
10, 000 RPM the unconpensated epnemaf) e ru*‘nga (RRO), resulting from
witten-in error for the drive is 8.5 mcroinches. One witten-in 5
conpensation techni que described in co-pending U S. patgflat@Re! iscation

Serial No. 09 443, sed .t.0 _derive.t conpensation .table as

illTustrated i{’]&%(sétiél"&is\‘?ﬁem epeat ab glﬁﬁﬁéugsw t h- T tal%%%qﬁ?ncér’rpensati on
was 3.6 nicrothdfeapreprrant,tdrat hherffpata of epehttenoinl @rromoud,, Using t he
preferred resaimpl ivg éEmNiH=Aea byl Weibah8dtidn FLnd, and set tihag R=2, the

resul ti ng.decj d ensationtable is illustrated at’ Fl . The

r epeat abl & ruéﬁ%? %ssaﬁﬁ'g)plt hszig%lggi e e%q“&jlrrpté%sgﬁ?oﬁe?%f‘geof’%ﬂt & 7 was 3.9
m croi nches, WFiYgERof EAECY5 unconpensated repeatable runout. This
introduces an error of vgihy 4§aath SUPAGENROE hBotEE A8 ivRitadnCor rection
table of FIG b

| 0s f | v 0,.3 _m.crQqinches. ecis of the present
i nvention incT udtzhea cfg‘pgf%%& P e HGS hvi TS egéﬁgoeib%ﬁlaffz%ﬁ‘&
posi tioni ng acfkeersl Pf yvertandins ey, Phe apwarsrd @ep 232 incl udes a servo
controller which generates a servo control signal 214 in response to a
position error signal 226. An actdgEOL_lﬁz_coupled to the servo controller
210 is 25 capable of noving the head ltzanTresponse to the servo control
signal 214. A sensor, located in the h A2 s capabl e of sensing servo
infornat'8n | ocated on the disc 106 and producing a servo signal 218
t herefrom The servo signal 218 is conbined wwth a reference signal 30 224
to produce the position error signal 226. A conpensati Bmsttdroagé devi ce 212
stores deci e gsh-£ORPENSALHON YeRlHEEL1E SRIMLALC PRGN 229 g adapted to
expand the deci mated conpensation val ues and i nj ect WO 00/ 51125
PCT/U899/180Z%OQﬁgthgrggﬁaﬂaiﬁu€%W3ﬁhsation val ues 228 into the servo | oop
232. The conpensati on Val gegmar ofr diregedntoedi sEgeaeionnd cenpbrents in
witten-pp repestaidedy as.unout. The servo conpensator 229 includes an
R-fol d expander 258. R may be greater than 1 and in one enbodinent Ris 2.
The servo conpensat or 229 inchygga an i merpol ator 260 adapted to
i nterpol ate between conpensati @ vﬁlueSJ_Th . nterpolator may conprise a 10
| i near interpolator. The disc 106 has(N+9Kr35 gectors 204, 206 per track
and the nunber of deci mated conpensation values is less than N. In one
aspect, the servo conpensator 229 includes an R-fold expander 258 and the
nunber of deci mated conpensation values is NR

Equation 6
The compensation signal injected into the

servo loop of the present invention is preferably a

20 time-domain signal. Preferably, this time-domain signal
is determined using the frequency domain relationship
shown in Equation 6 to produce a frequency-domain
compensation signal and transforming the resulting



15 The conpensation val ues are periodic. In another aspect of the
invention, a nethod illustrated in flow chart 300 of FIG 8 is provided for
conpensat i ngofopsisepeat abl e runout errors in a disc drivepcTthsosmstdsod

i ncl udes determ ning a sequence of 20 conpensation values d" 302, reducing
t he nunber of conpensation values in the sequence 304 and storing the
reduced nunber of conpensation val ues 306. The stored reduced nunber of
conpensation values are retrieved 308-8nd expanded 310. The expanded nunber

