;e3e FK FFGQ : VI fJ6JTFK h;  SELF- MONI TORI NG AND SELF- HEALI NG OF FREQUENCY
SPECI FI C POSI TI ON ERRORS | N A DATA STORAGE DEVICE Field of the Invention
The present invention relates to data storage devices such as hard di sk
drives, optical drives, and the like. Mre particularly, it relates to
detecting, correcting and reporting defects in the sane. Baﬁm,ﬁm W he
I nvention Data storage devices such as hard disk drives, mm m]mﬁ
and the like typically utilize rotatable storage nedi a fromvvhl‘qgl,l ata |s
read and/or to which data is witten. A hard disk drive, for exanple,
be constructed using one or nore di sks of magnetic storage Ied to
a rotatable spindle supported by one or nore bearings. An am’m&{mﬁ
notor is coupled to the spindle is used to rotate the disk(s or
nore actuators having read/wite heads di sposed at their ends ar@m@m/ept
back and forth across the radii of the disks to read data fromand/or wite
data to the disks. Simlarly, an optical drive such as a CD-ROMor a DVD
drive relies on a spinning optical disk dnd a radially-nmovable read/wite
head. Regardl ess of the storage nmediumused, data is typically arranged

into concentric tracks on the nedium and preci se positioning of the
actuator, and thus of the read/wite head, by a servo systemis typically

required to ensypg R NRINITG @ANBS%’LWA'I;NQP@F‘FIQE%WW&]? fAC ect

track on the storage ] T S Ta—on
data storage capamty% X ‘.&‘@"D. f d by the

devel opnent of new processors that run faster and faster, executing nore
and nore instructions per second. TpﬁF(pﬁgg{eqme% ai ni ng these

i nstructions have al so becone nore Volu g wth the data accessed
by -2 these pr ogﬂmrlxescﬁlmseqmrrella;e,s ta)idatastzm:geatgexcdesuohas hatddiskadrpv@s,of f er
reduced access. .S eed al on vr dditio storage capacity. One prinary
manner of i nOPEE est)&f‘?lnglet a@goréé’ﬁﬁl‘ﬁ“??lyaﬁddé t B etegiagaearescting ndgh

i ncreasi ng t gl gﬁbgtym%k&ﬁe_l s typically tracked in ternms of tracks per

inch (TPI). Increas track density allows nore data to be stored on a
given disk size. In addition, access tine is also reduced since read/wite

heads do not need to be noved as faﬁ bet tracks to read or wite data.
As track density increases, homegé-ﬁ—g@‘—’é&’ig—%ia‘%‘f@fl%i ng accuracy of an
actuator is |ikewisg, i6apé bed a@\qces SHER RERATRIaRK dfhRE Bl abived GRE R 1AWGHER]
mechani cal vibrations an l'i ke have a conparatively greater effec an
al i gnnent of ua'liz@mdtitahli: Stmaguenetdm from wikid datd ispad amijoitetwidelndatdjissesnén. A
tracks on a |sk sult ybflcant dﬁvejo pment eff rts have heen

directed to Ved 5*%?‘8% 8 GPRAtrugiel psing pae ermorg disks.of faaegetic
read/wite h%?ag%%ﬂcﬁé EGtiplédito aFORaBH dpifdlb &spp@ﬁe@b%n&&%sferbebﬁngse'm ed to
nar r owband nechani cal excitations of an actuator in a hard di sk drive,

whi ch of t en assathte of @ metor e&gememmwﬂleppmdbbs gsadrta citateithe digk@), rvdulemne@flvR)
and consequent | One, such narr owb

“nmechani cal e %3‘%& ﬂrsj"tggﬁé%?l’( t\é}egcgs %‘8?1?88%8taqjﬁlf)%dsraﬁﬁﬁ)\ﬁ?pt rg’f‘f‘ect s

from def ect saéfasstthermﬂtﬁ@&smqeéd)dz&&mmdvorweeﬁta t@h [didg, SRhiiHEhn.
e.g., where the bearings are Brinelled due to dents in the bearings'

raceways. Suoptichdficve suctl@nd Gy RgBvier atlRVE divemelies osracpimingopticabdisk andd xed
in frequencyl @lf stil d/ﬂ%gegé bl e due to a non-repeatabl e phase. Due to

mechani cal K drive, NRRO excitations are ultimtely
detected by the degﬁdI%thH@Etﬁfagé?ﬁééﬁluﬁ%@éd ahda%t ie@ﬂfﬁhﬁfkgﬁ nﬁe%ﬂ& fic
frequency conponents to the controller's control op, anpers t

control | er' stra¢kslantthe medimat and preecige positivning of theaamatw,tmﬂthmofah@md/wmack

regi stration result) the fee ackt the controller, typically in the
formof a Pog?@isbﬁaﬁ?l?'elsy r@hsatIYP’(CF]g)SFq“}rE s ibat dhe reggwatic Read i esul t i n

m sreads andp¥dibfed VBt Mk Crred Bcitbh B GaYe iBailfuced drive performance.

Today there is an ever increasing demand on data storage capacity and access

speed. These demands are fueled by the development of new processors that run faster
and faster, executing more and more instructions per second. The programs containing

these instructions have also become more voluminous, along with the data accessed by



-3 Furthernore) in some drive designs) the disturbance frequency resulting
from NRRO nechani cal excitation is near the open | oop zero crossover
frequency of a servo controller. As a result, the excitation is actually
anplified by the servo controller, which further exaggerates the PES and
reduces drive performance. Another concern raised by NRRO and ot her
mechani cal excitations is an inability in conventional data storage devices
to detect such excitations before they have an adverse inpact on drive
performance. Many hard disk drives, for exanple, include predictive failure
anal ysis (PFA) functionality that attenpts to detect potential defects in a
drive prior to drive failure, so that a uger can be notified of the defects
intinme to transfer any critical data to another data storage device and

replace t heﬁgﬁsﬁﬂg%gr ?"2‘8?74%%%{1?’%‘3 stord ice® mudBhido BffekredidodCaccess Ist:e:d

manuf act ure eporting standard referred to as Se

Moni t or i ng, al6A@kwithi addididdlalRemagpé capgeifechnol ogy (S.M A R T.). Wile such
functionality s often able to detect a nti{rﬁ?er of potentjal defects, such
functionality i sOnepriswpamaenesiof foreasingbgthiierags cananity andarSessNReRY Knd

rel ated nmechani cal i l . : ! MNRBCk other
rel ated mcﬁl&%quldpcrgisgﬁké gﬂkgdr@s%y;ﬁv lﬁ?l{fﬁ‘? tlé%ly%gﬂ%ﬁgqgfgﬁsse of ﬁ egg&e}gt ed
drive fail urgs) RMoftasdneRkdendity Blowsahorddhtaco Hastarediiner gilven diskaizsi gmi f i cant

need exists in the art for a manner of detecting and/or correﬁéi ng éor
def ects in additiom ascess e igjalye caslupedssings Tayl/ writsh Bolhest e Pe MOYAAAS cal

