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'®n relates to data storage devices. l\/brea t ﬂ t he

pr esent *Iﬁﬁé"éntl on relates to techniques for correcting the adverse effects

of vibrations on servo systens in data storage devices. Background of the

I nvention W ncreases in track densities of Hard Disk Drives ("HDDs"),

Vi brﬁ\m \m% \ﬁﬁm\ ivity has becone an acute probI em Present generations of
s of 10,000 tracks inch "). al ready exhibit poor

settleoutGOQQ@?d/ or trackADAPTIVE %IEMI%{CQ @h' EQB; ect to external

vibrations. In COWSEM@WM%D%ST\QMGWEW@E& di sk drives are

nounted in a frame, vibrations fromone drive nay substantially affect

nei ghboring drives. At least thre es_of external vibration sources are

known: 1) periodic with relati velﬁ‘iéé&@iwpeak anplitude arising from

spi ndl e i nbal ance; 2) non-periodic arising fromreaction torque generated

by an actuator seek notion; and 3) random vi brations resulting from ot her

unpr edi ct abl e €eRiegprosnt iventich refatds te dataptaagedaviselysMarepdtticularlyt, ¢hepr oduce

vi brations which are periodic with gradually changing periodicity.

Convent i orpipsesbinyentiopgelates te tashniguerier eorecctingithe-alwrpaetiestsrafvitsgtiensout 20 to

30 dB using the basic.servo Iooeo error rejection property, but this |evel

of error r S@E‘qugﬁe%‘ﬂgﬂﬁaﬁh‘ﬁ@ &¥#¥Fci ent to make HDDs i mune from adverse

vibration effects. This problemis expected to get ,wrse with the

accel erated gromh of track denS|t|es in future pr oducts. 0 9 DE C 2002

-2 Present generation 2.5" dclground of ¢ N storage devi ces ("DASDs")

are designed to operate in both portabl e and desk- t op/ server environnents.

In portable conputers, the 2.5" DASDs are subject to harsh non-operating

condi ti ons, andwrmﬁ&eas%s APEACK dcGitiEPBIA IS Dfed (‘ﬂ%ﬁﬁi"?rw&%ﬂgm desk-top

3.5" DASDs are not subject to as much non-operatin ck’” However,

desk- t op/ ssensitivityHesecamt an aapterpatbﬂaem nPtehmtrgemﬁm oBHDIH dtidehstivd brat i on

sources assgciated with other dri si ngl e conputer frame. Mechani cal
conponent s°f§9e9?0é€a°gbp‘?¥dp‘§l aatbp %E IPogF gettleout pnd/erdeacksfo nﬁ‘h‘&'

bal anced, n Har noni ¢

vi brati ons&gr o] %&gﬁf&b@ E{g&%ﬁ Vgér?%ét”{agt ?%g%}f'b lggrcﬁ%%gﬁﬂra% T5tion of the
entire syswhsre nAﬂuplbdlstlrivEPhredﬁaum inai frdme, &ibrationk fiofaéneoddielrhat ory noti on
of a track with respect to the actuator pivot of about 0. 01 thousandth of

an i nch (cubstaptialyafectnyghhoring dsypy YW%W%WWWMW%&? When not
conpensat g, as e%l%w%ﬁlliﬁ o%ﬁcf&fﬂa?%la&\%/ %?e%k%&fﬁ%%ﬁs@% figh i ment al

toadrlves SO and error rate per OI'ITB. arotary

act uat or sspiridlerihbalin@ynaepaiodicising ffah adactiitdorgtielpeaéraRdbyah t he base
pl ate. Usin speC| al shock and vibration isolation nount deSICgﬂbi t he
2

rotati ongla 1l seelt motiowangd e sandomyvibratigns reswiing fromyntheruapresh can be
1 nim 00, 196,
' opti mi red FariiEreRtFoLfrmae PR s kneda g PralCu bR IR P0ny o

5,400, 196 4r6 psfiddit wathsEeRiallplcBaddin@ndrRidiady. Vi brations. By depl oyi ng
i sol ation m)unts al ong a polygon satisfying a particular set of criteria

(as taught by Japanese Patent No. 2,565,637) the externally generated

i brati b Ho t
Lot nee cuat onbp S forl SRR S et e e B erds e BhDdoe t or
manuf act t L3MGB iEREhe64diORFvPloobleksr rejecgo@ﬁ)_rlgpg‘tfbap@% [evel DB edbscussed

above, present track density i1s about K and is expected to grow
exponent i atejegtion tshdt longer sRiwidnit Gnimake HE®sremdinarftoneadieesepiiratiaver snal |
tracks is t erefore a, major chal|enge, especially in the presence of

vi brati ons‘3 ogksr vﬁ“%?’é’?@fﬁslsz%x@e @ EbIvope St Bapsrgleraiprtietoarh 6F Bi%hr ee
critical té’&l‘éﬁis}ﬁﬁ&lﬁ%éﬂ' the head to the vicinity of a target in a
mnimumtinme using a vel ocCl y servo under seek node; 2) they position the
head on the target track with mninmmsettleout tinme using a position
controller without an integrating elenment in it; and 3) the servo system
enters the track-follow node with a proportional -integral-derivative type
("Pm') position controller. Magnetically recordable tracks are set to nove
at a constant tangential velocity during operation of an H ND by the
spindl e notor system Due to bearing inperfection as well as nechani cal
vibration of the HDD platform the tracks may tend to nove in the radial
direction as well. The read/wite (" RIW) elenents are transported
primarily along the radial direction of a disk platter thus providing an
ability to follow the radial novenment of the tracks. The position error

sr gnal (" PES ) gener at ed fromthe 'servo sectors of a d| sk by the read head

e " -




0 9 DE C 2002 5,608,586, a robust servo solution, including optinum
*initkal condition setup to operate a digital filter, solves the disk shift
problemw th mnimum settleout tine penalty. A disk iﬂ'fbwgsgamigshock can
be considered long termrepeatable as it is affected 9 i onal
shock. However, when a frequency of cross vibration is unknown such as that
associ ated with another HDD in the saffe frane, a servo al gorithm according
to U S. Patent No. 5,608,586 cannot be designed and enbedded in the drive
prior to shipnment. This problem nust be addressed in any effective cross

vibration solution. Further, any solution should be inplenmented wthout
maj or conput at iFEeFaNt geagiatipr den tagd . F cdirechaccessstoragadavicss AilRASPSDDDs usual |y

precl ude e dedi cat.ed digi gna o) 0 "DSP') to perform
Corpl ox of el Frdfir b Rf eflate eSO RS a8 hte B o1 e, *ale

t echni quegpoitable epmpieR! fef205” MABIRtIOfhj& erhsieA®lopetatiigdonditiongs. Whi ch
are adaptive to the frequencies of the vibrations, and which can be

i mpl enent end wiodkrate opesitmg coodipbex Qo tipustherchahdrdbaletap 3.SUDAED)s @k | nvent i on
The present, i nvention s%Ia{\F/es t he, peri dilﬁ’ cross vibratio bl em by

i mpl ement PALSURIGHE aSTRpCLNGReE pyever. fleslstapiseryee $hant cross

vi bration | 05 i . ack

sol ution. 0%‘2%&%#@ :%%&gg%@g@&bgﬁﬁﬁgg?%@%@& ?dgér?\«glrdg)gglgg is used to
conf i gur e davel i@ d sthglp eadiphitet frhe. The filter coefficients are tuned to
conpensate for the detected periodic vibration induced error. The servo

algorithmuses a frequently updated initial condition vector to mnimze
the settl eout ti encountered due to t transi ent..dynam cs of .the digital
filtor.  Advant MEBAGHS CORpPopFity it A PILT BRER FERBHE “earPuEolETs, are
i nvoked i Rm_@@ﬁalﬁﬁ&ﬁ?&nda&? B%&E@Eﬁﬂoﬂdﬂ%ﬁb%mﬁ&dg@ﬁﬁbﬂe}ﬁﬁﬁ@ﬂim nation of

the cross vibration C Z002 -s frequency. ce a | ow cost

i npl enment aftirations peodvice bothradireas and b astattbnat osiktim imatied of thiepnkizssed HDD servo
control systemi,s provjded by the present jnvention. In that regard, the
present i AVETHR é‘ﬁﬂfeefoaif ,d&F%“d}?élta%%o,mt?Wﬁ]gEﬂ%P@H@%"%6?391% ing the

ef fect of l i Lt i i iSO dat a

st orage dé%?%clét%%ea%glg?d\;g?‘?yg? %%uggrﬂﬁ r‘g@%k‘{‘%‘g"g%‘zlﬁ{%{g%ﬁg?& an af(t:eg ss el ement
Wi t h respeerresponds teeldibiof the tratle pitéhor Witiew aorsoinpefisatdie a tratle-fellow ager devi ce.
The techni gtﬁ i nvol ves detecting, during operation_ of the data storage

devi ce, a°f FEGgREragk prich ¢aa ke detramenial to adrsesiolt ang hauk @rarryg filter scans

t he posit%g&oﬂaql@gl across a range of frequencies, and, at each respective
scanned frequency, records an anplitude associated therewith. The recorded
anplitudes are then exam ned to determ ne whet her any exceed a threshold,
thereby | ocating the correspondi ng frequency of the vibration, Once the
frequency of vidtHPRWihe qerepsisensysgneisiighly pepsitive te tatiogakonf i gured to
reduce the.effect e 3 v hbrat | . jtion signal.
yThe correc b?%{é&%iﬂfggréﬁggp%%en??glﬁgéa&f%tsg%& a%ﬁ?8€$§&3éplgg@§§{frequency of
‘the vi br aidesigns, it detidhalasRc@latr BorApdtletifsaluetty ir®dmal spirile A@AJ b4 BAOL S
determ ned as a function of the detected fregg:ency of the -vibration. In one

exenpl ar y mtipise@edanhdisclosed is .5 RatentdNd. 51408 1 %ay meurtidesiga optimized(fey = Ap(n)

+ Bp(n-1)+ -2) = EY(Rn-1) - EY(n-2 n e.that the internmedi ate
nodes of %%%Pm%@leggg%té&neaww} 9 %g&)ﬁﬁ%&" éfﬁgﬁ i %{ng of the

pr ocessi nguso\é?ﬁblelﬁ@eﬁbﬂnaﬁﬁbfa&ieﬂs:tEy asplayifg HobtoARnhe16da po1ygoﬁ9 DEC
2002 The filter may be used alone, or Tn addition to other filters, which
may cor r ecttiffpng afpartietarspl & criedaf (av taught byofapanesePetest Nat 356%,63Adbe devi ce.

Since the filters ma nl.y be engaged duri settle-out/track foll ow node,
t echni que§x@5‘?‘§l§(ﬁ€%€§/f€adﬂqrﬁ‘éﬁf ?ﬂ}“ti’gf‘o & diequ tﬁf"é’?veés‘t 5ffiend  conditi ons,

must be pr.Qy th% : I j , in
anot her aggé%?%g?%gghte F§&§%§§gfﬁgﬁﬁﬁ§%$§%?%%gﬁﬁﬁﬁ%%gﬁ?ﬁg&?% eg%%dly
accessi ng féoi mheufasthAh e inpe feotisnsast HDDenct i on of the frequency of the
vibration fromthe sources internal or external to the data storage, devi ce.
These filter states may be refreshed periodically with correspondi ng
outputs fromthe filter (in one exanple, about every 5 to 10 periods of the
vi bration). Separate counters may be maintained (Mand N) to access the
respective filter state vectors. The counters wap at an index
corresponding to the detected frequency of the vibration, thereby allow ng
the filter to access its filter state vectors, as initial conditions, as
the filter is repeatedly engaged during settle-out/track-follow To account
for changing vibration conditions, the present invention relates to, in
anot her aspect, repeatedly detecting, during operation of the data storage
device, a frequency of vibration and repeatedly configuring the corrective

. o, N T



By utilizing the dual approach of first detecting, and then correcting for
f'requenci es of vibration, and by providing the novel filter inplenentation
structures herein, the present invention provides angl a?ﬂezz[l@ vi brati ons
i n data storage devices. These vibrations are often p ' e, and the
frequenci es of vibration nust therefore_be detected and accounted for
during real-tine operation of the syste‘?n Further, the present invention
provi des | ow processing cost solutions to these problens, i.e., avoids FFT
processi ng techni ques, for the detection and filtering processes disclosed
herein. Brief Description of the Drawinhgs .. .09 2~~2. Fig. la
depicts a conput ?dPB‘ésﬁﬁdﬁ Yen B oS PEEEIHW\‘/Seasb%\ﬁcﬁkﬁi)If ?%‘f@ﬁf‘?gcf%ipective
revol ution ! =T P bs 1A iR ol i gnal
("pES") of BASPRGchah A i PR Rhlle 0 )R OSlcRR REF QAP ¢

i nterest 1Qrdekyisterdfoye b ahajprechialibngd, especiblly insthé preseinte of vibsationir S¢rivon
frequency conponents, respectively; Fig. 2b is a time plot of the inproved
PES for thdysemsarapsedifgr pgsitionmgy and p@gwrrcﬁlseee@ﬁtleaééﬁ%arlw@bs mnYe 48¢ on

sequence faqr e t generation of digital peak filte oefficients ;AL B, C,
2 and F as Head i AR 84, B i hatulps B ey Rlodt o BFB SReE it 1
the presentpydpy 9.)1¥He9{13'osiﬁbﬂ the lﬁ?ﬁdg)n(?{ﬁé)taf%et tthél ItE Hiningh Sétledut bRy ,
structures proposed to correct cross vibration frequency conponents in
~accor dance usirigha pésitiqar @mtrolles witkoutianrintegiatisg elbment innt asp@xtheatrvpl ots for
first and second sta ch of the filter, structures of, K Figs. 4a-g,

es of e
respect i velSysteijggters gned@mfpﬁo‘a mede with a properiopaldgiceralweryatig a
vibration «pmy position controller.