of conpensatign 25 val re provided to_a servo,. oop_232 in t.he disc

drive 100 at SEserkd-4ath et s ol e Bor FIF AR R ol o

deci mati on 25¥Pupedsiagdopagignalieri ng 252 between conpensation val ues. The

step of expanding 310 iBclaides 2er fREST RO grvB- fod sk pansooecd) 258 and

i nterpol ati ngeut26(} bet ween ensat i on val ues. [ nder st ood t hat
s

0 t It 1s t e
even though nuiferods ER&F agfgglfSt%%% < q‘a?d\’fgﬁfea ésl%fdoe\fjd‘ﬁegu?sénbodi ment s
of the prgsent invention have e elar i.n the foregoing description,
t oget her ﬁjth details of WO GIEiiégvégﬁhga%&899ll8028 the structure and
function of various enbodiments of the invention, this disclosure is
illustrative only, and changes may be nade in detail, eBpextiidn y in matters
of structure @anangefRat sathpRAdeT:1Wdt Bnd RBR P5I PRE PEESadi s the _
present invention to theé; |.| extent indicated by %hg%broad eneral meaning
of the ternms BFF VM IR al%been ol &P ATREEX PestY. *HE el e, the
particul ar el smndeardhey sregodapbadinnghan the paittendiar eppit dation for
the serveosysgamaMiid,e wikinNtRigdiri@al@ssulstanth abhyaides AR Hemyctional ity
wi t hout departin ronbthe scoge and spir,it of ,thé present invention. In
addition, al t%eoﬁﬁisi'he SCaPEFr Bl° ¢ P§EdeP Bed  Rer Wi i rected to
a servo | oop $Hrthke disidthrni~ia fygoem(dit e | tnbeueilyprdesf igtesd Hyy at hose
skilled in theoks e sebhal Whent @86hidas Wi ReeBE@gENt | nvention can be
applied to other systens, wi thout departing fromthe scope and spirit of
t he present invention. WO 00/ 53226 PCT/LUS99/ 18028 - 15\WHAT |S CLAIMED | S:
1. A disc drive havi ngddtsedNaoop faqr2 o, ia tadhead over a disc, the
servo |l oop conprising: 5 a 3@ vo control #&r whi ch"generates a servo contro
signal in response to a received position error signal; an actuator,
coupled to the servo controller, which is capable of noving the head in 10
responselPo the servo control signal; a sensor, |ocatedEFW%IRR tfead, which
i s capabl e ofwisetsidqygisethe Fohoiemtcantdiedaned for thehdisequdypr oduci ng a
servo signal éﬁkﬁ-‘%&ﬁ]&m e 1S S A fdlon ﬁ %ghBQrQQHP' Prdr Wt h p reference

signal to prodl e position error signa conpensation storage device
whi ch st ores Yetgrfdtesdi@enpeiidaty offRlafes  Yeffdts in the Fourier

serieg consisting of only N harmonically related

20 exponential functions. (If the disc drive actuator is
moving at £frequencies which are above the Nyquist
frequency (£f./2 Hz), then these frequencies will be
alaised below the Nyquist frequency when written into
the disc surface). With this additional constraint, the

25 spectrum of the written-in error, d, and the written-in
correction, d, can be expressed as:



a servo conpensator adapted to expand the 20 deci mated conpensati on val ues
and inject the expanded conpensation values into the servo |loop. 2. "The '
di sc drive og flbin 1 wherein the conpensation val ues ar e pgp@hgssadods0

di screte tine § conponents of a witten-in runout. 3. The disc drive of
claim1 wherein the servo conpensator includes an R-fold expander. 4. The
disc drive of claim3 wherein Ris greater than 1. 30 5. The disc drive of
claim4 wherein Ris 2. 6. The disc dfPve of claim1 wherein the servo
conpensator includes an interpol ator adapted to interpol ate between
conpensati on val ues. WO 00151125 -16 PCT/ US99/ 18028 7. The disc drive of
claim6 wherein the interpolator conpfises a linear interpolator. 8. The
disc drive of claim1l wherein Qhekﬂxz%chga_ﬂﬂ§ervo sectors per track and

t he nunber of decimated 5 conpensati Valuds is less than N. 9. The disc
drive of claim8 wherein the servo conpensator includes an R-fold expander
and a nunber of deci mated conpensation values is NNR 10. The disc drive of
claim9 wherein the sanple 10 rate of the deci mated comaensactnoh val ues is
(NR (RPM 60) cycles per second (Hz), where RPMis the nunber of rotations
per mnute of the disc. 11. The, ?kiézg%lv?zﬁh claim1 wherein the
conpensation val ues are periodi’¢ thod of conpensating for
repeatabl e runout errors in a disc drive, conprising steps of: (a)

determ ning a sequence of conpensation val ues; (b) reducing the nunber of
conpensatd on 20 val ues in the sequence (c) storing t@%u%quﬁegbnunber of

ti al nmb f
Compensati on"ariots 38 CBF EBEHTR Pl CRErtP cobd T TeBESRTber of

conpensationemabueéh,andd(ﬁm eeﬁpehsaﬁbnglarsepeﬁfhoD@num ohete sc drive
based upon tiw%ﬂgﬁganggdcgﬂﬂgﬁgggggﬂmacyalues.
Given these constraints regarding the spectrum

10 of the written-in compensation d., it is possible to
examine the effects of decimation of d, in order to
reduce the number of points of d.. d. consists of N
points. In accordance with one aspect of the present
invention, it is desirable to reduce the number of

15 points in d, without degrading the performance of the
written-in compensation to 1less than an acceptable
level. This is the equivalent of resampling d., at a
lower sample rate, and then increasing the sample rate
when the compensation is applied.