excitations -4 S ry . of, the.l ntion The invention addresses these
and ot her p%mtmng?ng%c@gﬁaélomv}l\ﬁtﬁ% e prior art by providing an apparatus
and net hod of copg @bk BEEig IncRedsed howe i, greslart positionimpgecol@iy ofan actwdtorci

nar r owband nechani cal excitations such as NRRO di sturbances due to ScPi ndl e
bearing def ikevasarequited. cCurtwrmars vibrationplefeels speh sgechaaical vigrations apd the
rejecting dj.sturbance freguenci i 1 '
mechani cal ngec#*}vgtai °6’H§?af% an 8¢ Giigfaetqtgcr%p(gﬂoﬂtgl% &e‘ﬁﬁﬁaﬂ%ﬁ&/&gﬁ%? g‘?igéﬁgsedg “ia
storage deviGging®eivdhnl @aceliansksbendiski AR aceslasigaificantdevalepmeneeffortsn, f or
exanple, a filter may be used to reject, froman actuator control signal
gener at ed bhave teen direated tgmpiening date sierags|desice seve s¥tgRbhateo &i?é{?g@te
associated with a spindle bearing defect in a data storage device.

Consi st ent 'ﬁdﬂe@ﬁ%&%’r aspect of the invention, a narrowband filter

di sposed in a cophk QhrticORP ah o clfet is irelatad e ntaiwband ardchanitd rexoitatione of
configured to reject a disturbance freﬁuency froma control signal in the

control | oopn adtwator ie a harg diskidpive,whish gftensresil njacsased nopEREAAY 18€koci at ed
with the data st.or {C @l ST 3 ) aspect
of the invelti&S ”gg’ﬁég&ﬁﬂ ?’%‘gg&‘élg@ﬁgggﬁfdl n adlggﬁ?‘?eo I ooéﬁ‘%)ef %ﬂ?g

st orage devjgeovesunt midchericaley citionaidnisyelaed té notepaatiblanmpin@RR O efif¢aty

defect in a data storage device by detecting an nPlit_u e of a control
Signal i n t fremuisfeaisi thobearings Bredip PIEOHUEPAl} & ATV RS o bR fhe
associated with the i j P ges and
f eat ur es) PR ﬁrﬁr]%‘?qe@?b ?\engcﬂ%én:fkﬂi\x} gﬁ{ ?ééh}lg%?agégg ) 195 83? %1 Elgfcﬁ&? Igllgdlic??ai ns

annexed her géferA08 spiatl¥ exgit@ionthatie fixgbint frénaemyf buthdtilimeoarepeitablealub s 4 er
under standi ng of the invention, and of the advantages and objectives
attai ned t hnonrgpeatablephase. r ef er ence shoul d be nade to the Drawings, and to
t he acconpanyi ng.descriptive i i r k abhdgd exenplary
enbodi ments of tPé’ei%Ulgﬁrﬁngcﬁ.l BBghif wilin 'k drfYe! RRRG et

ultimately detected by the drive's actuator servo controller, which adds spurious

frequency components to the controller's control loop, and hampers the controller's ability
to accurately position the actuator for proper track registration. Asa result, the feedback
to the controller, typically in the form of a Position Error Signal (PES), is exaggerated,

which can result in misreads and write inhibits, and ultimately in reduced drive

performance.



-5 Brief Description of the Drawings FIGURE 1 is a bl ock diagram
illustrating spindle NRRO interaction with a servo controller in an

exenpl ary data storage device. FIGURE 2A is a graph of force over tine
taken at point Ain Fig. 1. FIGURE 2B is a graph of force-to-notion vs,
frequency for the spindle nechanics at point Bin Fig. 1. FIGURE 2Cis a
graph of notion input over tine taken at point Cin Fig. 1. FIGURE 2D is a
graph of the frequency response of the servo controller in the data storage
device of Fig. 1, taken at point D thereof. FIGURE 3 is a graph of a
transfer function for a data storage device servo controller before and
after the addition of a narrowband filteg_to reject a nechanical excitation
in a manner consistent with the invention. FIGURE 4 is a top plan view of a

] onsi stent with th ion Fl GLR ol an
Control | er _const LRGSR h o R i, ot AR B8 HeUeh et BT AAD

agram of
the cont r oINRO Hechifical #xcifatichWRndar the oped 6P zets crpesived equehepof ¥ servalef ect
l evel in an exenplary inplenentation usi ng the controller of Fi ? 5.
Det ai | ed Desntrdllet.i A aFesultethb cuéitasion ds aptuallysasenlifiedbyithesaree centrallep,avhich

narrowband filtering wthi cont.rol 1oop af actuator servo control to
det ect and,ﬂgﬂhe&aqggggate&éa%lgﬁga%@gﬁgg?egtdg c\ﬂeﬁﬂ“ﬁ%rﬁg'epeat abl e runout (NRRO
and ot her nar r oybgiidr BEitcealYafkd b?l‘ﬂiﬁ@hﬁd)ﬂﬁlefﬂleéhfﬁiﬁiaﬁe)&ﬁﬁﬁ@ﬁﬁsdﬁ‘fﬁdbﬁityVW le

detection and correction are inplenmented in the hereinafter described
ermbodi nent $n canventidnial data appage devitesdotdatect sih @xcitasions heforecthey haverinof such

defects may be inpl enented i ndependegtly . fromone anpther in so
i npl enent aP@Yﬁ‘i@,’“&a@t,‘fn ‘h’é‘fe o a%ﬁywﬂaﬁ%‘éfag‘éﬁ’ ) eﬁ%’?‘??’ym ﬂlglﬁst em or
user of a gf‘efdj}‘fi%:e ‘Miful?f’hﬂalﬁ'i'sy(P@’N) ?lglmttioﬁaﬂity Pt 8REmPHY e d&te St §JoRsikial @fects in a

correction“may be inplemented without any runtine nonitoring. Moreover,
whi | e the davepriaftbelrive ésibws, lse that piusetican be aotified ofithe defentsdu tims th fanasfer sk

dri , it wll_ b iated that the. principl A he. i
Gpply 1o opRutsal b imager dastten dric gl Frdadind bl 4 P Kl hoat o,
i ncl udi ng, n%u%ﬁe Gikk BRYd HahufdétheBSsuppbR alcOM BN 1ePortifig kA& RrBdto

limted to e specific enbodinents discussed herein. Prior to discussing a
speci fi ¢ eabSelf-Muitorihg;} Analysis/andtReporting Techaélogy S Me4iIRA . JofWhilReychef ects i s