Magnetically recordable tracks are set to move at a constant tangential
velocity during operation of an HDD by the spindle motor system. Due to bearing
imperfection as well as mechanical vibration of the HDD platform, the tracks may
tend to move in the radial direction as well. The read/write (‘R/W™) elements are
transported primarily along the radial direction of a disk platter thus providing an
ability to follow the radial movement of the tracks. The position error signal
(“PES™) generated from the servo sectors of a disk by the read head represents the
relative error between the two mechanically moving objects, 1.e., the track and the
R/W head. The PES contains repeatable and non-repeatable components. The
repeatable component can further be classified into short term repeatable éind long
term repeatable categories. Feedback or feedforward solutions take advantage of the
repeatable property of the PES to formulate innovative servo solutions. A feedback
(U.S. Patent No. 5,608,586) or feedforward (U.S. Patent No. 4,536,809) solution can
be considered to compensate for repeatable track-follow error components. When a
repeatable run out component frequency is known a-priori, a digital servo algorithm
can be designed and embedded in a product servo microcode to suppress the position
error component at the vibration frequency. The run out at this frequency can result
from either a physical shift of a disk with respect to its axis of rotation or from self

vibration created by spindle motor mass imbalance. As described in U.S. Patent No



filter in the servo | oop; 0 9 DE C 2002 g Fig. 6b depicts a parallel
confiduration for a vibration filter in the servo loop; Fig. 7ais a flow
di agram of the steps necessary to detect the vibration frequency of
interest fO in accordance with the present invention; Fi%. 7b depicts an

) D

exenpl ary configuration of the systemfor detecti rquBaE 08Qi on frequency
of interest fO in accordance with the pgesent invehtion; FIig. 7c is an

anplitude vs. frequency plot of the results of the detection process used
to detect the vibration frequency of interest fl); Fig. 8 depicts five
repeat ed neasurenents for a sanple detection process carried out in

accor dance j60B,586ea pibastesetvoi solteioh] mcludiriggstinfias Mitiel eonditicosetap thent
spectral plots of fr,e(iuency | detectiogns in accordance with the, present

i nvention \l/\,ﬁﬁ‘?‘fétier‘i‘ qigita emﬁ%iSPLYG%MMEWbI%@@W‘HnHWIF‘E t\“é‘:/ol utions,
respective %ﬂéftkg?\ﬁ%i%g%@ﬂt eg%ﬁ% 'ctaﬂggc&&gdé’%zﬂﬁﬁ%ge%glﬁéé%hbﬂ’é fipid Or 2

vibration f N accordance w I nventi on;

Fi gs. 1la- baflsdtecetipiht bbskBionnRlsHebRSe spectral plots for a vibration filter,
and a second vibration filter inplenmented at the

However, when a frequency of cross vibration is unknown, such as that
associated with another HDD in the same frame, a servo algorithm according to U.S.
Patent No. 5,608,586 cannot be designed and embedded in the drive prior to
shipment. This problem must be addressed in any effective cross vibration solution.
Further, any solution should be implemented without major computational
requirements since the cost constraints of HDDs usually preclude the use of a
dedicated digital signal processor (“DSP”) to perform complex or long arithmetic
functions.

What is required, therefore, are techniques to compensate for vibrations
encountered in disk drives, which are adaptive to the frequencies of the vibrations,

and which can be implemented without using complex computing hardware.

{ . Summary of Invention

The present invention solves the periodic, cross vibration problex-n by
implementing a two step algorithm which first detects the dominant cross vibration
frequency, and then configures an optimal servo feedback solution. The information
gathered during the detection process is used to configure a digital peak filter. The
filter coeflicients are tuned to compensate for the detected periodic vibration induced
error. The servo algorithm uses a frequently updated initial condition vector to
minimize the settleout time encountered due to the transient dynamics of the digital
filter. Advantageously, no trigonometric computations, such as FFTs, are invoked in

one aspect of the present invention, during the determination of the cross vibration



second harnonic of the vibration, in accordance with the present invention; _

i'"0O 9 DEC 2002 -9 Fig. 12 is a tine plot of a PES during both the
detection and correction phases, in accordance with the present invention;
Fig. 13 illustrates an addressing scheme used to adﬂnggZuéb initia
conditions of the digital peak filter inplenented i aﬂﬂ mnth t he
present invention; Fig. 14a-c depict nmegasured self and cross vibration
filter states used to determne an optinmumrefresh rate for the initial
conditions of the cross vibration filter, according to the present
invention; Fig. 15a-c are tine plots of the PES associated with a zero

filter inithghesdafoncad IGR tbitinblenteRtatibAtd Zﬁgcrg%ﬂ&&%oxsﬁﬁé&or and an

optimally initialized, running averaged filter ate, respectively; Fig.
16a a corrpwtpemalﬁzednhxmbasbd&mﬁ)rsgdve cditsd sgisternas proerded by thetgresent t o sel f

vi bration frequency conponents; Fig. 16b is a tinme plot of the PES

associ at ed WO he drive of Fi g. 16a; Fig. 17a depicts the placenent of a
peak filter at the self vibration frequency of interest having an opti nmal
initial condition applied thereto; and Fig. 17b is a tinme plot of an

i nproved PES i n laakyregi6 fthe present invention relates, in one aspect, to techniques for
reducing the effect of a vibration on a position signal in a servo system of a data
storage device. The servo system controls the position of an access element with
respect to a medium mounted for movement in the data storage device. The
technique involves detecting, during operation of the data storage device, a frequency
of the vibration. An exemplary detection filter scans the position signal across a
range of frequencies, and, at each respective scanned frequency, records an

- amplitude associated therewith. The recorded amplitudes are then examined to
determine whether any exceed a threshold, thereby locating the corresponding

frequency of the vibration.

Once the frequency of vibration is determined, a corrective filter is
configured to reduce the effect of the frequency of the vibration on the position
signal. The corrective filter is configured to operate at the detected frequency of the

{ vibration, in accordance with a plurality of filter coefficients determined as a

function of the detected frequency of the vibration.

In one exemplary embodiment, the corrective filter may be of the form

Y(n) = Ap(n) + Bp(n-1)+ Cp(n-2) -EY(n-1) - FY(n-2).

To ensure that the intermediate nodes of the filter operate within the
allowable dynamic range of the processing, various filter structures are disclosed

herein.



with a self vibration cancellation technique in accordance with the present

i‘nvent’i on. 0 9 DE C 2002 -10 Detail ed Description of the Preferred
Enbodi ments) Fig. la depicts two disk drives 10 and 1 d| stl nct
rotational frequencies, located in the sanme conputer fﬂfgﬂﬁ Ql ve 10 of
interest to the designer is located in position A and is subj ect to self
vibration at 7S revol utions per second g"rps”) spindle speed. A second
drive 10" at location B, which may be supplied by anot her vendor, operates
i ndependently, and the drive 10 designer cannot be expected to have any
prior know edge of its frequency conponents. Drive 10' generates a 90 rps
cross vibration TmeRMy beusedalonedtih 8aditibR otk dilles, WhichHay Bsrr&dei ndl e
speed, and therefore di sturbs the track fol | ow perfornance of drive 10. The
di sturbed FBS fmrtar@mpdrf selfvibgatich from dlepdata starage devi¢areSinge the iltersopayand

contains both 7S Hz 90 Hz  conpon as we as a,beat conponent. The
Vibration cUBPEeRgies g g $Rtilean "@w@r%@&w%daa#@%@ﬂf%ng ting
first and Rr?d,ﬁ to have
peak gai nsslgfegggtesﬁ%ﬁ)ég %a?feg%gc o'lﬂg qfu?st PI- a 2‘% <ﬁﬁ§é ég%%ém
havi ng two ihiestidnirélews @) Gy ahethés afsﬁédt,aepeaédallwngagﬁgslnm&dr@ﬁﬁau&hg running in

parallel to each other, but toget in series with the servo controller
20. Filter mpe&t@ilﬁwpwfdmtsﬁatpmtorgas A fsictignoffbe frequegeyef thervibration er SO

h 9 Th ES
' dgfmﬁsts Ir211t e@ I?ﬂéeltsn%at S L?qq@nﬁi Lhé‘fd% t ace g&’?ﬁoﬁlﬁ%ﬁ%tﬁﬁr ation
wi t hout caughge ﬁiﬁ%st%’ﬁeﬁ%xc%ﬂf&?ﬂi‘cbﬁéég@ﬁdxhg w%m&mnaraierm&? @il @RUes to the

realization of a soluti'on to periodic Ccross vibrations in sdch a product
envi r onnentexemipld, about everytShte lﬂqmngdeof thé witbrdtion). 18epharese asmnntaerpmayrbe know edge
of the vendor, drive 10" that may pl aced in | ocation B of the conputer
frane. Ther@@laﬁa@lqdr@amwmww sﬁweqttvg %%Pé(e?teﬁsaf[ﬁﬁﬁo‘éfﬁ%féd (here 90
rps) is not I L6 t he
characteri stl s ?%gchﬁro s wg |o&r%&§%h% %’tcglgfteh%@ on er %gked to
the self r cml@knn@gwﬂferfﬂwumgsfxwﬁlteretai@vdcmé as aitigl RoAdifibey, @b eesfilte is

techni que to address -11- 0 9 DEC 2002 the filter initial condition val ue
as a funct ilepeadsdlyiengaged dugng sattlerputfirackdellow. required. Further, it was
found through experinents that the filter state continuously drlfts W th
time at a rate nuch faster than that corresponding to the self vibration
case. The sensi tTyhédbuf fob Blﬁarlfgiﬂgtﬁbraﬁbﬁb&xditﬁbds hBe ?fe@éx& iNveRkioh rélates to,
environnment is also affected the filter properties. In accor dance with

t he presentinjanotat aspast, tdpeats@lw@pteghng, dlutihg gper@tmsrzf the Masiomgepiembears

i nvol ves th ech gr anmabl e
Digital Pea q’—"le?‘fye(\?,y“nt?‘ﬁh 83%';&?161 cé)gﬁftlY ?{}%ﬁtt? 8%“?“8 ?i ng the
devel oprrentthgag@@te@ﬁeqﬁb ) (| ., off 1i ne) the servo systemis designed

with the required flexibility so that when it is enbedded into the product
m crocode and shi pped to the custoner, it will have on-line adaptive

capabilities. on rder di gy k fil i S sed herein
which has S fixe YBI?}&% gl?eecgqagapﬁr%&b%!ftg%tqe&g&? Ghﬁéﬁaﬁg é)ﬁ%ﬁer

fornul at i onﬁéia@hmwg &ﬂwsﬁ%g,sgﬂtbﬁtﬁ}ewémg%é fdwel ﬁ@éﬁmg&n?enwmtshq&upés

si ngl e paraneter assocl ate the targeted peak gain frequency. A
particul ar ipeeik, thelpresenthserdongrodiesa spﬂmwncfoﬂmbmahosem dake sthraige ef f ecti ve
for cross vibrati cancel l ation,_ Throu g@pe#tge tal studie |t was

det er mi ned $9Yesa 18esesh agqslepeqreﬁgglp(urpprp IERDIR ¢ §AFBCISE Rk VIPRIURR and a
hal f gain bgj E‘%& I ol obust.

H gher band ﬂ%%%%%ggﬂ%%gﬁgemg&o ut ﬁ%] d‘ﬁﬁH %g?ﬁg%géﬁgﬁgggg} ve phase | ag
det ri nent al syswnseFmesttﬁbFfdseM AnVehei oﬁ@ﬁmieedo\ﬁpmdssirrgamemwuﬁm@nd order
digital filter has the follow exenplary structure: Y(n) (n)

Bp(n- 1) + Cpthaseproblemg( he.1gvoid PropesSIg togiaiquies, Her the fetactionedrd ht@mgs A B,
C, E and F determ e th erties of the filter, Y(n) is the filter state
(as wel | asplioﬁ"éss8slj ?36 J@f sponding to a servo sector number Q9 DEC
20 -12 n, and p(n) is the input. The filter's coefficients may be conputed
by the servo system designer off I|ne and prograrmed into the m crocode
prior to the product shi pnentrieHDesore ) th jmmgse with the present
invention, the filter coeffiicients A B, C E and F are analytically
derived to be functions of a single paranmeter represented by the cross

vi bration frequency of interest, fb. Therefore, the digital peak filter is
represented as foll ows:




Y(n) = A(fI?2)p(n) + B(fl?)p(n-1) + C(fO)p(n-2) - E(f17)Y(n-1) -
F(f17)'Y(n-2) (2) where the coefficients A(f0), B(f0), C(f0), E(f0) and
D(fi7) are represented as a function of f0, and where t : fOois
sel ected according to the frequency of cross vibration, ne933wm2« equency
at which the peak gain is desired. ('The terns f, f0O, f*, and the term
"frequency" itself are broadly used herefn to denote either actual,

physi cal frequencies of interest, or paranmeters which bear sonme sort of
relationship to the actual, physical frequency of interest.) In choosing

the anal ytical functions; the goal is to avoid any trigononmetric or
exponential conputations so that a | ow cost .MPU or special sem conductor
chip can be enployed, rather, than a high perfornmance {and.high_ cost)
digital signal processtify laniepictsao eérfgﬁéerhmwolcﬁﬁﬁ‘g“ﬁﬁgﬁ@i ce have a
m ni rum val ue fmg; | . ye foex dependi ng upon the anticipated
cross vibration eﬁ#&gﬁﬁgﬁa& orgqlog%érirlpﬁpé%ﬂgresent generations of disk
drives have spindl e speeds anywhere from 3600 rpm (60 Hz) to 10,000 (166
Hz) . Hence a conservative range for fO can correspond to a peak frequency

| ocat ed between about B@. M iaatimegdotef the posiiontesion signal(fPESnfof gur at i ons,

t he second harnonic l.so l% onqe substantial, and frmax can be extended
to cover this con%%‘gﬁﬂeg'é‘v% ﬁ&g- *ng an exenpl ary, bilinear
transformation nethod of obtaining a digital filter'froman analog filter,
it was found that one could develop a non-trigononetric function for each
of the coefficients of Fig 2adpictsdrivei of iriterestyl OHamingt digweal gsalar chi evi ng

-13- 0 9 DEC 200'2 a programmble filter for a | ow cost HDD j npl enentati on.
In a DSP envi r onnflers fof sgifand gross jbrationdrequersy cempenemise respeqtivelyiret hod t o
detect the peak frequency, which would be very conputationally burdensone
to a | ow cost MPU-based servo systemsince it involves many sine and cosine
conput ations. The obj eFi%'.\?.B i e tigidplotof it iRyRbwEdTBIfof iERIRS of ONPUt ati ons. . A
tested exanple is as follows: Peak filter h(s) is proposed where s is the
standard Lapl ace ¥ig:i2able and where: h(s) _ (sz + 2Zewgs + waz) / (sz +