20 The resampling operation is shown in block
diagram 250 of FIG. 5. The original written-in
correction, d., is a discrete time signal of N points
with a sample rate £, of 1/T, or N-RPM/60 Hz. The
decimated correction signal 8, is a discrete-time signal

25 of N/R points with a sample rate of (N/R)- (RPM/60) Hz.
The decimation is performed once, when the compensation
table is permanently stored, for example on the disc
106.



30 13. The nmethod of claim 12 wherein the reducing step (b) includes

perform ng an R-fold deci mati on on the conpensation val ues. WO 001 51125
-17 PCT/ US9 14. The method of claim 12 wherein the ' step (b)
i ncl udes | o%oé@gé%?i | tering the conpensation val ues. 15. gﬂ}ég%/ﬁgz of

claim12 wherein the expanding 5 step (e) includes performng an R-fold
expansi on. 16. The nethod of claim 12 wherein the expanding step (e)

i ncl udes interpol ati ng bet ween conpendati on values. 17. The method of claim
12 wherein the reduci 8’3610 steg (l%), reduces the nunber of conpensation

val ues by at |east' 509 .Fi%: The If2thBd 25 ASHIRFTS WheY™ P3%e disc has N
servo sect or fipeerim@chfanthe herigdircath neodesctdionc orglarsadl candral ues i s

| ess than N gy ﬁ'&é@dé@' ’ﬂe%%ﬂclgs(%o@r@céﬁ&j 9t OFFLAge @R, R- T ol d
deci mation angﬂéﬂe reduced nunber o cqrrpensatlgﬁc‘@aﬁues |§ Iﬁ% 19. The
met hod of cl &FmM2F8 Hfver ei Weithe SGMEEiPBdRYASE i2RY WERAGSS fidiani ng an
R-fol d deci natinber anfl sampledused sty Rffcldndersabtdonyalmeseis VR 20
20. A disc SE%@Q%@({} AT 0B db@%ra&%% ! ?rla?zg: pIEaNS.4or;  eading data
fromthe disc; neans for, controlling the neans for reading to conpensate
for runout iAcEpEdepee wizh the inventige. MG bApskR54n EPAVStIQSe AL . A | As
A AT #AsT . AhflpPeERMEOGECUr at times equal to integral multiples
of R are kept and the remaining samples are discarded.
10 This decimation operation results in the decimated
correction signal, 8,, which has N/R points and a gample
rate of f,/R Hz. The decimated correction values are
stored in the disc 106 at block 256.
During readback, these values are recovered
15 from block 256 and provided to expansion block 258.
Expansion block 258 performs an R-fold expansion on the

decimated signal 8, according the equation:

B(k)-d,(k/R) ,if k is an integral multiple of R
-0, otherwise,

Equation 11

20 after expansion of the signal, interpolation block

interpolates between the data points to smooth the

signal and provide the resampled signal d,, having N

sample points and a sample rate of f,. In one preferred

embodiment, linear interpolation is used, however, any

25 interpolation technique may be used in accordance with

the invention. Blocks 258 and 260 are located in servo
compensator 229 of FIG. 4.

The present invention results in a reduction

in the total number of corrections which must be

30 performed per track. For example, if data is collected

from a drive having 96 servo sectors per track (N=96),
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correction table of FIG. a loss of only 0.3
microinches.

Aspects of the present invention include a

20 disc drive 100 having a servo loop 232 for positioning

a head 112 over a disc 106. The servo loop 232 includes

a servo controller which generates a servo control

signal 214 in response to a position error signal 226,

An actuator 122 coupled to the servo controller 210 is

25 capable of moving the head 112 in response to the servo

control signal 214. A sensor, located in the head 112

is capable of sensing servo information located on the

disc 106 and producing a servo signal 218 therefrom.