provi ded herein. For exa e, turning to the Draw , Wherei.n |ike nunbers
denot e | i ké&msHppality ﬁ‘r‘?ft?ﬂ%{ﬁtoldﬁ@c's%vg? TO@PBRR}EJ){,‘%CE?%?W%%‘ Ct{%'é’hty ts hot
propagat i 0, 0 BHRAR iﬁghefeeﬁg iHafbd RO NRRD ah@belabd Ssemial ¥xdatianst Ay age
devi ce 10. ?n particular, Fig. 1 illustrates an exenplary spindl e bearing
12, i ncl udiesgltgprpgressive NRREX artvlaitheriyeated magshanicalestitations can nltimasedwhe thee
Mechani cal bearings such as aring .12 are cept.. o the formation of
def ect's or PRSP OF HiXpeLed H“Y%Eﬁ'%?&e%&f?{‘sc@."a‘iﬂgséu@d ng?tltahel ling by the ball
‘bearings. One sygpbrefsk adigificint heteldxiterh tHe ag forambhmalol etattidgfandlorFi g. 1.
It has been found that Brinelled bearings generate a mechani cal excitation
that is at carectingfondefsctsinadatn storegadeviercrssylting fremdyRRO and otheranechaniegl | on
is arelatively clean sinusoidal signal, although the anplitude and phase
of the excP¥4dt 18%-may vary, and indeed may increase over tine. Arrow A of
Fig) 1, for exanple, represents the application of force between a bearing
and a hub due to such an excitation, and Fig. 2A illustrates the periodic
nature of the excitation via a graph of bearing force over tine

—




taken at point A of Fig. 1. _7_ For exanple, in one comercially
available 3.5 inch formfactor 10,000 RPM server class disk drive) it has
been found that the disturbance frequency of bearingi nduced NRRO error is
approximately 2978 Hz. Wile other drives, and other bearing designs, wll
general ly have difference disturbance frequencies, typically it is the
design of the bearing (e.g., the ball radius and the bearing dianeter), and
t he speed or angular velocity of the drive, that dictate the disturbance
frequency, irrespective of the magnitude, |ocation and/or type of defect in
the bearing. Returning to Fig. 1, one or nore bearings 12 are nounted
intermediate a shaft 20 and a hub 22 upop which a plurality of nmagnetic

di sks 24 is nounted. A spindle notor (not shown) is used to rotate spindle

mechani cs, including hub 22 aboyt shaft ﬁg é g.l tter of which is fixedly
nounted to a frame or housing 2&%% of the [ % tmi:ie. As such, the
excitation generg.aavdifion ad&kees these BRPSthétpraBletnk histoiatddywitls theqrioeyrdyt 0
hub 22 and disks 24. Fig. 2B, for exanple, is an exenplary graph of bearing

force to trmewdmgtanapparstus indyethodyof contrallieg shacivater et dain slomee (devise it ed

t int BinFig. 1. In the. h, the 2.9 i S e i
Shown superYgbediPBer TesCH AR atot ey VR Talba R IEEREY ' ©
mechani cs. .bzgﬁn%ﬁecfyéé afeldelddRdaANE ¥aistedhrdu senstig &d/ditejetting distafbance e
mechanics is a pertodic (1.e., fixed frequency) disturbance that is

det ect ed byfrdghenciestassdoiatedswith suchymaremwhoond merkanicsl exgitagiophial anPEBIOr as shown
in Fig. 2C by the exenpl a?r_‘%/ ragh of t(rﬁack not | gg due to bearing force over
time taken cantrplignal gengfat E}.ga A HOrREeHCICE CBNFRE s effectivel y summed at
28 wi th the PES ith! khoft thE iR e Forl eR@Mpld, aifir £ 'b6 usedsioem and
fed as input to%&}?’gﬁﬁ-&f%loﬁg?\%pﬁ contlrol | er S%r) V\/mpch IS usez to generate
a control sejgoafrothal actiratoresnaol sigitaligénerat&bbyipdata alorage deyicgicopiselies 2 he
read/ wite heads for the drive. .such, e di sturbance, resulting.fromthe
NRRO mec ha@@&ﬂb%&ﬁwp‘a’rﬁsﬁé’é‘lﬁ?@g’“gﬁ SB{?&??%CBH&% a%lé?tdp ac%&ﬂ)scsf?fgﬁ? a‘%ﬁ%et’ nust
be corrected f Ol bilahSherpe ol ticthdéhtioR] SARANPOAAUIRE dispbde in a
inhibits that can reduce drive pe?formance may result. It has also been
found, howaseatrol Tobpbf 4 Hata BleR@endevica nomsedllee pay bacowfigured te rejosta distipance

Brinell ed bearing often has a djsturbance. fr ency that. is joity to
the zero crice¥eReyfrom é&ﬂ%‘ﬁ@y““gnﬁl mttﬁﬁc?rpﬁ?i ILQQPS}ET dW'%%m’c(%ﬁW ol %rr &EI?I) ﬁ%‘t
actuator sty cyafs i [thhe datPstoRbOB&ABNdneOREr. di sk drive, for exanple,
the zero c(raf(;)esqglgl\?/ r gdrpé%%d]evr‘{cyﬁlles typ’iocglly bel ow 2 kHz, e.g., about 1.5 kHz,
so a di st ur banceCdisipnenith yof ardtigerlaspect off the injvestion b pgak filier digpasedingssover
frequency, and hence within the rejecti "bubbl e" . .for . the controller
transfer fuaeatrpbligop pfg datastorage ey ,co?thggf F@a?fgﬁef}ﬁ%ug?r%éongeﬁ?&)géglglgiet o the
PES by the t;E%ﬁ Licalin 8 Gtalstrh W ddviceaRiderlclig aRhplifudd oby coteol sipnblrialther
whi ch there orggg%tger}?uat easS trhéemlefvf eﬁs of t%e excitation., It has been
found, for cexaoploep it pakinitetosf distarhaned faemgney asrocirtpd withdhe spiptle paringe
effects of an NRRO error by 2.5 tines or nore. As a result, the PES is
exagger at e_cﬂef%‘ri ch can induce further msreads and/or wite inhibits that
can signifi cant |, JediEGhEr idvantREdsl 0 FeuGes, which clidbictdrize thamvpition, a® set
graph of the frequency response of the aforenentioned track-follow ng

cont r ol | er )fottake theafiaimoiantexBd hérefd and foymiaga furtherpartderaed. Howeperefsdce of
the 2.9 kHz disturbance frequency within the.rejectiop bubble 1 he
transfer fubstter srdesstanding ofghg F’(’!F%‘/té?“.’ a’éf!)?fs‘?‘% {“gYﬁnl‘Wﬁ ?lm{]?\tge(fqhv\? 2 %{taﬁ%eﬁif t he

effects of tﬁﬁoe'ﬂ%secgggﬁ%cﬁ@é slﬁ)’ﬁ? bAhh @ YoTHEDrafng) @nd © fhe ﬁbédiﬂﬂa‘n?igrgs pi ndl e