2Z, ~wbs + wb2) (3) where we = 2~fe ' W = 2?Lfb ~ = undanped nat ural
frequency of nunerator fb = undanped natural frequency of denom nator Za =
danping tetln for numegds 3debicts an | # SHRETR r Using a
bilinear transformati oﬁi’%f (% 1e for?n@g}ﬁl:d?%%%@-%zt?)&gse?ﬁ~z-'%}%9(4) where z is
t he del ay oper at ogereration of digitabpeakrijiter nepfli¢iends AL BeCaBandd aamai n t r ansf er
function can be transforped.to a discrete_ domain orm.tgkgﬁe t hat the
frequency par amet Bmctionotihg freguency of infetest ). anyageppdageasvith theuesent r equency.
The sinplest casejjientthiere fb=fa=fi7. In certain cases the dependency of fe
and fb on f~ can be set 'to a |linear or higher order function of t~ or else
of fset by an appropriate nunber. So |ong as trigononetric relationships or

fracti onal exponential _factors, are t used,. the transformation wll
produce a | ow cost NPUFifig?pf'%'tgéjr?Pﬁ p&%_rent itgl @t"és&“ proposec%to
correct cross vibration frequency components in accordance with the

present invention;

Figs. Sa-g are spectral plots for first and second stages of
each of the filter structures of Figs. 4a-g, respectively;

Fig. 6a depicts a series, cascade configuration for a vibration

filter in the servo loop;



-14 Once the transformation is conpleted, the new discrete domain transfer
functton equivalent is represented as: H(z) = [A(fl7) + B(~) z'' + C(fl7) z
Z1 /[ 1+ Eft7) z71 + F(fi7) z'z ] (5) (For sinplicity a single delay
operator z 1 may be denoted herein as z 1 and doubl eﬁl?E%gﬂ%)or z Z as
z2.) It can be proved through substitution of Eq. (4 nt o . ) that the
coefficients of Eq. (5) are as follows:-8- ~ Let: fs = Sanpling frequency
(Hz) (=Il1l~f* =fl7/fs (Normalized peak frequency) a 1 = 2n Z, f* a2 = (~c
~)2b1l=2~2bf* b2 = (n ~)2 then D=[1+bl +b2] A= [ 1 +al +a2 ] /DB =
[-2 + 2(a2)] /| D C[1-al+a2]/D E = [-2 +2(b2)] / D F;gé1bl+b2]/D wher e each
coefficient A B, C, [Figebladepists agparabiel ipw far & ibkatipp filtef inf ~, The
natural frequency,for the nunerator (fa) and denomi nator (fb) are set to
fi7. If a general S MI%Pion is desired, then a |, a2, b 1 and b2 can be
represented as distinct paraneters of danping as well as natural frequency
in Eq. (6), and the forrmulation for the filter coefficients still remins
the same as in Eq. (7)FiglTaisa flswdlagtanoef thbateps hecessuty ylandthel r equency
when transforned into digital domain undergoes a frequency warp. This warp
effect is well kridhatiemfequenchel interestiA) dnadoerdanes wigh shapreseat | ookup, or it
may not even be r.elevant. It was found that normalizing the frequency f17
by a fixed frequéﬁg?JPng1fn, the nunerical sensitivity of inplenmenting the
desired filter characteristics could be inproved. Wth 16-bit 09 DEC

© 2002 -15 arithnetic, nornalization was not necessary. Fig. 3- shows an
exanpl e of the conput afigoAatepetsareranpleryonBguratiors ef the kysteth dort al  peak
filter coefficients, A B, .C, .E and F, as described above, ip an exenplary
cust om chi p -with mgwéabrﬁg%ﬁm%ﬁwwr@é@a%w%p@ thee some a
priori know edge . . range of frequencies over which the corrective
filter may operaﬁggﬁﬁﬁmkgﬁmgé preferable to precal cul ate and store a set of
coefficients for each frequency within the range, and, during operation,
when a particular cross vibration frequency is detected, selecting the
correspondi ng set of cigf 7¢ sianmmeplitide . freqiengipplobef the fresghis ofthe St ep 2:
Optimum Corrective, Fi.lter Structure. f Low Cost | npl enentatign: The
corrective fil teré%(tlﬂé> f’%ﬁ%’ﬁe%l’tsﬁ& F%‘get%’gg}efvi?%riatel% f;re%,réﬁg g%,“&ffslt@’]and F
conputed by a | ow cost MPU or a specialized integrated chip nust now be
st~.tctured in an optinmal configuration. The peak filter not only needs to
reduce the PES error aFiga8depictsdivefrensaied mepsiraments dor sssamplel al | ow free fl ow
of control signal nerated by.the track-follo ontrol | er andl or any
other filter oper‘gettq%ﬁﬁngf%ﬁﬁstcémtﬁ?fﬁoﬁdﬁﬁcq‘ﬁiﬁé P control signals.
Thi's requirenent LgRRRRS constraints on internal DO AC gains and
conput ati onal ranges of the inplenentation of the filter. Internal DC gain
of a filter determ nes the bias value of the filter state for a DC input.
One purpose of the tragk-fol]ow contro] signal. s t rovi de a bias conmmand
t hrough a voice coil ﬁ:glgﬁ'ré)”('{’ﬁﬂ\i)"og’ﬁ gﬁ.ﬁpgﬁqql\p‘lgqisggﬁgmpcx he actuator can

be placed at var] gblieflacgahid it B8RHAsH bR ARRigRRer at ed by the

fl exi bl e cabl e, aerodynam c drag, and pivot hysteresis. Therefore, the peak
filter shoul d al | anplithde measiranem evis delayedogd 1 Soevanaons, moptdtivelpus wi t hout
any del ay or

Figs. 10a-b are amplitude and phase spectral plots for a

vibration filter implemented in accordance with the present invention,

Figs. 11a-b are amplitude and phase spectral plots for a
vibration filter, and a second vibration filter implemented at the
second harmonic of the vibration, in accordance with the present

invention;



di stortion during seek to settle node switching. At a mninmm the overall
i'nput foutput DC gain must be unity. If this property is not assured, then
transients in the settleout phase are introduced thereby producing
prol onged settl eout 0 9 DE C 2002 -16 dynami cs. The ur§ ﬁgﬁ)aﬁﬁzcan
t heref ore beconme exceedi ngly high, sonetines on the ord@r Vi f the
structure is not optinmally selected. Th9s nmeans that a 1-bit bias comuand
will require the filter to have an internal state equivalent to 1000 bits.
In a typical product the bias current command is about 30-bit maxi num
Therefore the filter wll have to reach an internal value of 30,000 bits
just to allow the DC \Riguk ise tpasplot éfraoigh dwiingoath thti detestiphendr esul ti ng
frominternal arithnetic saturation or ayerflow Such .a condition can be
easi |y reached wqemeqtion phatesy MAccorgancs ¥itHbA PresentdnysdtiPRimosed on the DC
value. i Since the filter's main function is to provide a conpensating
periodic control signal at the frequency of cross vibration, it can be

expected to have a sulpigargillabtraa¢sin dddessiag stlictneoused td addresdahe as wel | as on
its internal state. Since it is a requirenment to keep the fixed point

arithmetic preci étitial qopditions of the digitahpealsdiltes implemented i asgerdaneg or MPU
cost, it is necessary to sel.ect .a filter structure that will have ' not
only a low interid PIRSFTH BYFUSs0 a noderate AC gain on its internal

. state without nodifying the filter's peak characteristics. A noderate AC
gain is required so that the internal states are properly handled in the
conput ati on process: tRig HMaghdgfictangaimd safiamberess vitraton fitkr over f | ow and
too | ow of a gain can cause underffow, In Figs. 4a- seven second order
potential digitaptatgsiuseq tosdeterming ansoptimanrarefresh satg forthainaiali vel y, in
accordance with . S | Lon ' . r Vi he sanme Y(n)

out put, di scusse%grg%gz\;/%&I@%?/\e&r\%s?‘%{aﬁgggﬂgﬂf g%@?#ri%s '%%P?eg?ﬁtl n their handling
of DC bias, and imfeatigl gains, as discussed fiu-ther below. The first
three structures, Case-A, Case-B and Case-C, are "Direct Forni realizations
I, I'l and Il in which the transfer function paraneters are directly
associated wth the fil.tey. structure. T I four structures, Case-D,
Case-E, Case-F and Cadd&do85¢¥® °a§°‘i§r°2§‘°[5§$§e%ﬁs°%?ﬁr¥“&‘ia,zﬁf‘?, 111 and IV.
I'n these struct URRy ikt statd raﬁro§tﬂihauyrhﬁ¢ﬁh1&whltsﬂétate,adrﬁlahei tip@lly Wi th unity
gain which allows the DC and all other frequency 09 DE8 2002 -m
conponent s to passitialzedugimning dveragedfilterditate,aespectivelyand! t he peak filter
portion that forns the parallel branch enhances the input signal at the
targeted peak frequency only. Therefore the filter internal states are not
critical to preserve g fysas UG- frablt with 8 sBRAECMEL alilymeprifdvantage with
regard to MPU conputational randge requirenents.” Figs. 4a-g have associ ated
t herewi t h t he f olshigestrig self subsdtemn fdaquerslyicomponendés pecti vel y: Case A: Direct
Forml (Fig. 4a) Qn) = Ap(n) + Bp(n-1) + Cp(n-2) ' Y(n) = Qn) - EY(n-1 )
- FY (n-2) and Qz)/P(z) _[A+Bz | + Cz 2zl Y(z)/Qz) =1 /[1 + Ez' +
F2o2) M)/ P(2) [ Ykl Qha 8l 8 pebAstootfid i Rdybiort” |+ F2-2]
Case B: Direct FormIl CFig. 4b n) = p?n - ER(n-1 - FR(n-2) Y(n) =
AR(n) + BR(n-1 ) FigQan-2) and R(z)/p(z) =1/ [I + Ez-' + Fz Z] Y(2)/R(z)
_[A+Bz'" + C Z] Y(z)Ip(z) _[A+Bz'" + Cz z]/[1 + Ez'' + Fz Z] Case C
Direct FormlIll (Fig. 4c) R(n) = Ap(n) - ER(n-1) - FR(n-2) _ Y(n) = R(n) +

B/ A)R(n-1 C/ A) R(#-,2 , / = ) *Z] Y(2)/R
1 ) 2 (T A PR b pphctha lpeligtigbar el 1) TN R -
Ez ~ + Fz 2] CasentatiGi asquehegolintetst hdvdiigran oftirhd.indd) cdnditjon (A-1) p(n) +

(B-B)p(n-1) + (C-F)f?(nZZ) Wn) = L(n) - EWn-1) - FWnN-2) Y(n) = p(n) +
Wn) and applied thereto; and

Fig. 17b is a time plot of an improved PES in accordance
with a self vibration cancellation technique in accordance with the

present invention.



L(z)/p(z) _[(A1) + (B-BE)z'" + (CGCFz Z W2)/L(z) _ [ 1/( 1+ Ez " + Fz
2)] 0 9 DCC 200 -18 Y(z)/p(2) [1 + W2)/P(z)] _[1 +{W2z2)IL(2)}
{L(z)/P(z)}] _[1 + {1/(1 +Ez' +Fz' 2)}{(A-1)+(B-E)Z +(C-F)iz}] _ [A + Bz' +
Cz'z]/[1 + Ez’1 + Fz'z] Case E: Bias Free Direct Formlpgrlﬂg M n) =
p(n) - EMn-1 ) - FMn-2) V(n) (AAL)Mn) + (B-EfMn-1 -2) Y(n)
= p(n) + V(n) and Mz)/p(z) = 11[1 + Ezl& + Fz z] V(z)/Mz) [(A-1) + (B
Bz~ + (CGF)z.z] Y(2)/p(z) _[1 + Mz)/p(2)] _ [1 + {V2)/M2)}
{Mz)/p(2)}] =[1+{(A1) +(BBz'1l+ (CFz 2} {1/[Ll+E" +Fzz]}] _
[A+ Bz + Cz'z]I[1 +Ez | + Fz z] Case F. Bias Free Direct FormlIIll (Fig.
4n M n) (A-1)p(n) - EMn-1 ) - FMn-2) V(n) = Mn) +

[(B-E)/ (A-1)]Mn-1) DdthiledDesd frthe Pire dimentté)n) and M z)/p(z)

(A1)/[ 1 +Ez' +Fzz] (2)/Mz) _[1+ (BE/(Al)z 1+

CPh/(A1 Y(z)/p [1 + V(2z)/ [1 +H{V(z)/ /
(DL 2 2 B b b iy ot bbb | 117

{E§ A 1)i Ez ? frbdrngions Ioggied ingh Sime eoropUler TEae Zﬂq@&‘[ﬁ@&fﬁﬁﬁmﬂ(tﬁ%ﬂ 214{;,% 1. 1
F% u A 5 (A - &n‘fl%ﬁ%s To&f%l ﬁ(}lgos%tlon K ?ﬂx? 1&?}%‘-% W&hlé}l %}(ﬁ'ﬁélﬁ?bﬂ]s)dg?&n )

ﬁ[)l/ SEs decbad q? hlezpes EA)Jsiadonﬁlﬂrﬁ):/IOAatﬂoéaﬁloﬁBm(lﬁblﬁhé b 1 )z 7]
z z - + Y4 z Z z
(M2)! p(z)}sqpphefibyan@thmepﬂm Bperyieg udzpendeg rarld@%&&) liﬁd@ﬁ(gmu)/[l +EZ

L e | oo PP bebAPeRod 10 WA orios koo o ety Combont TR r bl
an int eger W’E‘eheﬁfteszd §0Prps PRk Wibra e Rk A In tﬁeecoﬂaputér/frjaﬁleﬂ&é tofts 96) -

rps spindle speed, and therefore disturbs the track follow performance of drive 10.

<T+X

The disturbed PES trace of drive 10 is depicted vs. time in Fig. 1b, and contains
both 75 Hz and 90 Hz components, as well as a beat component.

The vibration errors in track-follow mode can be addressed by implementing
first and second sets of digital filters in the servo loop designed to have peak gains at
75 and 90 Hz, respectively. Fig. 2a shows such a system having two fixed
frequency peak filters 40 and 50 simultaneously running in parallel to each other, but
together in series with the servo controller 20. Filteé 40 is designed with peak gain
{ of 30 dB at 75 Hz, and filter 50 has a similar gain at 90 Hz. The resulting PES trace
of Fig. 2b demonstrates that the variability is reduced by this servo configuration

without causing any control system instability.