The servo signal 218 is combined with a reference signal

30 224 to produce the position error signal 226. A

compensation storage device 212 stores decimated

compensation values. A servo compensator 229 is adapted

to expand the decimated compensation values and inject
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10% & () - 1Ogompensatlon values. The interpolator may comprise a
10 linear interpolator. The disc 106 has N servo sectors
204, 206 per track and the number of decimated
compensation values is less than N. In one aspect, the
servo compensator 229 includes an R-fold expander 258
and the number of decimated compensation values is N/R.

15 The compensation values are periodic.

In another aspect of the invention, a method
illustrated in flow chart 300 of FIG. 8 is provided for
compensating for repeatable runout errors in a disc
drive. The method includes determining a sequence of

20 compensation values d, 302, reducing the number of
compensation values in the sequence 304 and storing the
reduced number of compensation values 306. The stored
reduced number of compensation values are retrieved 308
and expanded 310. The expanded number of compensation

25 values are provided to a servo loop 232 in the disc
drive 100 at 312. The step of reducing 304 includes
performing an R-fold decimation 254 and low pass
filtering 252 between compensation values. The step of
expanding 310 includes performing an R-fold expansion

30 258 and interpolating 260 between compensation values.

It is to be understood that even though
numerous characteristics and advantages of various
embodiments of the present invention have been set forth
in the foregoing description, together with details of
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5 of the present invention to the full extent indicated by

the broad

general meaning of the terms in which the

appended claims are expressed. For example, the

particular elements may vary depending on the particular

application for the servo system while maintaining

10 substantially the same functionality without departing

from the scope and spirit of the present invention. 1In

addition,

herein is

although the preferred embodiment described
directed to a servo loop for a disc drive

system, it will be appreciated by those skilled in the

15 art that the teachings of the present invention can be

applied to other systems, without departing from the

scope and spirit of the present invention.
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position error signalj;

an actuator, coupled to the servo controller,
which is capable of moving the head in
10 response to the servo control signal;
a sensor, located in the head, which 1is
capable of sensing servo information
located on the disc and producing a
servo signal therefrom, the servo signal
15 being combined with a reference signal
to produce the position error signal;
a compensation storage device which stores
decimated compensation values; and
a servo compensator adapted to expand the
20 decimated compensation values and inject
the expanded compensation values into
the servo loop.
2. The disc drive of claim 1 wherein the
compensation values are related to discrete time
25 components of a written-in runout.
3. The disc drive of claim 1 wherein the servo
compensator includes an R-fold expander.

4. The disc drive of claim 3 wherein R is greater
than 1.

30 5. The disc drive of claim 4 wherein R is 2.
6. The disc drive of claim 1 wherein the servo

compensator includes an interpolator adapted to
interpolate between compensation values.
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11~ 110%0 7. The disc drive of claim 6 wherein the
interpolator comprises a linear interpolator.
8. The disc drive of claim 1 wherein the disc has
N servo sectors per track and the number of decimated
5 compensation values is less than N.
9. The disc drive of claim 8 wherein the servo
compensator includes an R-fold expander and a number of
decimated compensation values is N/R.
10. The disc drive of claim 9 wherein the sample
10 rate of the decimated compensation values is (N/R) e
(RPM/60) cycles per second (Hz), where RPM is the number
of rotations per minute of the disc.
11. The disc drive of claim 1 wherein the
compensation values are periodic.
15 12. A method of compensating for repeatable runout
errors in a disc drive, comprising steps of:
(a) determining a sequence of compensation
values;
{(b) reducing the number of compensation
20 values in the sequence;
(c) storing the reduced number of
compensation values;
(d) retrieving the stored reduced number of
compensation values;
25 {e) expanding the retrieved reduced number of
compensation values; and
(£) compensating a servo loop in the disc
drive based upon the expanded
compensation values.
30 13. The method of claim 12 wherein the reducing
step (b) includes performing an R-fold decimation on the
compensation values.
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16. The method of claim 12 wherein the expanding

step (e) includes interpolating between compensation

values.

17. The method of claim 12 wherein the reducing
10 step (b) reduces the number of compensation values by at

least’ 50%.

18. The method of claim 12 wherein the disc has N

servo sectors per track and the reduced number of
compensation values is less than N and the reducing step
15 (b} includes performing an R-fold decimation and the
reduced number of compensation values is N/R.
19, The method of claim 18 wherein the step of
reducing includes performing an R-fold decimation and
the reduced number of compensation values is N/R.
20 20. A disc storage system having a disc,
comprising:
means for reading data from the disc;
means for controlling the means for reading
to compensate for runout in the disc.
25