beari ng may roma data storage device servo control| using a
nar r owband geab@siiveanatter, ih evhichheridré dasclibed éxemiplasy brbnditnentscofitheainvention.
insertion of a narrowband rejection filter, such as a notch filter
configured to reject the disturbance frequency associated with the NRRO
mechani cal excitation, in series with a track-follow ng controller my be
beneficial in elimnating the rejection bubble and thereby effectively
rejecting the effects of the NRRO nechani cal excitation. Mreover, it has
been found that only m nimal phase |oss (e.g., |less than about 2 degrees at
the zero crossover frequency) typically results due to the use of a
narrowband filter. Fig. 3, for exanple, illustrates for the aforenentioned
di sk drive, an exenplary transfer function for a data storage device servo
controller) both before (line B) and after (line A) the addition of a 3 dB
narrowband filter to reject a nechanical excitation in a nmanner consi stent
with the invention. It has been found through experinmentation that, through
the addition of such a filter, a 4-5 tinmes reduction in the nunber of wite
inhibit errors may result in sone enbodi nents. -9 1t will be appreciated

g, " Y

e v



t o NRRO nechani cal excitations may al so be detected in a data storage
devi ce) using a conplenentary bandpass filter such as a peak filter to
isolate arid nonitor the nmagnitude of such conponents in a PES. As such, an
el ectroni c mechani sm may be provided to detect the adverse effects of NRRO
mechani cal excitations. As will becone nore apparent bel ow, detection of
di sturbance frequency conponents due to NRRO nechani cal excitations such as
due to Brinelled spindle bearings nay be used in a nunber of manners
consistent with the invention. For exanple, such detection may be used in
Predictive Failure Analysis (PFA) algorithns to predict potential drive
failures, and/or may be used as a reportiqng nmechani smsuch as in connection
with System Monitoring and Reporting Technology (S MA RT.). In addition
to, or as an alternative to SﬂGQ;gg;&l{' t%n%qhxﬂrﬁw: reporting, such

a

detection may al so be used t y Te] ect sucn conponents through
sel ective contr Oﬂrlcg)@ 15918 bioRR QidghR iIRfstrigug sphiiia NRRO teravijori with atskevoser vo
control |oop of a data storage device. Referring nowto Fig. 4, one
speci fi c endoadbharih ankexemplary datostorage daycaind sel f heal i ng dat a st orage

device 50 consistent with the invention i i S shown

i ncl udes an fr andOHRE OIS AG (&ﬁWﬁFﬂvﬂﬂﬁgingg?ﬁﬂgﬁtégﬁhﬁgﬁ?a transfer
rechani sm 54) e Goure Bk rfh o 6lcé-¥E iR VEEBIRBCTo the spifidhgmoctenis
nore magnetic di sks 56 nounted on a rotating hub or spindle 58, along with

an act uat oratpeieBahyFigd.i ncl udi ng one or nore actuator arns 62 that rotate

about a pivot pain and t hat .i ncl ude h Lt g heads 66

di sposed at the Eﬁ%ﬁ?%ﬁew fé’?&‘%@%@&???%?g‘e)ﬂ#gn EF@%A%E@E@;? '

rotatabl e data tgEistehpTesRAPhIthERRnSPressare of theasivodepaollérigther om t he
spirit of the invention, e.d., optical, nmagneto optical, etc. As is well

known in t h@at@stbragadevied of Figskdaltsinyat 60int B thenepf. gured t o sweep actuator arns

62 about pivot point 64 and agcrqss t urfacg of i sk.56 align
each read/ wite HEAREBE igp ﬁﬁ‘Pg 98@5‘4‘%% ftsurnﬁ%(_l’g' agﬁgfsﬁ%ag‘\i %{E”%gsre Ié‘g)t ly
exagger at ed_ . fLARfod aht dfe Ant Qdditibh B4 hakéwisand il RO fER)ect Antbahanicdl or age
control ler B Qrive CoNntro fer 70, including a servo control |oop (not

shown in Figkcitdfior in ausenher oorcsistent withithe inventieR-or assenbly to precisely
align each read/w.ite head over the sire s 0. i sk..fflg. 5
illustrates dri v@mgdf pigpP B“wag‘%eeaa#agf 88%3 glﬁFwQ%g?@x‘g?rﬁ%‘In%ésF i;? s sake,
only those &BHR&i}glk&ﬁ sgﬁé}{esiiﬁé &httdiledconsistent @ith eerinvetioand

moni tori ng/Teportil 0

g NRRO def ects are shown in_the figure. It will be
appr eci at ed t hat FIGURE 5fisia bldckmidgram o thesontoler ofFig 4 he el ectronic control
of a disk drive will also typically.be incor t I [l er 70,
and/ or into one EKHN%EQ158@%&%6&8P¥89%8??%ﬁTgg%gﬁggghpé?g C dp ed to
controller ; 3 bedld @S Fid 8. part, a servo control l[oop 72
i ncl udi ng a rlgrggrﬂ%tgﬁ %ﬁgnglgggnt roller g74 that drives actuator 60. A PES
signal fromactuator 60 is fed back as shown at 76 to controller 74, which
generates, in response thereto, an actuator control signal. 78. A rejection
filter 80 is selectively insertable into control |loop 72 by a pair of
switches 82, 84, thus permtting filtering to be selectively applied to the
actuator control signal output by controller 74 to actuator 60. Wile in
sone inplenentations, an analog or hybrid filter may be used for rejection
filter 80, along with discrete switching devices for switches 82, 84, in
the illustrated enbodinment, filter 80 is inplenented as a digital filter,
whereby switches 82, 84 are nerely diagrammtic constructs representing the
sel ective application of digital filtering to a digitally-represented
actuator control signal. Control over switches 82, 84, and thus of the
insertion of filter 80 into the control |oop, is provided by a defect
nonitor 86, which receives as input the output of a peak filter 88 that
recei ves the PES signal as shown at 90. As with rejection filter 80, peak
filter 88 nay be inplenmented as an anal og or hybrid filter, although in the
illustrated enbodinent digital filtering is utilized for peak filter 88.
-11 Both rejection filter 80 and peak filter 88 are typically inplenented
as narrowband filters configured to reject (for filter 80) or isolate (for
filter 88) a specific disturbance frequency associated with a particul ar
NRRO nmechani cal excitation. For exanple, when used in connection with the
aforenmentioned di sk drive wherein a NRRO nechani cal excitation froma
Brinell ed spindle bearing has a disturbance frequency at about 2978 Hz, it
is desirable for both filters 80, 88 to be centered on about 2978 Hz, and
to have a bandw dth of about 50 to about 100 Hz. As noted above, however,
different center frequencies and/or different bandw dths may be desirable
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As an exanple, it may be desirable for defect nonitor 86 to define five

| evel s of responsive actions based upon the magni tude of the disturbance
frequency conponent of the PES, as shown below in Table I: -12 Table I:
Def ect Monitor Responsive Actions Level ActionS. MA R T. Al ertlnoneBrinelled
spi ndl e bearing detected -Level 12noneBrinelled spindle bearing detected
-Level 23insert 6dB filterBrinelled spindle bearing detected and6dB filter
i nsertedd4insert 20dB filterBrinelled spindle bearing detected and20dB
filter inserted, reconmend driverepl acenent5insert 20dB filterExcessive
NRRO, recommendi mredi ate drive replacenment Through appropriate polling of
the SMA RT. alerts, a systemmay therefore have anple opportunity to