Two main challenges to the realization of a solution to periodic cross
vibrations in such a product environment exist First, the designer of drive 10 has no
a-priori knowledge of the vendor drive 10’ that may be placed in location B of the
computer frame. Therefore the information about its spindle rotation speed (here 90
1ps) is not known until the customer configures the system. Second, the
characteristics of the cross vibration component are no longer locked to the self

rotation frequency of drive 10 in location A Therefore, a technique to address



0 9 DE C 2002 -19 By carefully constructing the internedi ate nodes) to
assune the values Qn), R(n), L(n), Wn), Mn) and V(n) as set forth in the
above cases A-G the filter gains can be designed thereby allow ng the
filter to operate within a suitable dynam c range. 'The various filter
structures presented above can each be respectively c gagEel ZBBZby t he
val ue assuned by its internedi ate node(9), and the no suitabl e structure
ca.n then be inplenmented. The estinmation of filter gains at various

i nternedi ate stages are now presented as a function of the alter design
paranmeters for each structure shown in Figs. 4a-g. Table 1 summarizes the
paranetri c ke filtgdhitial cobldétionetalddasgafunction oftdriveilDisesectos numbgras esjuréd t wo

internal stages. The first stage (Stage-1) is conposed of an_ internal state
from i nput J%Ethﬁmtwc%mﬂmr qrperpents that thefligs statecoptinueusipdRftut  rom

t he int st at | | he, t d .out wdkom.Tahle 1 it i
L e naut B AEE i bRl BeL B RU RS ORI, | 1 ©
gains are nofheaghdtivily dFehSilkaGRe do B ok #tRathon dnfiroddiéht M ASo hff&fedigpes D,
E, Fand G the internal gains are identically zero either at Stage-"1 or

St age- 2. Mbrthe fillgrqropenti¢sy, the internal gains are either directly or

i nversely proportional to the second power of the normalized frequency
(f*). For exanple, when the peak frequency is separated fromthe sanpling
frequency by abo r. i: i j: ~=. af .= 7920
Hz), the inter naﬁhﬂ%gﬁlcgggﬁl @fg&g%&gﬂb%g%ﬁfé, ﬁlﬁ/ﬁ?lgﬁo? tsogtg%;té%g%gglsqr?%% e
condi tion f@rotﬂeri;@irbiolveﬁﬂieetdllmiﬂgtte dezation. Therefore in the direct
forms of Case-B (Fig. 4b) and Case-C (Fig. 4c), the internal state is
likely to exceed the 16-bit arithnetic range in an MPU or in a special

chip. In Case-A (Steml: @il in¢ Pesifh afie Plogyammablke DigiutalRepnk fieerSt age-2 gain is
still high which may give rise to excessive arithnmetic underflow and
potential comput ahi,g0akard NI R praBnt iRk RiohirhE RS iRt AleffhasiEY °! i f
t hee peak frequency and sanpling frequency are kept wthi R a factor of 10 to
20, the 16- HDD (0pl effdint)y theoserad syisteen fsidesignedwith tleaetuiged fiixitnhty sodhatbe
accomodat ed w t hout caqncern. Therefore, the 09 D E C 2002 -20
separation d¥heqngyl h?gaﬁfw&@etpa ugt E%??qrés&fléghlgpwom%nﬁqrpe& B %iHe

i nternal gai I s dh ' k-1 er the gain
val ues wil | XXGJAT@?% ar e%ﬁéﬁ%h%?&?ﬁi@%%@%ﬁl Ig. ﬂgte E wher e the
St age-1 DC gaoposedheremaehichihgdhs fixkd eseficients hEhSolg getive 1gtai design ai fdent i cal |y
zero thereby, bl ocki ng any, DC si gnal from appearing in the parallel branch
out put V(n) .fomvla%%ﬁwlhe@resa%)*ﬁe & sesflicisnis gh adynction gha singlepagameter oy, t he
out put gain j.S.A . . 1 = 1) Lor L0t DC Stage-1

gai n of Casef{slioc% eﬂtﬁﬁe@ﬁé@%ﬂ% mv%ﬁ?g&y% Afh%%%?lgrr |nfﬁ§e{tuati ons where
sanpl i ng r atcharaategistic sHouttliee &t ser odivhtis dffsotys fRar@srileitionosancelpitibn.

requi renents _of the chip design, then Case F (Fig. 4fJ is a preferred
structure. Howevelrexperimentglstydics it was asygconslprder neak Altemyvhi ng
rates that i ic &h L] roduci ng
i nsensitivi ta§/3(g |P§%§2?18§§?&$8€‘§g§£‘%8%?%‘5‘?’Sé&%?8 "e%ﬁjﬁg‘é‘i&‘%?”ag uch
condi tion, ahgaiost RdLNEHGhGhatdwidies &8 eveh bettef,datthey frﬁ'zg)mcﬁgé ek&@ssive

di scl osed. Case-Grequires an additional nutiplier at the output stage, but
of fers nor e Fheselagrdetronepali taisomostbilityl t er performance at both high and | ow
signal levels. Wiile bias handling is inportant, the main purpose of the
peak filter is to provide an AC gain at the peak frequency. The AC

per formance opti n‘n%ﬂo Bsell $ixeQ@ P fABAG bebdddt 5188 BgkWiter hAd the Bllewing002 - 21
Table -1 Internal in of Each Fil'ter Structurfe STRUCTURESTAGE-

GAl NSTAGE- 2 «3amiiag etrictier ect Form -1 Q' p = 4(nf*)2/ DY/ Q= D/ [4(nf*)2
]Case-B Direct From-1IR'p =D/ [4(nf*)z ]Y/ R = 4(ttt*)z/ DCase-C Direct
Form-11I1Rp =A/ [4(nf*)Z ]Y/IR = 4(nt*)z/ ACase-D Bias Free Form||Jp =
OV/IL = D/ [4(nf*)2 [CassP® §8p@de o) 1D FYOFY(nf*)z 1 v =
OCase-F Bias Free FormIlIMp = (A1) / [4(nf*)Z ]VIM = 0Case-G Bi as Free
For m | VM p=k{hert thd Bfddtdotfficiednyd M B, O, E and @hleeenineahpivpeitieabf tstfiltent e of
internal AC and DC gains for Stage-1 and Stage-2 are conputed for the case
in which fs ¥(masthe ter ptateg@s mell appilae output) corresponding to a servo sector number




exanple filter exhibits a peak gain of 20 dB (Za = 0.08 and Ze = 0.0058),
and the respective filter coei~icients are given as: A = 1.00S2, D =
1.0016, B = -1.9940, E = -1.9940, and C = 0.9938, F = 0.9992. Table 2 -
ACIDC Gains for a 20 dB Peak Filter at t~0=90 Hz & fs=ﬂ§82%]

STRUCTURESTAGE- 1 DC GAI NAC GAI NSTAGE-2 ~ DC (Al 1~LAC GAI NCase-A Direct Form
-1Q@ p = 0.005= 0.0008Y/Q = 1964. 89= 12240Case-B Direct From-I1IR p =

1964. 89= 12240Y/ R = 0. 005= 0.0008Case-C Direct Focm-II1IR p = 1975. 28=
12305Y/ R = 0. 005= 0. 0008Case-D Bi as Free Fonn-1LJp = 0 0= 0.0007V/IL =

1964. 89= 12240Case-E Bias Free Forml1Illvl/p = 1964. 89= 12240V/M = 0. 0=

0. 0007Case- mn,Bnd pbris ehehRaput Thd fittgr’ scobffitdlrs hdy Beohpdted by e sérvd41Case- G
Bias Free FormIVMp = 10.39= 647.40V/M = 0.0= 0.0141 . 0 9 D E _C 2002 -22
The filter tﬁyaﬁqgr@@mmfﬁhaﬁgn%p@mﬁ%@em@gﬁeéqp%w thejpsodugt spect r al

Char acteri scpprfitg Hoher | acoBlanite Wit Mot bty AP Beligerif o7

however, Fi gg; B2@; 1 afl¥Wrd Mm{zsny H&lﬂfdt& B8 fildtiSks Fla s?ﬁ_lg'w?%’ gﬁ%g ealfe | I) It

can be concl uded by conparing the nunerical val ues of as
t he graphi cakpreseni¢d by the cféisg sibrationgrequiendy aftistefest, f0er Therefore; the digifal Case- Cr
(Fig. 49) prov %«fs t he best bal ance between AC/ DC gains of input Stage-1
and out put EReﬁij tor 15, ggpresenisdas follosensi tivity to Tow signal levels with
16-bit arithmetic. It can al so be observed that in the bias free structures

of Case-D (Fig.4d), )i ( G, (Fi g.
4g) ~t he~coef fi cF ‘%&8}?? )E+ g(‘gﬂj(ﬁﬁs %@8&)5}3 E@Y(ﬁlﬁr?@mm is
not required. hbvertheless for a general second order filter case in which
undanped natwhest therengtiistroised (D) B @@h%mmmd@@hmerﬁmwm@wn i s not
zero, and it.is. th tﬁf ore desij abI e to Iz)eserv ggtl i.er.corres nd| ng

fo the B t erfotenoliland yucrs the Pa(@l?-t?f/ AS 15! e frequengy ¢ty [ . 1
in the case yhanihatbh) i eStEPfreqheh@Nst »dﬁ&@me?aaﬁk Fanlr@&@swew (Theltignsteak

Filter in the Servo Loop; ,- T e sel ected p lter ca.n be Insefted at
various poi nDsfY4, and tie tennatkedushéySitssEmrebrbadip nsefterain & denate dithasdctualp
possi bl e | ocation fc1_>pt| ons. The first option s %becascade (serl es), l ocation
in which t hePhysisaldreaieneies fdnterest 108 Pasmett Fhichibsar somne sortigh gelptionzhip | t er

140 input (Fi tures
di scl osed ab%\g/&é'3 g%)rllalb)lé g%ﬁglﬁ%@%g%’ %@%ﬁ%ﬁyﬁf %(gég%en tr&;jt Icﬁf%g&ﬁdh
Case- G i s r ethe gozlis éslaveid anjsteigofiorhéteic for exponentidl compgaudmrsdlthatg low cost

capabilities, The second l.ocation option is rallel location in which
the track-foME meﬁ*wwr@@c@ap caahaemﬁgysiakthmhmhﬂn output are

cont i gurati o RE e Apd e LS BN BRI 0, ot al 1

frequenci es except at the desi red peak frequency. The parallel portion of
the bias free cases Case- - -F and -G are suitable for this parallel
gonfi gurati on. gpme@aﬁmllzsl m@mhmgmma@&a&a a9d INGHUMEE) on and

the parall el i ns at
the cross vibr ?ﬁ‘b‘g&{pr eq uﬁ&“.h[ ‘f\liggt[ erc}oggatb&%%heg%%%‘gﬁqoggghn@? t he
cross vibr atp&ﬁbrft"g@ﬁﬂﬂﬁkﬁ%,ofaﬁﬁ(ﬁiveﬁﬁéve@phﬁﬁe $pf e fidm 8600 rpae(6ve as a
zero gain path. To mninze servo conputational delay (due to the presence

of multipli eklzh@d@rowlﬁéfh)tHénm%qms@wat@@rrﬁn@fpaﬂ]m wi th comon PES

i nput of Fi 6b is refe e |t co ured in
paral 1, i gareapbih BiecPea g gy AR e R op T 53 1 RERE B
entire filtepm, aﬁﬁc&ﬁguaﬁo@@mé de@&ﬁﬁharﬂmﬁﬁsc@aqfso(b%@&m@ﬁbs%hm Er'it?f;m can
track-foll ow control simlar to the approach of 2a.

be extended to cover this component as well.

Using an exemplary, bilinear transformation method of obtaining a digital
filter from an analog filter, it was found that one could develop a non-trigonometric

function for each of the coefficients of Eq. (2). This is a key step towards archieving



Std 4: Peak Freguency Detection: Preferably, the product should be
programmed such that the cross vibration filter's required coe~cients A, B,
C, E, and F (discussed above), can be conputed w t hout any human
intervention. As discussed above with reference to Fig. é [cients A
B, C Eand F are determined as a function of f~, th{@r Eé%d?of

interest. However, the frequency of intdBest nust be deterniined. In
accordance with the present invention, and as set forth in the flow diagram
of Fig. 7a, the present invention involves the determ nation of the
frequency of vibration using an automatic detection technique. Fig. 7b

depi ct s t he sgprogragenabie fittér far s dawm ost DD implena@tiph. aedDSBtesiidenénts hie

servo loop ip an open | oop configuratjon to determne the frequency of
cross vi brat ewerwﬁﬂ?rgtefrvéedctamsgm?mmﬁw tggietep © B resgRah POVE | | t er
can be plac i I - e| b i |

appearing |§9?‘H(2b§>2§ysc?r g&ﬁ oﬁgf%ﬁﬂ?{;ﬂxﬁo@ggﬁﬁﬁx{'fﬁt%b?%&@&géﬁ?{&g} Cross
vi bration fisidcefit in0slvadinany bide afd abdivddomputdtions.) The 6bjestive hereireld thn an open
|l oop with the PES as its input as shown in Fig. 7b (step 1010). The peak
filter's coavpidsuchremples compptatiens.f or a sel ected mi ni num frequency val ue
(f"",~ of f~ (step 1020), and the peak filter's output is analyzed for its
0 9 DE C 2002 -24 maxj num (a(f0)). Once the nmaxi num out put of the peak
filter has been dbtesied erempigsasdoliawsPU this val ue; and the selected fO is
stored for subsequent use. The peak frequency value is then increnented by
an anmount "df," and t hRealufilee hits)ad piopoded weheness tedtardidakd Baplagef fi ci ent s,
extracting the maximumfilter output value, and retaining the pair of

val ues i s repeat e@riRbleiapdsviieseieps 1030, 1040 and 1050) until the naxi mum
value (~"~ = ~";n + (N1)*df) for fO is reached. Typical values for a

single frequency scan are ~";" =.50 L df 5 1 and x"~ = 180 Hz. After
engaging the digital fi Ill(é)r:'l(#"f%%wog%ﬁ”ﬁdég +n%€é‘fbsﬁ‘¥ﬁz)ni mim wai t p@fl od is
allowed for the filter output to reach a steady sinusoid-Ilike anplitude
before estimati ngwhieee anplitude, a(fl7). The coefficients may be
pre-conputed (and stored) for each frequency step, or, in the alternative,
be cal cul ated real -ti ng, =f2%¢f, exanpl e, using the coefficients as discussed
above. After the frequgpey4fange ~";n-to-1;"~ has been scanned, there

should be N pairs of f %ﬂuﬁwgédﬁde&g%’&{u%ﬁ@%%ﬁﬂ«w' itudes (fO0 and
fD ined i ) h of l'itud
US. 11equency of F ”E"g"y ﬁgﬁ%‘ Lg;i‘fﬁ%%%%ﬂ%éﬁ{?& Ceached a

vs. frequency of Fig.
gl obal peak val ue can frow $E'RISE HRYReTpOT t he a(fn) val ue exceeds a

preset threshol d val ueZg . ¢pmping tam fopdenerington t er corresponding to the
particul ar frequency paraneter f0O can be configured in the servo E ~ | oop
by cal cul ati ng t h€singeftilindae ttansfdrmdajonGftie famd F as a function of fn (step
1060), as discussed above. Fig. 8 shows an experinentally neasured plot of
g(f'l 7) vs, ft7. The measurenentssuepen(epsaiedy times to check thew

onsi stency of convergence to a clearly defined peak value. As expl ai ned
bel ow, 2 revolutions of the spindle were used to allowthe filter to
settle, and wherevas theidelss opferdtod dndlT Bithd eingding|tiese, Yeramalkgldoaefietdatsferobt ai n
the data set_ per frequency point. The scan rate in_this test was about 1 Hz

per 4 revol Ulnghen capke tmsformed ¢ Aisgrefsdomann formy Ngigthat thefequencys 93 1-1 z.

(fequency 5i8Rest, A4 L ERAUEREG OISR CRIGURS, Mol BtaliR, 4
of scanni ng wRerkiFd=faaeh. WArRitaE dadeshiad depRafiatst bhf) ah@F, dnlTo cBEBOsétab @

dependence of the filter peak a(fQ;), the very peak filter that produces the
maxi mum a( f ~)neanbukigher erfier fupeton dp orelsd difpet by amappappriataheioberejSedong he

cross vibration error _.conponent when placed in t eedback canfigurati on.
Therefore th® %&P’bom?f&ﬁEggtl?qsgtﬁj&ﬁ&?c'g?ﬂaf?Xﬁogeﬂﬁ?@&%?rleé‘&t ‘E??%béh nown for
this pur IOOSetrﬁfsférﬁia%ioﬁ%h';ﬁ@&dc_@@-IQ\I%&M@ ifipldn{BRtdpgRal ty involved in the
frequency detection phase. It is inportant t0O mnimze the detection tine
by scanning through the frequency range quickly. Experinments conducted show
that after each filter update, about 2 revolutions of the spindle should be
allowed for the peak filter to reach its steady value. After a 2 revolution
delay, the estimate of the peak anplitude filter state can be recorded
anywhere from1l revolution worth of sanples to any arbitrary nunber of
revolutions. A test was perforned to determne the sensitivity of this
frequency scanning technique to the nunber of revolutions. The sane

measur enent was made for 1 through 5 revolutions. The resultant plots of
Figs. 9a-b show that fewer revolutions |lead to a higher frequency estinate.
At 5 revolutions worth of sanples, the peak frequency paraneter reached a

o Y ~NrN 1L ~ o~ L T o




180 Hz. The anplitude and phase spectral plots of Figs. 10a-b depict an
éxanpl'e of a nmeasured open | oop transfer function with a cross vibration
filter set at i17= 90 Hz. A self vibration peak filter at f~=75 Hz is al so
configured, but the measurenent noi se due to pivot hyst resrs prevents any
visible peak at 75 Hz. In Figs. 1la-b an open | oop né tlon
including a third filter set at f0=180_ dennnstrates the pOSS|b|I|ty of
including multiple filters to suppress gher har nmoni ¢ conponents present
in the vibrations. 0 9 DE C 2002 -27~ In one experinent, the frequency
detection process described in this previous section was enployed to detect
the dom nant cr ogcy kY tednsRPmb Sl 1sQdEpleted) thd SNdidere R dothatiPRarsRr Syst em

i ncluding a cascade peak filter conflguratlon was i nplenented. Fig.12 is a
PES tine tr Gustiobequiiveentdsirapreyentad astet ect i on phase and servo control phase
for this experinent. Prior to the filter operation (during the detection
phase), a strong periodic signal |§ present. Once thg fraﬂuency det ect ed
properly and a ped#@ rl HAM)ehB4Qra’ HAED z5dv [ bt BENB'ss Fihzal i on @s
conpensated properly and its presence could not be observed in the PES
trace. Henc@drrimplesa sitigle Helap bprdtor@titaly be idendiedhérbinastz0 aflé ewhle and
conpensate for single or nultiple frequency vibration sources. The next

chal | enge i delay OE@&HQEZ? 8 7a-hdt @@eh@ rapeedahioygh substigionief EqcénirtgBaa3) on

wi t hout any tle e 5. Filter dnitial Condition Update
and Addressp’r‘?'ghl °§phg§?ghEﬁﬁﬁga%ég8§?586, a nethod of storing the
filter state to initialize the filter for mninmmsettleout transient
dynami cs was predehited. This patent addresses the problemrelated to

physi cal shifting of d&s diSslnplingfreijtencyg @iz)F=147) rotati on. This conponent is

known to be stabl e dufag)ds QUEIalicdd saa clfe u@mgl)the peak filter state has
to be configured and §QQ4§@2ppdy once. Cnce configured, the addressing of

the filter state is |q g;gg t he servo sector nunber of the disk q%self
However, in the case 0$S,vi brations from another disk (e.g., ) the
anplltude and phase o rati on conponents are subj ect to variation
during the ent|re opePQtl the drive, and the filter state should be
periodical |y upd#tead to preserve optlnal seek and settle characteristics.
Al'so, the filter's adgyesy ~28- p 9 D E C 2002 should take into
consi deration the fact aqt t ency of rotation of the first drive (
10) and the frequency %5%3 brations fromthe ot her drlve7S 10")
are not coupl ed, sinc is controlled by independent

el ectronics. Further, C%rﬁde*ﬂhbagﬂfpbr may not be activated during seek,

but only during sett| E B2+ /Dol | ow, the appropriate filter state must
be addressabl e when t Fe={ill-tbdr+b3]fPactivated during settle-out. Fig. 13
depicts an exanple of a filter state addressing schene in accordance with
the present invention. Two counters M N, are enployed, which are used to

access cor ré‘é}?ﬁ?rﬁ#h@o‘tfﬁ%@fs‘\iﬁ EHa Eﬂ@%Elsmmagemlwﬁfsn%&qnmﬁfﬁ ilheer state

vectors he f|| or each
settl e- out/ ggglﬁﬁgF%m% ik'e H‘ E&f@%g nﬁnﬁ%ﬁﬁﬁ%negg%gggt%rs and t he
det ect ed cr @egeryli fBfrailatsh tsafes@edoerdncad wmmm%ﬂ%t%rme&aéemﬁﬁ&t ors (of
drive 10). (In this exanple, M- Nm- (75 HrIt1 7 o be able to

correct|y apawsietaryef damping ¢ MicHtas oatural|keguensy én Etle(@e?@tidhe forenlatioe filter
is actlvate coun S ar nd whe .t (here, 3 9). The
count er gd J'E%Ig t%rqcoeﬁecbqnitsvséﬂﬁ% ‘F?ﬂf%l%s 1824%( tously every time a

servo sector is encountered. The counter value Mat any given instant is
associated with an address pointer to corresponding values) in the stored
filter state, whiltis vmderstoeddhdtdhe amuldg ok dequécy evhen énaesfprmednmtotdigitdli | t er s)
are activated. Thoqg? two filters are_shown, this principle applies to any

singl e oper &CTBHRMNGEGAES A f@ﬂqgelcysr%e%évws ety wrlétcp%wa%cqndvedr. ve 10’
drift i f d
T iar' 4t at QoRARA BRI RtiE R tor il RALLETbe Lkl TERD, olfq #07

time plots ebrhilezigethedtedqheddyd0 b§fa6ﬁxeﬁ frefusel fermit, cl&@teﬁtertbétrsetsmmwfl lters,
the error between the cross vibration filter and a predicted state assum ng
a fixed pericsédneiempgntieg theslssirediilter ohanactenigies cowdbetimprayadeWphd6-Yiexpanded
along the tine axis) for about 10 revolutions, respectively. It can be
observed fromFig. 14c that the error is |l ess than 20% of the peak
anplitude for about 10 revolutions of the drive 10. The filter state can
therefore be refreshed i medi ately, but, to save processing, 09 DEC
2002 -29 can be re&eshed about every 5 to 10 revolutions of the drive 10.
Beyond that limt, using "stale" initial conditions can be nore damaging to
the opti mal settle out characterlstlcs of the actuator system t han using

I B o ' M 1 Y L - ~ - I Y b1 —~p—~ £



Q 9 DEC 2002 -30 Continuous Snooping and Adaptation Mdde: In Step: 4 above,
the process of cross vibration frequency detection was di scussed in detail.
The issue of peak frequency shift during the operation of an I-iDD al so
needs to be considered in the case of peripherals su{r a@gﬁgqgwﬁgt | i near
vel ocity CD-ROMs. Under such conditions, the servo mclroC ld nin
continuous sweeps to track the peak freguency conponent('s) by probing the
PES whil e the established peak filters are already in the feedback | oop.
This is a form of noninvasive "snoopi ng" of the operational servo system
for any change in its characteristics. Wien a substantial anplitude peak in

the PES is ghitheetiethorhhleation 9@ ndt Adtessary. ITIEE3 slivwsi ancexipRidfitey shift the
established filter's peak frequency, or to Introduce an additional peak

filter as appmpistionabseqrendesequireditd setthedigitelasak flieraoeffisisnts, AeBf Calid cross
vi bration co nengs,..and, it is critical to address both problens t

2chi eve. hi GHLE-eeREiven Apee, mpEoRiD gr-derl ShipgTth ASoch B Bty 84
exenpl ary, sz&aHE@&b&qn@rwé a.g%ﬁ\i&bwléd € aBSR MR Yhngd Nt i On i s
broadly directed to any type of vibration, such as self vibration, and all
of the techfiequensiesiows wisciothaborective @ilteuay bperatpyit mapbe prefdrabletopreFi g. 16b

is an anplitude vs. tine graph of the position error signal ("PES') of the
HDD 2010 of caitulate and storay satof eeptlicients for gaoly fiequereycwitia Herangmheand.i t i s

nounted in computer frame 2030,. and coptr.ol l.ed by servo gontroller 2020.
The HDD s s At SPeision. v Ret & BgeuisEOioat BPiat Bh Eaty Bt HidsBng
Therefore, @g éﬁé&%n&iﬁg%é&fc@gtﬁcieﬁ@emsa}d%@ﬁb%k fashiprdi fied by adding a
peak filter 2040, ‘centéred about 75Hz, to reduce this conponent in the
servo loop, using initial conditions 2042. The anplitude and phase
paraneters of thgtep2nOptitnue® Cogegivedling StactirsfopLiwiCuwdticed di sk-shift

generally renainhﬁémggn@ggﬂng a power ON cycle of a nobile ITUD p 9 DEC
2002 -31 product, and the Tilter initial conditions 2042 can be obtai ned

froma table | ookup as disclosed in U S. Patent No. 5, 608,586. The servo
sector nunber i sThssafdctvefilton debighbdwit diccssffaients&, B/)CIIDAE asdRdi tion in
the table list. The filter state is neasured and stored at the begining of
a power ON egpepuied byglareeost MU o p spepialized indogreledpliinapissne¥epe af f ect ed by
ti me depend nyi.ranoent al fects ch r r Th
anplitude an cp %g%%ﬁéﬁﬁﬁ%ﬁ% nafféhe r@?ﬁit%%?ﬁgb%%sé?f%@%&%t he HDD.
Exper i ment SPESeiiof &tal désired ednfenty BiitdlldoNhoGIdMNORE e Sl dwedRbontroleigialsvel y fi xed
on a time scale of mnutes. An additional enhancenent to the technique of
U. S. Pat engenegatedbypibs tragls-follovpesioberand/orany othigefikten aperatisgat e that i s
stored int U Voo initiallz filter pdat ed
sever al tinggﬂﬁﬁ%ﬁﬂﬁﬁgmﬁ%§g¥ﬂaﬁd€§% él8#QgﬁgsﬁtfﬁF%hﬁg%%gggﬁgg%mﬁth t he
updat e te?%&rﬁtt@ﬁtﬁrﬁiﬁtﬁﬁeﬂd)@%@%ﬁﬁs BndaRvsutatfongl hgés Sltns an i mproved PES
after having inplenented the techniques of U S. Patent No. 5,608,586 v~ith
he above- nupplewartatienpithe Siltent to the update of initial condition. The
techni ques descri bed herein can be inplenented in program code, and
therefore may be included in an article of nanufacture (e.g-., one or nore
conput er progr amREAAUOCRail8rd iller deRiminds HRNGS vahBULSA1tdSeADIR aedi a.
The nmedia has enbodi ed therein, for exanple, conputer readabl e program code
means for f B¢ inputtOmgpurhesetad ¢hmirapkefSllow comteol signskbistto provisistaiwas i n a
processor in the ta storage device. The. article . of nuf act ure can be
el uded. asoutmendrpwd Gueee ctbmate CaFEE b B At Rt et he
i nvention hgs heenPakbh i AR JRRGE '545 SlHGRId O
preferred en%ggine%ﬁg&htﬁgégg#¥u§?QaFTﬁﬁbe ﬁﬁ%é?gﬁgg%ab ﬁ%ﬁ%@e skilTed in
the art thatersdyriamis delgamgesivorhysatesiarithettdsa) ths peakyfilee shadé alitwertled n

wi t hout departing fromthe spirit and scope_of the jnvention. 09 DEC
2002 - 32 \\bigssprentrommang ta serpaisconiaouy sithed anydelay o& nedi urn nounted for

novenment relati .an_agcce el nt ,. .and V.o system f controlling
a position 8§ﬁ%ﬁ§n§§€§%§wg%%%%% n@ﬁ?ﬁwygg%%cgl%%miﬂgm%ggi%ﬁ?ﬁg met hod for
reduci ng t henritheglut DT @ity hiisebd @ty0Nf thiPSpértyol ndi £Hddded) thert H8nsHRIRY O

system conprising: detecting, during operation of the data storage device,
a frequency ipthetshiglequtiphasd am 1atfoduhed tmergby producing prolonged settleout




2. The nethod of claim1l, wherein said detecting includes: configuring a
detection filter to scan the positiowsignal across a range of frequencies,
and, at each respective scanned frequency, recording an anplitude

associ ated therewith; and determ ni ng whet her any o@ Wxggf?ﬁgéfd
anplitudes exceeds a predeterm ned threshold, there ygl ' he
corresponding I ~ ~ frequency of the vig.ation. 3. The method of claim 2,
wherein said configuring a detection filter includes, for each respective
scanned frequency, using a plurality of filter coefficients determ ned
primarily as a function of each respective scanned frequency. Q9 DEC

2002 - 33 4. dyraenis®t Tiedn@inad 3 Garﬂﬂlefeﬂfrgbwon%Wédﬁigmﬁhighﬁdoﬁ&ﬁﬁleﬁ Ghrective
filter to reduce the erect of the detected frequency of the vibration on

t he positi otheordgraf 10), ifithe stre¢tiweds o6t aptiziatly 4clectbd r Ehis meansithata hdita

corrective filter conprjses. '.configuring the corrective filfer to operate
o L he dot cbies aOmaRaHl pocpire ey Bive i infprnst Aote aiiafenblo 100D P
wher ei n sai ' | . ' jq L Y6 : € Fri | a

o ral 1ty o § BPlcaPiolR daE Ol biskablt i Sout IFPYIBHAGOTRRBING 2 1 o
the vi brat i the filtér wilhRaveeth hedhah iftefiiativdlue of 30,600 bitsastaonll@etheCl i [ ter is
of the formY(ng = A% + Bp(n-1)+ Cp(n-2) - EY(n-1) - FY(n-2), where: n
denot es a s¥H® forppse glhwg@utﬁlemmp%r@alt@gm mterpalarduagtion

sanpling tine.index g:..Y(n) is the.corrective.fihlter .utput, at each

sampl 1 ng ¢ 1 MRS Foohf fpdiog' AR beesifieactE wheh Ble BRI EV" o
filter coef&dfipdithbis superimposed on the DC value.