t ake appropriate corrective actions, such as drive replacenent, well prior

to any drive failure. Wile the inyentiqgn.,has heen illustrated by the
description of the enbodinents thebé&ﬁam&% t he embodi nents have been
described in CO”%@%&%P&&?M& ussééhérénﬂ%r utilige hattGbanamil@tingRattisant .t o

i m

restrict or in any way e scope of the appended clainms to such
detai | . Addicbhtesldbopofeainrgersesvectomil foi dedeict amd/oa ddnepte@icdtyaspgetad With t hose

skilled in the art. The invention [n. .its br g %‘r“éa:l heref re not
linited to teareppasahle runoyk(NRRQ) ap B‘ihﬁrs'éq{’foﬁ "}fgﬁ ﬁ§°1 and
illustrativ ybe
mmde- {1 om s SIARIRYTE W UARal 8R4 b&tion Mcifipiamictied i“‘*??“é%%‘%&eﬂa

applicants' &m&&bmba&imhtsya willbe eppreciatedtBat\detections and mjectian oEsuch defgts
appar at us, conpri Si ng a data storage device ontrol | er conf{ ured to

control an aeayheimplemeniedindepeadentiyfeom ons anot WEF%‘PF\WH]@H’&H ORY Gréege

devi ce contr I

fr \é::]uency agg{%ﬁ%r{ egy\%mwggg%;dgéﬁén@gﬁ# ng fsglg(t)frﬁ\&‘t%ﬁga 8"3’%’3“?{%?2%’2 ©.
devit CeI }‘ r Omcgﬂe@rﬁhﬁﬁi wfeanJﬂecﬁ?gmy be émplenateetdd gb\yht}mhtaal:}amgtlmtmta@feﬂdgw ce
controller. 2. e apparatus_ of cla ein the distur r.equenc
is within aMegpevar whilnihs bp@lrmf@bé%gh%%{}@émi%tﬁ afedF@i%%?‘? ?Srcf@di‘% Qﬁg y
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claim 1) V\/n nar nd filter selec omthe group

consi sting @fordgediegiceathangtilide rbiatablo stormpe mediapipchidingsfor exauipke, bytinal drives.
filter. 4. The apparatus of claim 1, wherein

a st %(gﬁev ce
control | er fEhetinventipmis thereforgnetdimited 194he ﬁﬁﬁﬁi’r?c?n?q ’B‘Fntﬁlﬁ’ssﬁlggg THY% he
control 199, and At SURANLY pEHACEmBNRRRANGH Hi FUARANErict BBURGRH of
associated with a earin

e data stor age devi ce.
NRRO defects is provided herein. For example, turning to the Drawings, wherein like

numbers denote like parts throughout the several views, Fig. 1 shows the propagation of
mechanical excitations through an exemplary data storage device 10.

In particular, Fig. 1 illustrates an exemplary spindle bearing 12, including a
plurality of ball bearings 14 residing in a raceway 16. Mechanical bearings such as
bearing 12 are susceptible to the formation of defects or deformities in the rachays, e.g.,
due to brinelling by the ball bearings. One such defect is illustrated diagrammatically at
18 in Fig. 1.

It has been found that Brinelled bearings generate a mechanical excitation that is
at a relatively stable disturbance frequency, i.e., the excitation is a relatively clean
sinusoidal signal, although the amplitude and phase of the excitation may vary, and
indeed may increase over time. Arrow A of Fig. 1, for example, represents the
application of force between a bearing'and a hub due to such an excitation, and Fig. 2A
illustrates the periodic nature of the excitation via a graph of bearing force over time

taken at point A of Fig. 1.



5. The apparatus of claim1, wherein the data storage device controller is
further configured to detect an anplitude of the actuator control signal in
proximty to the disturbance frequency. 6. The apparatus of claimb5,
wherein the data storage device controller is further configured to
selectively enable the filter in response to the detected anplitude of the
actuator control signal. -14 7. The apparatus of claim®6, wherein the
data storage device controller is further configured to select fromanong a
plurality of attenuations for the filter in response to the detected
anplitude of the actuator control signal. 8. The apparatus of claim5,
wherein the data storage device control[e;_is further configured to report
a potential error in response to the detected anplitude of the actuator

control signal. 9. The apparatus of claim. £ el h t e

devi ce contr ol | eForjexample; HePNEGOHINY| &aY%l%HV%;ﬁ{%Q&Péng%?%r@f@gqﬁﬂg
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ing: (a

devi ce, theSheY npri generating an actuator control signal
that cont r ol gu@a NRROGT i§ apprdemelelp2%i8dia W hile wihes drixes apdptheepasginEng a
di sturbance frequency associated with a spindle beari d L dat a
storage devdesigns with gemeraly hays Gffercphe p’é?‘“@l“@ﬁ bpgu%!esgﬁglcgnlgfﬁg%fhgfd E‘l’gg?ai m
10, wherein the di styrha etk diAmBter s hRd tHeQpedd Srtdnguidi sposed
above a zer%tttg?nggF'%f’?@ece]tﬁafé{l%gﬁggg%gcateed %]vith a )Sata siyg?a e device
control | er §hatiyasmRe afies tidodicans thatdistutbenterfiquenayn irespactive PhEerrpagniidof

claim 10, wherei'n rejecting the disturpance frequency is perfornmed by a
nar r onband Tochticerandéirdynecef defeshinthe be 8o consi sting of a digital notch
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and a hub 22 upon which a plurality of magnetic disks 24 is mounted. A spindle motor
(not shown) is used to rotate spindle mechanics, including hub 22 about shaft 20, the
latter of which is fixedly mounted to a frame or housing 26 for the disk drive. As such,
the excitation generated by a defective bearing 12 ultimately is conveyed to hub 22 and
disks 24. Fig. 2B, for example, is an exemplary graph of bearing force to track motion Vvs.
frequency for the spindle mechanics illustrated at point B in Fig. 1. In the graph, the 2.9
kHz disturbance frequency is shown superimposed over the normal frequency response of

the spindle mechanics.

The result of the conveyance of the excitation to the spindle mechanics is a
periodic (i.e., fixed frequency) disturbance that is detected by the actuator servo system
position error signal (PES), as shown in Fig. 2C by the exemplary graph of track motion
due to bearing force over time taken at point C of Fig. 1. This disturbance is effectively
summed at 28 with the PES feedback signal in the control loop of the servo system and
fed as input to a track-following controller 30, which is used to generate a control signal
that drives an actuator 32 upon which is disposed the read/write heads for the drive.

As such, the disturbance resulting from the NRRO mechanical excitation becomes
an additional error component that must be corrected for by controller 30. Otherwise,
misreads and/or write inhibits that can reduce drive performance may result.

Tt has also been found, however, that the NRRO mechanical excitation resulting
from a Brinelled bearing often has a distarbance ffequency that is in proximity to the zero

crossover frequency for the track-following controller in the actuator servo system. In the



frequency associated with a bearing cage in the data storage device from
the actuator control signal. 14. The nmethod of claim 10, further conprising
detecting an anplitude of the actuator control signal in proximty to the
di sturbance frequency. 15. The nethod of claim 14, further conprising
selectively enabling the rejection of the disturbance frequency in response
to the detected anplitude of the actuator control signal. 16. The nethod of
claim 15, wherein rejection of the disturbance frequency is perfornmed by a
filter, the method further conprising selecting fromanong a plurality of
attenuations for the filter in response to the detected anplitude of the
actuator control signal. -16 17. The ngfhod of claim 14, further
conprising reporting a potential error in response to the detected
anplitude of_ the actuator .control siqgngl. 18 Th t f .cl.ai
further conffPregiengo éa’glf gays. Oraﬂé(flgllp%’ ﬁﬁ?ﬁm{ ?{885&9%%}%%%%% A %é%%gnb(]:egow 2.
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of the excitation. It has been found, for example, that the aforementioned disk drive may
amplify the effects of an NRRO error by 2.5 times or more. As a result, the PES is
exaggerated, which can induce further misreads and/or write inhibits that can significantly
reduce drive performance.

Fig. 2D, for example, is a graph of the frequency response of the aforementioned
track-following controller, taken at point D of Fig. 1, and illustrating the presence of the
2.9 kHz disturbance frequency within the rejection bubble for the transfer function of the
‘controller.

Consistent with the invention, the effects of a NRRO mechanical excitation such
as due to a Brinelled spindle bearing may be rejected from a data storage device servo
controller using a narrowband rejection filter. Specifically, it has been found that the
insertion of a narrowband rejection filter, such as a notch filter configured to reject the
disturbance frequency associated with the NRRO mechanical excitation, in series with a
track-following controller may be beneficial in eliminating the rejection bubble and
thereby effectively rejecting the effects of the NRRO mechanical excitation. Moreover, it
has been found that only mini{mal phase loss (e.g., less than about 2 degrees at the zero
crossover frequency) typically results due to the use of a narrowband filter.

Fig. 3, for example, illustrates for the aforementioned disk drive, an exemplary
transfer function for a data storage device servo controller, both before (line B) and after
(line A) the addition of a 3 dB narrowband filter to reject a mechanical excitation in a
manner consistent with the invention. It has been found through experimentation that,

through the addition of such a filter, a 4-5 times reduction in the number of write inhibit

errors may result in some embodiments.



with a defect in a spindle bearing in the data storage device. 21. The
apparatus of claim 19, wherein the disturbance frequency is above the zero
crossover frequency associated with the data storage device controller. 22.
The apparatus of claim 21, wherein the disturbance frequency is within a
rej ection bubble associated with the data storage device controller. 23.
The apparatus of claim 19, wherein the narrowband filter conprises a
digital notch filter. 24. The apparatus of claim 19, wherein the narrowband
filter conprises an analog filter. 25. The apparatus of claim 19, wherein
the narrowband filter conprises a hybrid filter. 26. The apparatus of claim
19, wherein the narrowband filter is sel esgtable between a plurality of
attenuati ons. -18 27. The apparatus of €laim 19, further conprising a
second narrowband filter disposed jn the control. 1o and canf.igyred to

rej ect a second Hivéllibeppptsia qdéﬁﬁféh‘é?“?‘ﬁplﬁm ﬁhﬁinf‘ﬂ?nﬁg“ PR aE&ydn gﬁ’&sover
frequency. 28.. Th | Il tafib ce
frequency ignvérso%n%flgﬁ gga%%hggggéatﬁfﬁg%gg%%rfﬁ toEgigrg{: gﬁfs;%rgggeaﬁ dg%/iiﬂgd;. 29.
The appar at gga efordgealevicé Sandfi phitienlac otiipr insthregical prithtions thargedersigased in the
control |loop and configured to detect, an anplitude of the control signal in
proxi mty t distuneange frequangldhat lipsm piatinityd thergazo grassqver pIngior ap a?tmtgg,
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signal. 32. Th ar at.us .qf i , further conprising a nonitoring
circuit ¢ Onfglﬁ@lpZlgger-mduced%mﬁhﬁc@e?@

Also consistent with the invention, disturbance frequency components arising due
to NRRO mechanical excitations may also be detected in a data storage device, using a
complementary bandpass filter such as a peak filter to isolate and monitor the magnitude
of such components in a PES. As such, an electronic mechanism may be provided to

" detect the adverse effects of NRRO mechanical excitations.

As will become more apparent below, detection of disturbance frequency
components due to NRRO mechanical excitations such as due to Brinelled spindle
bearings may be used in 2 number of manners consistent with the invention. For
example, such detection may be used in Predictive Failure Analysis (PFA) algorithms to
predict potential drive failures, and/or may be used as a reporting mechanism such as in
connection with System Monitoring and Reporting Technology (S.M.A.R.T.). In addition
to, or as an alternative to such failure analysis and reporting, such detection may also be
used to dynamically reject such components through selective control over the insertion
of narrowband filtering into the servo control loop of a data storage device.

Referring now to Fig. 4, one specific embodiment of a self-monitoring and self-
healing data storage device 50 consistent with the invention is shown. Device 50 as
shown includes an frame or housing 52 within which is mounted a data transfer
mechanism 54, e.g., a rotary disk drive type mechanism including one or more magnetic
disks 56 mounted on a rotating hub or spindle 58, along with an actuator assembly 60
including one or more actuator arms 62 that rotate about a pivot point 64, and that include

one or more read/write heads 66 disposed at the ends of the arms 62. However, other



to report a potential error in response to the detected anplitude of the
control signal. 33. The apparatus of claim 19, wherein the data storage
device controller is further configured to dynamcally determ ne the

di sturbance frequency and configure the narrowband filter in response
thereto. 34. The apparatus of claim 19, further conprising a data storage
devi ce selected fromthe group consisting of a hard disk drive, a floppy
drive, and an optical disk drive. - 19 35. The apparatus of claim19,
further conprising an integrated circuit within which the data storage
device controller and narrowband filter are disposed. 36. A program
product, conprising the data storage device controller and narrowband
filter of claim19, and a signal bearingl%ediunl wherein the data storage
device controller and the narrowband filter are defjned by a hardware

def i ni ti on typesyf aotatablsi datatransfer meshanismarowld e uprsd wiskouh deparkeg {iReytBS n t he
signal bearin di.umincludes at . | east, one. recordabl e nmedi um and a
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control signal using narrowband filier disposed in th ol._|I.
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storage device Cﬁgtf lubE4tes drive controller 70 in greater detail. For simplicity's sake, only
those components associated with actuator control and monitoring/reporting of NRRO
defects are shown in the figure. It will be appreciated that other functionality associated
with the electronic control of a disk drive will also typically be incorporated into
vcontroller 70, and/or into one or more additional electronic controllers coupled to
controller 70. '

Controller 70 includes, in part, a servo control loop 72 including a track following
controller 74 that drives actuator 60. A PES signal from actuator 60 is fed back as shown
at 76 to controller 74, which generates, in response thereto, an actuator control signal 78.