1

)

Since the filter’s main function is to provide a compensating periodic control
signal at the frequency of cross vibration, it can be expected to have a substantial
amplitude on its output signal as well as on its internal state. Since itis a
requirement to keep the fixed point arithmetic precision to the minimum number of
bits to save chip or MPU cost, it is necessary to select a filter structure that will have '
not only a low internal DC gain but also a moderate AC gain on its internal state
without modifying the filter’s peak characteristics. A moderate AC gain is required
so that the internal states are properly handled in the computation process: too high

of a gain can cause numerical overflow and too low of a gain can cause underflow.

In Figs. 4a-g, seven second order potential digital filter structure-s are
disclosed, respectively, in accordance with the present invention, which all provide
the same Y(n) output, discussed above. However, these structures differ in their
handling of DC bias, and internal gains, as discussed further below. The first three
structures, Case-A, Case-B and Case-C, are “Direct Form” realizations I, II and III
in which the transfer function parameters are directly associated with the filter
structure. The last four structures, Case-D, Case-E, Case-I and Case-G, are “Bias
Free Direct Forms” [, II, IIl and IV. In these structures, the filters have an explicit

parallel path with unity gain which allows the DC and all other frequency



0 9 DEC?200'2 -3 4 8. The nmethod of claim7, wherein said determning a
plurality of filter coefficients as a function of the detected peak
frequency of the vibration includes using the rel ationships: A=

l+al +a2]/D;, B = [-2 +2a2] /| D, C[1-al+a2]/D; E = [- 2 / and

F=[ 1- bl +b2]/ D, where: al = 2nzaf*; a2 = (np' ") (~f*); ?ﬂ)§ b%CzBé)QZ
(~t*)("~p )~ D=1 + bl + b2]; Za, Zblare danping coefficients; ~‘ i's
related to the detected peak frequency of the vibration. 9. The nethod of
claim7, wherein an internedi ate node of the filter 1 assumes the val ue:
Qn) = Ap(n) + Bp(n-1) + Cp(n-2); and ' the output Y(n) = Qn) - EY(n-1) -
FY (n-2); apchmpdrentsito pAss tﬁrox@h Vi theot] a1y dismnioinsmdme ppdkufilédr ipostionfthat
coefficient S Z00 S 10. The net hod f cl al 7, Wherein an

i nt er medi at zomaalée Bﬁgﬁﬁ]ebff‘w}% enhapees thewpy piiBe tangeis aeais( frpquenqyR(n- 1) -

FR 2 in A B,
C (E aZ]d F g%l ﬁpgﬁgh{?ﬁ&eﬁ ur gft e@ te%%e:‘ﬁ?) If'gxﬁ%cgfto%ﬁs’%n@ﬁe 9199 %{ﬂgr g:‘ ncI aim
7, wherein msllmp&wmlyaénead%aﬁiﬁg@mmheg&d {dmmqmohﬂ%ﬂg”é ue: R(n) =
Ap( n) - ER(n-1) - FR(n-2);

requirements. Figs. 4a-g have associated therewith the following transfer functions,

respectively:

Case A: Direct Form I (Fig. 4a)
) Q(n) = Ap(n) + Bp(n-1) + Cp(n-2)
’ Y(n)=Qn)-EY(n-1) -FY (n-2) and
Q2)/p(z) =[A +Bz! + Cz?]
Y(z)/Q(z)=1/[1 + Ez' + Fz?]
Y(2)/p(2) = [Y@/Q@NQ@)/p(@)] = [A + Bz' + CZ*|/[1+ Ez"' + Fz?]

Case B: Direct Form II (Fig. 4b)
R() =p@m)-ERM®n-1)-FR(n-2)
Y(n) =AR(n)+BR(n-1)+ CR(n-2)and

R(z)/p(z) =1/[1+Ez'+Fz?}
Y(z)/R(z) =[A+Bz!+ CzY]
Y(2)/p(z) =[A +Bz'+ Cz*/[1 + Ez! + Fz?

——
-

Case C: Direct Form HI (Fig. 4¢)
R(n) =Ap(n)-ER(n-1)-FR(n-2)
Y(n) =R(n)+ B/AR(n-1)+ (C/A)R(n-2)and

R(z)/p(z) = A/[1 +Ez! +Fz?]
Y@RE@ — =[1+®A)z! +(C/AY
Y (z)/p(z) =A[1+®/A) z! +(C/A)Z?/[1 + Ez! + Fz?

Case D: Bias Free Direct Form I (Fig. 4d)

Ln) =(A-Dp(n) + B-E)p(n-1) + (C-F)p(n-2)

Wh) =L(n)-EW(n-1)-FW([n-2)

Y(n) =p(n)+ W(n)and
L(z)/p(z) =[(A-1) + B-E)z"' + (C-F)z?]
W(z)/1(z) =[1/(1 + Ez* + Fz?%)



the output Y(n) = R(n) + (BIAR(nN-1) + (CAR(N-2); and wherein A, B, C E
and F conprise the plurality of coefficients. 12. The nethod of claim?7,
wherein a first internmediate node of the filter assunes the value: L(n) _
(A-1)p(n) + (B-E)p(n-1) + (G ~p(n-2); a second inter node assumes
the value: Wn) = L(n) - EWn-1) - FWn-2); and the ﬁ a}f& p(n) +
Wn); and wherein A, B, C, E and F conptg-se the plurality of coefflci ents.
-36- 0 9 DE D 200 13. The nethod of claim7, wherein a first internlediate
node of the filter assunes the value: Mn) = p(n) - EMn-1) - FMn-2); a
second i nternedi ate node assunes the value: V(n) (A-1)Mn) + (B- E)IV(n 1)
+ (GF)Mn-2); af@ip® out pul HWE)/p@IK H)+ W/Biz)} (Meyp@drein A, B, C,

and F conprise the pluralityjafg 1¢(QQiEjchIQn)}q(A i BIPR! necirgypf claim 7

wherein a first internediat it ssunmes the value: Mn) _
(A-1)p(n) - EMn-1) - FN(n gﬁplg apg:éég?aézntg d| ate node of the filter

assunes the value: V(n) = Mn) + [(B-E)/(A-1)]Mn-1) +
[ (CF)/ (A 1ChdEr- Bigs FreaDitetecForni J FigMeh) = p(n) + V(n); and wherein A B,
C. E and F gpppr et BRiRlyL aMid-y) of coefficients.

V(n) =(A-DM®n)+ B-E)M(n-1) + (C-F)M(n-2)

Y(n) =p(n)+ V(n)and

M(z)/p(z) = /{1 + Ez! + Fz]
V(2)/M(z) = [(A-1) + B-E)z" +(C-F)z?]
Y(@)p(2) =[1+V@/p(2)] = [1 + {V@@/M@)} {M(2)/p(2)}]

=[1+ {(A-]) + B-E)z* +(C-F)z*} {1/[1 + Ez' + Fz*]}]
= [A+Bz" + Cz?[1 + Ez* + Fz']

Case F: Bias Free Direct Form III (Fig. 4f)

M(n) =(A-1)p(n)-EM(n-1)-FM(n-2)

V(n) =M(n)+ [B-E)Y(A-1)IM(n-1) + [(C-F)/(A-1)]M(n-2)]
Y(n) =p(n)+ V(n)and

M(z)/p(z) = (A-1)/[1 + Ez" + Fz?]
V@M@  =[1+@E}(A-1)z! +(C-FA-1)z?)
Y(2)/p(2) =[1+ V(@)/p)] = [1 +{V@/M@} {M(z)/p()}]

[1 + {I+B-E}(A-1)z HC-FY(A- 1)z} {(A-1)/[1+Ez" + Fz7]}]
[1 + {(A-1) + B-E)z* +(C-F)z?}/[1 + Ez' + Fz?]]
= [A +Bz! + Cz?J/[1 + Ez' + Fz7]

Case G: Gain Balanced Bias Free Direct Form IV (Fig. 4g)
M(n) =k(A-1)p(n)-EM(n-1)- FM(n-2)
V() =M(n) + [B-E)(A-DIM(n-1) + [(C-F(A-1)]M(n-2)
Y(n) =p(n)+(1/k) V(n) and
M(z)/p(z) = K(A-1)/[1 +Ez"! + Fz?]
V(@)/M(z) =[1+ B-E)(A-1)z! + (C-F)/(A-1)z?]
Y(2)p2) =[1 + (1/KV(@)p2)] = [1 + /K {V(Z)/M(@2)} {M(z)/p(2)}]
= (1 + (/K {1+B-EY(A-1)z' HC-F)(A- 1)z} k{(A-1)/[1 + EZ' + Fz?]}]
=[1 + {(A-1) + (B-E)z! + (C-F)z3}/[1 + Ez! + Fz?]
=[A +Bz'+ Cz?)/[1 +Ez! +Fz?
Here, k is a predetermined constant, preferably an integer power of 2 to

simplify computation, (e.g., 1/16 < k < 16).



p 9 DEC 2002 -37 15. The nethod of claim7, wherein a first internediate
node of the filter assumes the value: Mn) = k(A-1 )p(n) - EMn-1 ) -

FM n-2); a second internedi ate node assunes the value: V(n) = Mn) +
[(B-BE)/(A-1)]Mn-1) + [(CF)/(A1)]Mn-2); and the ouﬁﬂﬁgzp p(n) +
(1/k) V(n); and wherein A, B, C, E and F conprise th I onf
coefficients, and k is a predeterm ned-t®nstant. N O 9 DEC 2002 -3 8 16.
In a data storage device having a medi um nounted for novenent relative to
an access elenent) and a servo systemfor controlling the position O the
access elenment with resFect to the nmedium a nethod for reducing the

effect, on a posByicerefigliygrabstriciingtibe swermedigiesadafs) tsf asgume ftheayalens @am a
source exte I : rage vice, C ri sing: .detecting,

dur i n~oper a{{E anﬁ’ W&ﬁ&“ﬁ%‘?&?@g@g S&&%ﬁbé’}“&&"@ﬁﬁ?@ﬁ%&ﬁf%?@%&%&ﬁ of the
medi um and | ' | ' | g@gyﬂa : . of the

vi bration o(r>1&lht'S e 8%1%??%%16 ié%gﬁéﬁ.ﬂlﬂ‘lqt%%r%.mﬂ% 0 cflg{l&%ﬂeiég%gﬁ%rei n using
the first cehgecThyearfidustfitter sthedturdepresanaf atgwe cargedchdefrespettively recti ve
filter to operate_at a frgguency of the vibration fromthe source external

to the dat achasaaierizgd bydhe value agumed by is interanesiate nedets)iand theaast n usi ng t he

first corr egliita\éfe dthdohB czaltnnt?llerllJ gg%r:nplemented. The estimation of filter gains at various

intermediate stages are now presented as a function of the filter design parameters
for each structure shown in Figs. 4a-g. Table 1 summarizes the parametric DC

) gains. The net DC gain of the filter is composed of two internal stages. The first
stage (Stage-1) is composed of an internal state from input and the second stage
(Stage-2) is composed of the output from the internal state as well as the two delayed
outputs.

' From Table 1 it is evident that for the direct forms of Cases A, B and C, the
internal DC gains are non-zero at both Stage-1 and Stage-2. For the bias free Cases
D, E, F and G, the internal gains are identically zero either at Stage-1 or Stage-2.
More importantly, the internal gains are either directly or inversely proportional to
the second power of the normalized frequency (£¥). For example, when the peak

(- frequency is separated from the sampling frequency by about two orders of

magnitude (i.e., f0= 90 Hz and fs = 7920 Hz), the internal DC gain can reach above
10? which is not a desirable condition for a 16-bit fixed point realization. Therefore
in the direct forms of Case-B (Fig. 4b) and Case-C (Fig. 4¢), the internal state is
likely to exceed the 16-bit arithmetic range in an MPU or in a special chip. In
Case-A (Fig. 4a), the Stage-1 gain is low but the Stage-2 gain 1s still high which
may give rise to excessive arithmetic underflow and potential computational
quantization noise in the output stage. However, if the peak frequency and sampling
frequency are kept within a factor of 10 to 20, the 16-bit implementation of the first

three configurations can be accommodated without concern. Therefore, the



repeatedly engaging the first corrective filter, including repeatedly
accessing a filter state vector as initial filter conditions as the first
corrective filter is repeatedly engaged. 19. The nethod of claim 18,
wherein using the first corrective filter includes: reé&eshi the filter
state vector periodically with correspondi ng out puts ffﬁrﬂ rdECf 2632
corrective filter, or with quieting val2ges. 0 9 DE C 200Z -3 9 20. The
met hod of claim 19, wherein the filter state vector is refreshed _ |ess

t han about every 5 to 10 periods of rotation of the nediumof the data
storage device. 21. The device of claim18, wherein the repeatedly

accessi ng iseparaties of fiwith respantitd fsrcontnibotes sigoificanttetwghe mternalrgagpondi ng
values in the filte tate vecgtor_asg initi filter condjtions as the first
corrective Yefyeseng e?"éﬁ’é‘é@éﬂ%ﬁ%@g &eat @%Vﬁlﬁésﬁ’gﬂ#’ﬁ-er wr aps ar ound
at a value corresponding to a period of the vibration fromthe source
external to ' the data storage device. 22. The nethod of claim 16, further
conpri si ng: usi nfy sundacitnatienosacurstin Gasé-El(Fig. 4e) whethutbe Stage-1dDCagain  on t he

position signal, qf a vibration $oma saqurge.internal t e (data storage
Govi ce. 23R iRAcHIOYAILES BF Hherioee-2 GpBrit nﬁ%ﬁ'ﬁﬂ&m{@e@@%ﬁﬁe‘% PREct i ve
filter incl . i | : r i fi g rgke at a
frequency & eiget R aBpbiri b i ARGOTT-EOREEH VR Fof Chal D S 0
devi ce. 24.evéithotigh iaaStage-t lgaints 2, thé euitputgains 1stdgh. NEhd presdncavfthsecond
corrective filters includes repeat edlé engaging the first and second
correcti ve (-Ixfaeter in the el Stagedcgndn of Gaserli moteraigsl theauwrmum value: state
(/e,P tors as "fh%'rétJor%lin ];{ttha?u%rns where sampling rates are high due to product design

parameters or due to requirements of the chip design, then Case-F (Fig. 4f) is a

preferred structure. However, the factor (A-1) can become so low at high sampling

rates that it can push the 16-bit numbers to less than a bit thus producing

insensitivity at low signal levels.

To provide protection against such condition, a gain balanced structure
shown in Case-G (Fig. 4g) is disclosed. Case-G requires an additional mutiplier at
the output stage, but offers more freedom to optimize the filter performance at both
high and low signal levels. While bias handling is important, the main purpose of
the peak filter is to provide an AC gain at the peak frequency, The AC performance

optimization is considered further below.



conditions as the filters are repeatedly engaged. -40 0 9 -DEC ~Q ~ 25.
The method of claim 24, wherein the accessing includes: using a first
counter to control access to corresponding values in the first filter state
vector as initial filter conditions as the first correct f
repeat edl y engaged; and using a second counter to ac bﬁ; idﬁndl ng
values in the second filter state vector2as initial fllter conditions as
the second corrective filter is repeatedly engaged. 26. The nmethod of claim
25, wherein the first counter waps at a value corresponding to a period of
the vibration fromthe source external to the data storage device, and
wherein the second coufable W dateraal BCddihef @ach \FiltereSactnespondi ng to a
period of the vibration fromthe source internal to the data storage
devi ce. 27. TE 1TEL 10U _Of__Clarnr 24] Wier er 1 ti1e_sour ge o e 11 eqguerncy pf
vi bration intlernal tSSRUGEUBEt a st of age ﬁTé\ﬁFc’eGﬂm ges r@tTéF?'érP’gP‘ t he
nedi um about fla spif the,s0l eyl t fregyency, 9 ]
vi bration ext

aboahsea Bipeicmfl&:m-lbf a secRped Ddqa@af*gqor age dew/Res@fhebnal tpp

second nedi u

the first datf@ agevi ce me craifm 17 € ai d
confilguri ng tllhp %W%I Fbp i rﬁ{ﬁ gk]dprldrrn i é‘fﬁ‘% u:'aLl y

of filter codffi amaea:nb Biad Fre@FdrmfICL | 5n of thg £oequency of Whe i fag@dyijon. 0
9 DEC 2002 -4r :

Case-E Bias Free Form-11 M/p= D/ [4(nf*)*] VIM=0

Case-F Bias Free Form-III M/p =(A-1)/ [4(rf*)* ] V/M =0

Case-G Bias Free Form-IV M/p=k(A-1Y/ [4(nf*)* ] V/M=0

In Table 2, a numerical estimate of internal AC and DC gains for Stage-1
and Stage-2 are computed for the case in which fs = 7920 Hz, f0=90 Hz. The
example filter exhibits a peak gain of 20 dB (Z, = 0.08 and Z, = 0.0058), and the

: respective filter coefficients are given as:

A =1.0052, D =1.0016,
B =-1.9940, E =-1.9940, and
C=0.9938, F=0.9992.

Table 2 - AC/DC Gains for a 20 dB Peak Filter at f0=90 Hz & £s=7920 Hz.

STAGE-1 AC STAGE-2 AC
STRUCTURE DC GAIN GAIN DC GAIN GAIN

Case-A Direct Form -I Q/p =0.005 =0.0008 Y/Q = 1964.89 = 12240
Case-B Direct From -II R/p =1964.89 = 12240 Y/R = 0.005 =0.0008
Case-C Direct Form -III R/p=1975.28 = 12305 Y/R = 0.005 =0.0008
Case-D Bias Free Form-I Lip =00 =0.0007 V/L = 1964.89 =12240
Case-E Bias Free Form-II M/p = 1964.89 =12240 VM= 0.0 =(.0007
Case-F Bias Free Form-IIiI M/p = 1.039 =64.740 VM= 00 =0.141
Case-G Bias Free Form-[V M/p = 10.39 =647.40 V/IM = 0.0 =0.0141




29. The nmethod of claim28, wherein the first corrective filter is of the
form¥Y(n) = Ap(n) + Bp{n-1)+ Cp(n-2) - EY(n-1) - FY(n-2), where: n denotes
a sanpling tinme index; p{n) is said position signal at each sanpling tine
index n; Y(n) is the corrective filter output at e time index
n, and A, B, C, E and F conprise the plurality of faﬁgtgfﬁoﬁgzments

The t~nethod of claim 29, wherein said-2etermning a plurality of fllter
coefficients as a function of the detected peak frequency of the vibration
i ncludes using the relationships: A=[1l+al +a2]/D;, B = [-2 +2a2] / D

C=(1-al +a2]/D, E = g 2 +2b2] / D, and F=[1-Dbl +b2] /D, where: al = 2~Zaf*; a2
= (~f*)(~f*) ; b The lzexztmfer lﬁmeﬁor(xs#re)smnan;ed respactively, inghe speetial zb ar e
darrpi ng coef ed to,the fr uenc vi brati on. 0
9 D E C 2008 {szfﬁ‘ﬁ @‘:\ﬁ E)"f“ chureshavole's 8%‘? qu‘%fer nedi at e node
of the firsghedffb) e afn'd %Eﬁ%@ﬁe bﬁﬁt e@fﬂ)‘h &N Wipd, 34 N- 1) +
Cp(n-2); and the out plut uttﬁ.[ta@&t% n- {a er ow and l\%here B,
C, E and F simvpﬁuespedﬂaeafpihm&m&l;stagﬁs therbf)) dt @mttm coﬂéludeﬁl’nw comiparieg of cI ai m
29, wherein_an internedi ate node of the first corrective filter assunes the

val ue: R(n) the ngmericel vajyen of Tabledgswelf as the (srqnhecabws%ﬁofﬂlag Sa-gathat) +
BR(n- 1 d Hpal f
coel o ent stegatet yp@Miie BPERSD Bt ey Digviteh Ik o TR BERRES S e of
the first ceiihestinget Sthid EhndoStPpUEStapdS, waiw&lsming sensitivity to low signal

levels with 16-bit arithmetic.

It can also be observed that in the bias free structures of Case-D (Fig. 4d),
Case-E (Fig. 4e), Case-F (Fig. 4f) and Case-G (Fig. 4g)the-coefficient (B-E) = 0.0,
and therefore a multiplication block is not required. Nevertheless, for a general
second order filter case in which undamped natural frequencies fa and fb are not
equal, the term B 1s not zero, and it is therefore desirable to reserve a multiplier .
corresponding to the B term. The the coefficient (C-F)/(A-1) is identically equal to
[-17 in the case when fa=fb.

Step: 3 Considerations in Locating the Peak Filter in the Servo Loop:

- The selected peak filter can be inserted at various points in the track-follow
servo loop. There are at least two possible location options. The first optién isa
cascade (series) location in which the track-follow controller 20 output is fed to the
peak filter 140 input (Fig. 6a). In this case, all seven cases of filter structures
disclosed above can be considered as candidates even though Case-F or Case-G is
recommended because of their internal range handling capabilities. The second
location option is a parallel location in which the track-follow controller 20 output
and the peak filter 140 output are computed from identical PES inputs and then
summed (Fig. 6b). For this configuration, the peak filter should have near zero gain
at all frequencies except at the desired peak frequency. The parallel portion of the
bias free cases Case-D, -E, -F and -G are suitable for this parallel configuration.



R(n) = Ap(n) - ER(n-1) - FR(n-2); and the output Y(n) = R(n) + (B/A)R(n-1)
+ (CAR(N-2); and wherein A, B, C, E and F conprise the plurality of
coefficients. ~3- 0 9 DE C 200Z 34. The nethod of claim?29, wherein a
first internediate node of the first corrective fil u t he val ue:
L(n) _ (A-1)p(n) + (B-BE)p(n-1) + (CGF)p(n-2); a secﬂgiﬁﬁemai ate node
assunes the value: Wn) = L(n) - EWn-1R3- FWn-2); and the output Y(n) =
p(n) + Wn); and wherein A, B, C, E and F conprise the plurality of
coefficients. 35. The nmethod of claim 29, wherein a first interrredi ate node

of the first corrective filter assunes the val ue m n - EMn-1) -
FM n-2); a Jixsofpughties enscidetconfigieretion sucibs petadel gurawrnyvﬂ ngthayg M n) +

(0D el el e bl e 12
: 44 36 The WL AE aCih@ichoss %br&%i"( fed eﬁcyf hﬁ@&t dlertEér bétcfesOwg Oof the

first corrective filter assunes the va (A-1)p(n) - EMn-1) -
FM n-2); behave as a zero gain path. To mmnmze servo computahonal delay (due to the

presence of multiplier/adder units), the parallel configuration, with common PES
mput of Fig. 6b is preferred.

Multiple peak filters can be configured in parallel, with a single unity gain in
parallel to all filters, and the entire filter set can be positioned in cascade (series)
with the track-follow controller, similar to the approach of Fig. 2a.

Step 4: Peak Frequency Detection:

Preferably, the product should be programmed such that the cross vibration

. filter’s required coefficients A, B, C, E, and F (discussed above), can be computed
without any human intervention. As discussed above with reference to Fig. 3,
coefficients A, B, C, E and F are determined as a function of f0, the frequency of
interest. However, the frequency of interest must be determined. In accordance with
the present invention, and as set forth in the flow diagram of Fig. 7a, the present
invention involves the determination of the frequency of vibration using an automatic
detection technique. Fig. 7b depicts the arrangement of a scanning filter 240 placed
outside of the servo loop in an open loop configuration to determine the frequency of

cross vibration.

During the calibration period, the self vibration filter can be placed in the
loop to eliminate any self vibration component appearing in the PES stream. A
digital peak filter 240 (the eventual cross vibration filter, or any other available
filter), is configured in an open loop with the PES as its input as shown in Fig. 7b
(step 1010). The peak filter’s coefficients are computed for a selected minimum

frequency value (f,,,,) of fO (step 1020), and the peak filter’s output is analyzed for its



a second internedi ate node of the filter assunes the value: V(n) = Mn) +
[(B-B)/(A-1)]Mn-1) + [(CGF/(A1)]Mn-2)]; and the output Y(n) = p(n) +
V(n); and wherein A, B, C, E and F conprise the plurality of coefficients.
37. The nethod of claim29, wherein a first intermnedi gengﬁzqdzthe first
corrective filter assunes the value: Mn) = k(A-1)p( - - FMn-2);
a second intermedi ate node assunes the @&t ue: i V(n) = Mn) +
[(B-E)/(A-1)]Mn-1) + [(CGF/(A1)J]Mn-2); and the output Y(n) = p(n) +
(1/k) V(n); and _ wherein A, B, C, E and F conprise the plurality of
coefficients, and k is aégr:edeterm ned constant 38. The nethod of claim 16,

further conprpdmym (afB))e (Pragghe maximum ewprtefiterpesk ftgehafchegn detsrmaipeddevi ce,
a frequency of , t ibration fromth ur ¢ ernal to, the.data .storage
devi ca- o & BT B Val R und ST sbigied BHS Sfr toF it SeieR bt R ade

det ecting i MdquERy vafRs i ih&8mentd@ bPah bRBudti 4,2 hnd &egf@&_sE s ti on
signal across a range of frequencies,” and, at each respective scarnned
frequency, mnesopakiiitencoadfigients, ettractingche abridnnh fttevautput valug, alek er nl i ni ng
whet her any of  the recorded anplitudes_exceeds a Er edet erm ned t hreshol d,

t her eby | ocdeteung te pagiaf ¥alues ii rappateddy timee (steps 108@ 1040,eadi19R0) urdil the,e

met hod of cl aj filur ther conmfq SkiQ; Laur i ng {.h coLrgctive
filter to o;éé’ﬁng%awl#$@ﬁetg‘cm ]f%r @‘gﬁ%ﬁ’@@g‘%%%\?{ib? 19%})‘4 _regtrfﬁ)rt séﬁ%?lgur ce
external 10 fidiRestyisdashRIfage UaH, ae= 141z arfite, REfs0ady, OARE! oAk thevher ei n
the same filter i used~fOx the detection filter and the first corrective
filter. digital filter in the open loop mode, a minimum wait period is allowed for the filter
! output to reach a steady sinusoid-like amplitude before estimating the amplitude,
a(f0). The coefficients may be pre-computed (and stored) for each frequency step, or,
in the alternative, be calculated real-time, for example, using the coefficients as

discussed above.

After the frequency range f,; -to-f,., has been scanned, there should be N '
pairs of frequencies and corresponding amplitudes (f0 and a(f0)) retained in memory
as depicted in the exemplary graph of amplitude vs. frequency of Fig. 7¢. The
frequency point at which a(f0) reached a global peak value can now be ascertained.
If the a(f0) value exceeds a preset threshold value (e.g., 1110), a peak filter
corresponding to the particular frequency parameter fO can be configured in the servo
loop by calculating the coefficients A, B, C, E and F as a function of f0 (stép 1060),

as discussed above.