A rejection filter 80 is selectively insertable into control loop 72 by a pair of
switches 82, 84, thus permitting filtering to be selectively applied to the actuator control
signal output by controller 74 to actuator 60. While in some implementations, an analog
or hybrid filter may be used for rejection filter 80, along with discrete switching devices
for switches 82, 84, in the illustrated embodiment, filter 80 is implemented as a digital
filter, whereby swifches 82, 84 are merely diagrammatic constructs representing the
selective application of digital filtering to a di gitally-represented actuator control signal.

Control over switches 82, 84, and thus of the insertion of filter 80 into the control
loop, is provided by a defect monitor 86, which receives as input the output of a peak
filter 88 that receives the PES signal as shown at 90. As with rejection filter 80, peak
filter 88 may be implemented as an analog or hybrid filter, although in the illustrated

embodiment digital filtering is utilized for peak filter 88.



40. The nethod of claim 37, further conprising rejecting a second

di sturbance frequency fromthe control signal using a second narrowband
filter disposed in the control |oop, wherein the second di sturbance
frequency is associated with a bearing cage in the data storage device. 41.
The nethod of claim 37, further conprising detecting an anplitude of the
control signal in proximty to the disturbance frequency using a peak
filter disposed in the control |oop. 42. The nethod of claim41, further
conprising selectively enabling the narrowband filter in response to the
detected anplitude of the control signal. -21 43. The nethod of claim41,
further conprising selecting from anong i plurality of attenuations for the
narrowband filter in response to the def %fed anplitude of the control

signal. 44. The nmethod of ¢laim41l, furth conpri sin eporting a
potential error Bﬁthrfélt?ﬁ‘&%@tqr@ot%é pgk ’éﬁ‘fr@@ %Bﬁf?ﬁaéﬁiiknf%‘ ecfc"gnt rol
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mechanical excitations.

In some embodiments, it may be desirable to configure peak filter 88 to be active
only during a track following mode for controller 70. As such, during seek operations,
peak filter 88 would be deactivated or disabled.

Defect monitor 86 receives a peak filtered signal from peak filter 88 that may be
analyzed to determine a relative magnitude of the disturbance frequency of interest. In
response to this magnitude, defect monitor 86 is capable of performing a number of
actions.

For example, it may be desirable to selectively and dynamically insert rejection
filter 80 in control loop 72 to attenuate or reject the disturbance frequency components. It
also may be desirable to dynamically control the level of attenuation of filter 80.
Furthermore, it may be desirable to perform predictive analysis and/or generate a
potential failure alert, e.g., by generating a S.M.AR.T. alert as shown at 92.

As an example, it may be desirable for defect monitor 86 to define five levels of

responsive actions based upon the magnitude of the disturbance frequency component of

the PES, as shown below in Table I:



storage device controller. 48. The apparatus of claim46, further
conprising a narrowband filter disposed in the control |oop and confi gured
to reject the disturbance frequency fromthe control signal in the control

| oop. 49. The apparatus of claim48, further conprising a nonitoring

circuit configured to selectively enable the narrowband filter in response
to the detected anplitude of the control signal. 50. The apparatus of claim
49, wherein nonitoring circuit is further configured to sel ect between a
plurality of attenuations for the narrowband filter. 51. The apparatus of
claimd47, further conprising a nonitoring circuit configured to report a
potential error in response to the detect anplitude of the control

signal. S2. The apparatus of claim47, whetein the data storage device
controller is further configured to dynamically deternine the disturbance
frequency and configure th’Ealﬂé:lk quﬂt&omwrr%%‘ﬁ&ﬂ%'@et"ﬁ@?'éﬁo -23 53. The
appar atus of cl aj peretn—tte—pepk fTITer 75 sefectively acti Jat ed
during a track f¢l Lewng| modéctiont he LSMr&RI-'E«rAleBFnd sel ectl vel y
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6dB filter inserted

4 insert 20dB filter | Brinelled spindle bearing detected and
20dB filter inserted, recommend drive
replacement

5 insert 20dB filter | Excessive NRRO, recommend
immediate drive replacement

Through appropriate polling of the S.M.A.R.T. alerts, a system may therefore
have ample opportunity to take appropriate corrective actions, such as drive replacement,

well prior to any drive failure.
While the invention has been illustrated by the description of the embodiments

thereof, and while the embodiments have been described in considerable detail, it is not
the intention of applicant to restrict or in any way limit the scope of the appended claims
to such detail. Additional advantages and modification will readily appear to those
skilled in the art. The invention in its broader aspects is therefore not limited to the
specific details, representative apparatus and method, and illustrative examples shown

and described. Accordingly, departure may be made from such details without departing

from the spirit or scope of applicants’ general inventive concept.



filter disposed in the control |oop. 55. The nethod of claimb54, further
conprising rejecting the disturbance frequency fromthe control signal
using a narrowband filter disposed in the control |oop. 56. The nethod of
claimb55, further conprising selectively enabling the narrowband filter in
response to the detected anplitude of the control signal. 57. The nethod of
claimb56, further conprising selecting between a plurality of attenuations
for the narrowband filter in response to the detected anplitude of the
control signal. 58. The nethod of claimb54) further conprising reporting a
potential error in response to the detected anplitude of the control
signal. .A,.AF .Al LAl A .A@ .A5 y.%3E.An Ae A .A@.AY. A ARA
Y+. A AT

What is claimed is:
1. An apparatus, comprising:

a data storage device controller configured to control an actuator in a data
storage device, wherein the data storage device controller includes a filter
configured to reject a disturbance frequency associated with a spindle bearing
defect in the data storage device from an actuator control signal generated by the

data storage device controller.

2. The apparatus of claim 1, wherein the disturbance frequency is within a
rejection bubble disposed above a zero crossover frequency associated with the data

storage device controller.

3. The apparatus of claim 1, wherein the filter is a narrowband filter selected from

the group consisting of a digital notch filter, an analog filter, and a hybrid filter.

4. The apparatus of claim 1, wherein the data storage device controller further
includes a second narrowband filter disposed in the control loop and configured to reject

a second disturbance frequency associated with a bearing cage in the data storage device.

5. The apparatus of claim 1, wherein the data storage device controller is further
configured to detect an amplitude of the actuator control signal in proximity to the

disturbance frequency.

6. The apparatus of claim 5, wherein the data storage device controller is further
configured to selectively enable the filter in response to the detected amplitude of the

actuator control signal.
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9. The apparatus of claim 1, wherein the data storage device controller is further

configured to dynamically determine the disturbance frequency.
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10. A method of controlling a data storage device, the method comprising:
(a) generating an actuator control signal that controls an actuator in the

data storage device; and

(b) rejecting a disturbance frequency associated with a spindle bearing

defect in the data storage device from the actuator control signal.

11. The method of claim 10, wherein the disturbance frequency is within a
rejection bubble disposed above a zero crossover frequency associated with a data storage

device controller that generates the actuator control signal.

12. The method of claim 10, wherein rejecting the disturbance frequency is
performed by a narrowband filter selected from the group consisting of a digital notch

filter, an analog filter, and a hybrid filter.

13. The method of claim 10, further comprising rejecting a second disturbance

frequency associated with a bearing cage in the data storage device from the actuator

control signal.

14. The method of claim 10, further comprising detecting an amplitude of the

actuator control signal in proximity to the disturbance frequency.

15. The method of claim 14, further comprising selectively enabling the rejection

of the disturbance frequency in response to the detected amplitude of the actuator control

signal.

16. The method of claim 15, wherein rejection of the disturbance frequency is
performed by a filter, the method further comprising selecting from among a plurality of

attenuations for the filter in response to the detected amplitude of the actuator control

signal.
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17. The method of claim 14, further comprising reporting a potential error in

response to the detected amplitude of the actuator control signal.

18. The method of claim 10, further comprising dynamically determining the

disturbance frequency.
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19. An apparatus, comprising:

(a) a data storage device controller including a control loop configured to
control an actuator in a data storage device; and

(b) a narrowband filter disposed in the control loop and configured to
reject a disturbance frequency from a control signal in the control loop in

proximity to a zero crossover frequency associated with the data storage device

controller.

20. The apparatus of claim 19, wherein the disturbance frequency is associated

with a defect in a spindle bearing in the data storage device.

21. The apparatus of claim 19, wherein the disturbance frequency is above the

zero crossover frequency associated with the data storage device controller.

22. The apparatus of claim 21, wherein the disturbance frequency is within a

rejection bubble associated with the data storage device controller.

23. The apparatus of claim 19, wherein the narrowband filter comprises a digital

notch filter.

24. The apparatus of claim 19, wherein the narrowband filter comprises an analog

filter.

25. The apparatus of claim 19, wherein the narrowband filter comprises a hybrid

filter.

26. The apparatus of claim 19, wherein the narrowband filter is selectable

between a plurality of attenuations.
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27. The apparatus of claim 19, further comprising a second narrowband filter

disposed in the control loop and configured to reject a second disturbance frequency in

proximity to the zero crossover frequency.

28. The apparatus of claim 26, wherein the second disturbance frequency is

associated with a bearing cage in the data storage device.

29. The apparatus of claim 19, further comprising a peak filter disposed in the
control loop and configured to detect an amplitude of the control signal in proximity to

the disturbance frequency.

30. The apparatus of claim 29, further comprising a monitoring circuit configured

to selectively enable the narrowband filter in response to the detected amplitude of the

control signal.

31. The apparatus of claim 30, wherein the monitoring circuit is further

configured to select from among a plurality of attenuations for the narrowband filter in

response to the detected amplitude of the control signal.

32. The apparatus of claim 29, further comprising a monitoring circuit configured

to report a potential error in response to the detected amplitude of the control signal.

33. The apparatus of claim 19, wherein the data storage device controller is
further configured to dynamically determine the disturbance frequency and configure the

narrowband filter in response thereto.

34. The apparatus of claim 19, further comprising a data storage device selected

from the group consisting of a hard disk drive, a floppy drive, and an optical disk drive.
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: resident on the signal bearing medium, and wherein the signal bearing medium includes

at least one of a recordable medium and a transmission medium.
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37. A method of controlling a data storage device, the method comprising:

(a) in a control loop of a data storage device controller, generating a
control signal that controls an actuator in the data storage device; and

(b) rejecting a disturbance frequency from the control signal using a
narrowband filter disposed in the control loop, wherein the disturbance frequency
is in proximity to a zero crossover frequency associated with the data storage

device controller.

38. The method of claim 37, wherein the disturbance frequency is associated with

a defect in a spindle bearing in the data storage device.

39. The method of claim 37, wherein the disturbance frequency is within a
rejection bubble disposed above the zero crossover frequency associated with the data

storage device controller.

40. The method of claim 37, further comprising rejecting a second disturbance
frequency from the control signal using a second narrowband filter disposed in the control
loop, wherein the second disturbance frequency is associated with a bearing cage in the

data storage device.

41. The method of claim 37, further comprising detecting an amplitude of the
control signal in proximity to the disturbance frequency using a peak filter disposed in the

control loop.

42. The method of claim 41, further comprising selectively enabling the

narrowband filter in response to the detected amplitude of the control signal.
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of attenuations for the narrowband filter in response to the detected amplitude of the

control signal.

44. The method of claim 41, further comprising reporting a potential error in

response to the detected amplitude of the control signal.

45. The method of claim 37, further comprising dynamically determining the

disturbance frequency and configuring the narrowband filter in response thereto.
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46. An apparatus, comprising:
(a) a data storage device controller including a control loop configured to
control an actuator in a data storage device; and
(b) a peak filter disposed in the control loop and configured to detect a
spindle bearing defect in the data storage device by detecting an amplitude of a
control signal in the control loop in proximity to a disturbance frequency

associated with the spindle bearing defect.

47. The apparatus of claim 46, wherein the disturbance frequency is above a zero
crossover frequency and disposed within a rejection bubble associated with the data

storage device controller.

48. The apparatus of claim 46, further comprising a narrowband filter disposed in
the control loop and configured to reject the disturbance frequency from the control signal

in the control loop.

49. The apparatus of claim 48, further comprising a monitoring circuit configured
to selectively enable the narrowband filter in response to the detected amplitude of the

control signal.

50. The apparatus of claim 49, wherein monitoring circuit is further configured to

select between a plurality of attenuations for the narrowband filter.

51. The apparatus of claim 47, further comprising a monitoring circuit configured

to report a potential error in response to the detected amplitude of the control signal.

52. The apparatus of claim 47, wherein the data storage device controller is
further configured to dynamically determine the disturbance frequency and configure the

peak filter in response thereto.
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53. The apparatus of claim 47, wherein the peak filter is selectively activated

during a track following mode of the controller, and selectively deactivated during

performance of a seek operation.
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54. A method of controlling a data storage device, the method comprising:

(a) in a control loop of a data storage device controller, generating a
control signal that controls an actuator in the data storage device; and

(b) detecting a spindle bearing defect in the data storage device by
detecting an amplitude of the control signal in the control loop in proximity to a
disturbance frequency associated with the spindle bearing defect using a peak

filter disposed in the control loop.

55. The method of claim 54, further comprising rejecting the disturbance

frequency from the control si gﬁal using a narrowband filter disposed in the control loop.

56. The method of claim 55, further comprising selectively enabling the

narrowband filter in response to the detected amplitude of the control signal. |

57. The method of claim 56, further comprising selecting between a plurality of

attenuations for the narrowband filter in response to the detected amplitude of the control

signal.

58. The method of claim 54, further comprising reporting a potential error in

response to the detected amplitude of the control signal.