Fig. 8 shows an experimentally measured plot of a(f0) vs. f0. The
measurements were repeated 5 times to check the consistency of convergence to a
clearly defined peak value. As explained below, 2 revolutions of the spindle were
used to allow the filter to settle, and 2 revolutions of filter state samples were
collected to obtain the data set per frequency point. The scan rate in this test was
about 1 Hz per 4 revolutions. The peak frequency parameter reaches a value of 93

Hz. The actual cross vibration frequency in the test was 90 Hz, and the frequency



42. The nethod of claim 38, fiuther conprising: repeatedly detecting,
during operation of the data storage device, the frequency of the vibration
fromthe source external to the data storage device; and repeatedly

configuring the first corrective filter to operate ted
03 AFC 202

frequency of the vibration. p g DEC 2002 43 , In ge device
havi ng a nedi um nounted for novenent reftive to an access el ement, and a
servo systemfor controlling the position of the access elenment with
respect to the medium a nethod for reducic~g the effect, an a position

signal in the servg system .of vi bration, conprising: usin first
corrective ﬁﬁ'\ﬁt‘g{é ﬁ%)c b lT"Itu“éjathdFee@?é fogcf{qul&%%ﬁ':b;tap nw?)‘iﬁ’mtg%é%si tion

si gnal by e?[}?%q' g ' @ﬁ;‘eg BER ak
frequency o eingiqgl?ggig%gﬁ{ﬁlrtee% ate f%/efe&nlgglgtl g ‘?E@f. rst bz: r rg%:l%é?ve
filter, i ncltediprglucepthanestiniuaed®l salng irathe bpéreloop tatfguratiohavilladsa ni ti al
filter conditions as the first corrective filter is repeatedly engaged; and

re&eshi ng t Ageqtithe eresssyihragion egpromponerigvhea placedin thedeadbackoondi ng out put s
fromthe fi S '

of ol ai m 43 OUREPEIE  PERere b Gt fedlhendl PRy Bestiiredle nan about s

The ot had oA A Gshi ng occurs during a pover-on

cycle of said data storage device. 0 9 DE C 2002 -47

There is a time penalty involved in the frequency detection phase. Itis
important to minimize the detection time by scanning through the frequency range
quickly. Experiments conducted show that after each filter update, about 2
revolutions of the spindle should be allowed for the peak filter to reach its steady
value. After a 2 revolution delay, the estimate of the peak amplitude filter state can
be recorded anywhere from 1 revolution worth of samples to any arbitrary number of
, revolutions. A test was performed to determine the sensitivity of this frequency

scanning technique to the number of revolutions. The same measurement was made
for 1 through 5 revolutions. The resultant plots of Figs. 9a-b show that fewer
revolutions lead to a higher frequency estimate. At 5 revolutions worth of samples,
the peak frequency parameter reached a value of 92 Hz. If 20 revolutions were
allowed, the estimated frequency was 91 Hz. Therefore the true frequency warp in

' this case is about 1 Hz (~1% off) and the frequency shift due to shorter sample
length is about 1 Hz for the 5 revolution case and 2 Hz for the 2 revolution case. It
can be concluded that with about 2% error, using a 2 revolution delay and 2
revolutions for the amplitude estimate, the detection process can be reasonably
carried out for each f0. For an HDD having a spindle rotation of 90 rps, a 100 Hz
scanning at 1 Hz steps with 4 revolutions per sample, the detection process will take
only 4.5 (400/90) seconds. To improve the estimate of the peak frequency
parameter, a second detection operation can be performed and compared with the
previous detection. If the results correspond, then the accuracy of the first pass is

confirmed. Such a situation may be useful in the presence of operating shock.



46. A data storage device, conprising: a nediumnmunted for novenent
relative to an access elenent; a servo systemfor controlling a position of
the access elenment with respect to the nedium a system for reducing the
effect of a vibration on a position signal in the servo system including a

detector for detecting, during operation of the da vice, a
frequency of the vibration of the nedidft . 47. Thga%?/?c%q?mgl ai m 46,

wherein said detector includes: a detection filter, ( ~: neans for
configuring the detection filter to scan the position signal across a range
of frequencies, and, at each respective scanned frequency, recordi ng an
anplitude associated therewith; and neans for determ ni ng whet her any of

th ded it d i . . | ocat i
the correspond i SEiaR RSN R LR R RRR PR/ \BL feoy iy of 52411
devi ce of @pk e, IR starfiAhE afTBARS fréQien6PRED, BUF.| dYS= § PR, gfction filter

includes, for each respective scanned frequency, neans for using a
plurality ebnducteddo approikirate éet pealie (Tbemd fioer jesalwtion, slpwgs scanfcambei on of each
respective scanned fyequency., 49, The device of claim46,. further

Conpr si ngcoRt et todefegbit phile with smalag StibRey Nors nlhorshue Bghet e 1
equency of | i@kl Elalﬁil' i % N cedd &ﬁ}g]dtﬁ L of claim
49, fiut hera%gﬁﬁr'i Sl ngmr?ggené oé}ﬁ%%t%l |gl}$?%g{%|tdﬁe cgrs-r[ec véhﬁﬁ ter to
operate at vahes detagtativt iRatienoyithdutekyslicitlystatingdthe cbespbhiding @y valgesdf cl ai m
50, wherein said means for configuring the corrective filter includes means
for det er midbring the geromiagipragesst filter coefficients as a function of the

detected frequency of the vibration. 5~2. The device of claim51, wherein
the corrective filter is of the formY(n) = Ap(n) + Bp(n-1)+ Cp(n-2) -

EY(n-1) - FY(n- 2Dhe deBRIR: to Ns&I8 SR RSpeak FRBIbr MbltiplePRak AfterscaR bBbaded Sai d
position signal at each sanpling tine index n;
on the a(f0) distribution. If several a(f0)s are found to exceed the threshold value, -
then multiple filters can be configured. In situations where a server has several
HDDs in the same computer frame the likelihood of more than one substantial cross
vibration peak frequency is high. The number of filters that can be set to run in '
either parallel or cascade mode is governed by the amount of phase margin required

for the HDD to operate robustly. Typically a phase margin of 25-30 degrees is
preferred.

In the experimental studies it was found that excessive HDD imbalance not
only produced a 90 Hz component but also excited a second harmonic vibration at
180 Hz. The amplitude and phase spectral plots of Figs. 10a-b depict an example of
a measured open loop transfer function with a cross vibration filter set at f0= 90 Hz.
A self vibration peak filter at f0=75 Hz is also configured, but the measurement
noise due to pivot hysteresis prevents any visible peak at 75 Hz. In Figs. 11a-b an
open loop transfer function including a third filter set at f0=180 Hz demonstrates the
possibility of including multiple filters to suppress higher harmonic components

present in the vibrations.



Y(n) is the corrective filter output at each sanpling tine index n; and A
B, C'E and F conprise the plurality of filter coefficients. 0 9 DEC 200z
-49 53. The device of claim52, wherein said neans for deternlining a

plurality of filter coeff'xcients.as a function of t t eak
frequency of the vibration includes neans for usi ng hﬁﬂdﬁgﬁtﬂﬂim ps:

A=[ 1+al +a2]/D;, B = [-2 +2a2] / D, CH 1%~ +a2]/D; ' =[-2 +2b2] / D; and
F=[ 1- bl +b2] /D, where: al = 2~cZa.f*; a2 = (nf*)(n~‘)~ bl = 2nzbf*; b2 =
(~cf*)(~f" ")~ D= [1 +bl +b2]; Za Zb are danmpi ng coefEcients; 1* is
related to the detected akfr he vibration. 54 .The device of
cl ai m 52, uher ei [t 9 ¢ TERRRY BleotittEoies 3 scagbgﬂarééﬂwswa?ue |
Q n) Ap(n BRee ey %{quhgm & [{nnﬁ A hnd te@n- 1) - FY
(n-2); and %/\%cg(r)el nEI Hﬁ)@; ‘%1&31 rlcgéeJS t c}ue"f ? coe ficients.
0 9 D E C 2a0% ecﬁﬁroﬁ@ste]ihmctiﬁmg:scasbadd alnfiitey coﬂf@nmunnmsmmphmchdat e node

of thefllter assunes the value: R(n —p(n) ER(n-1) - (n2 andthe
out put Y( n) Fig. Mxisd PES gigeriracy obtagrduring thhde detection phase and servo con
phase for this experiment.

Prior to the filter operation (during the detection phase), a strong periodic
signal is present. Once the frequency detected properly and a peak filter engaged,
this periodic cross vibration was compensated properly and its presence could not be
observed in the PES trace.

Hence in steady track-follow mode it is possible to detect and compensate for
single or multiple frequency vibration sources. The next challenge involves
performing seek operations using this configuration without any settleout time

penalty.

Step 5: Filter Initial Condition Update and Addressing:

In U.S. Patent No. 5,608,586, a method of storing the filter state to initialize
the filter for minimum settleout transient dynamics was presented. This patent
addresses the problem related to physical shifting of a disk from its center of
rotation. This component is known to be stable during a power ON cycle, and the
peak filter state has to be configured and stored only once. Once configured, the

addressing of the filter state is locked to the servo sector number of the disk itself.

However, in the case of cross vibrations from another disk (e.g., 10") the
amplitude and phase of the vibration components are subject to variation during the
entire operation of the drive, and the filter state should be periodically updated to

preserve optimal seek and settle characteristics. Also, the filter’s addressing scheme



wherein A, B, C, E and F conprise the plurality of coei~cients. 56. The
device of claim52, wherein an internediate node of the filter assunmes the
value: R(n) = Ap(n) - ER(n-1) - FR(n-2); and the output Y(n) = R(n) +
(BFAR(N-1) + (GARN-2); and wherein A, B, C, E and F _conprise the
plurality of coei~cients. 57. The device of claim@Q Dh& @02 first

i nternmedi ate node of the filter ¢ assum@8-the value: L(n) _ (A-1)p(n) +
(B-E)p(n-1) + (CGF)p(n-2); a second internediate node assunes the val ue:
Wn) = L(n) - EWn-1) - FWn-2); and the out put Y(n) = p(n) + Wn); and

‘é?%éizn% ?l o5 oS S B bt o551 5 6 e 205{
it er medi at SRS HEEeqioy Bt HE ordfs Wespid Hom, Wi v (e fac | B Secon
(G F) M(n- 2) coupled, khﬁe@ﬁémsﬁmtﬂéré OOﬂtﬂ@ﬂBd by*lﬁdepéndeﬂml!edﬂoﬁrcgl Rurther,Binde, E and

F conprise the plurali t\épof coefficients. 59. The device of claimb52,
wherei n a f thesfiltermastnat be aetévatedidursig aenlé tut palydusing setle-outdsackfollay, M n)

gé_s airgg n% he Qﬁ%&&ﬁqﬁ%ﬁ% W(%%l }‘nu_‘st E?e s7se ; %qewgl}fﬁaiil?er QsordegctP\Iateh Qfeun];lgl ter
[(CF)/ (A Lxddeioue) ] and

Fig. 13 depicts an example of a filter state addressing scheme in accordance
with the present invention. Two counters M, N, are employed, which are used to
access corresponding values in the cross, and self vibration filter state vectors,
respectively, as the filter(s) are repeatedly engaged for each settle-out/track follow
activation. Drive 10 has N,,,, = 48 sectors, and the detected cross vibration has a
period corresponding to M, = 40 sectors (of drive 10). (In this example, M, =
N, (75 Hz/f0)). To be able to correctly access the cross vibration filter’s state '
vector when the filter is activated, the counter M wraps around when M=M_, .,
(here, 39). The counter M is updated in drive 10’s microcode continuously every
time a servo sector is encountered. The counter value M at any given instant is
associated with an address pointer to corresponding value(s) in the stored filter state,
which are used for initial conditions every time the filter(s) are activated. Though
two filters are shown, this principle applies to any single operational filter also.

Since the cross vibration due to drive 10’ may drift in phase and magnitude,
it 1s important to refresh the stored filter state (i.e., initial condition vector) routinely.
Figs. 14a-c are time plots of the actual filter states of self and cross vibration filters,
the error between the cross vibration filter and a predicted state assuming a fixed
periodicity for about 40 revolutions, and the same plot (expanded along the time
axis) for about 10 revolutions, respectively. It can be observed from Fig. 14¢ that
the error is less than 20% of the peak amplitude for about 10 revolutions of the drive

10. The filter state can therefore be refreshed immediately, but, to save processing,



the output Y(n) = p(n) + V(n); and wherein A, B, C, E and F conprise the
plurality of coefficients. 0 9 DE C 2002 -52 60. The device of claim52,
wherein a first intermedi ate node of the filter assunmes the value: Mn) =

K(A-1)p(n) - EMn-1) - FMn-2); a second inter rreduﬁaﬂl m? sturres t he
value: V(n) = Mn) + [(B-E)/(A-1)]Mn-1) + [(CF)Y( $ ﬂ ); and the
output Y(n) = p(n) + (I/k) V(n); and whetein A, B, C, E and F conprise the
plurality of coefficients, and k is a predeterm ned constant. -s3- 09
DEC 2002 61. A data storage device, conprising: a medi um nounted for

novenent rel ative tqQ an access elenent; a servo cﬁf}éstemfor Cg‘%gttlr,ol ling the
1

posi tion of camie rgfreshed abputipviery o 1) sexelytions af the drave h0qiHeyp mit, 3 system

for reducing..lhe_effect. . 110 ' - m of a
vibr et on £ g s kil GRaficR? Sl b o Bleitdo MIERBAMBAESLET P 7
.means for dgiaesdtériddics BfThe REMARE SRR tha usinpenlistas il ifftRbeordRionse, a
frequency of vibration of the nmedium and a first corrective filter for

reducing the effect of the vibration on the position signal. 62. The device
of claim6l, further _ conprising: nmeans r, confiquri the first. corrective
filter to operat &t léa?ﬁéeq@l@ﬁg’%t%PFt?‘ﬁg%‘gifﬁ?@meo‘%swg% fayes %tjdﬁ'r?lthéext er nal
to the data r | . [He1-N 3 f ilH\thntH{ ,gonpri sing:
means f or r%%tégtgﬁqwa%ﬁéggg?ﬁgs‘tb -em) |t?ig6¥ coﬁ?%egﬁsve%%gr, i nc el}di ng means
for repeat eéltyredc heFid. 1Gaaht filteeis e&%ﬁeﬁl widciuietinge@.g.,mull) alitidl icbfiditions.
conditions as the first corrective filter is repeatedly, . .

The arrival trajectories are somewhat dispersed. In Fig. 15b, the initial condition

update was used as described in the previous sections, i.e., using the output filter

state to update the initial condition vector, preferably every revolution, but at least

every 5 to 10 revolutions. The trajectories are much more closely packed, indicating

robust arrival characteristics. In Fig. 15c¢, the filter states are averaged over two

cycles, showing further improvement in the PES trajectory.

The stored initial condition values ideally represent the detected cross
vibration against which the peak filter is operating. During the frequency detection,
the disk may also be subject to other forms of disturbance, and the resultant initial
condition values may not truly represent the cross vibration condition. It is therefore

important to protect the filter from excessive transients resulting from improper

j—

initialization due to such spurious effects. Since the steady maximum amplitude and
rate of amplitude change of the filter states are short term stable (i.e., within 10
revolutions), an upper limit on the filter state and filter rate of change can be
imposed. This operation is referred to as smart clipping. Use of smart clipping to
limit the filter’s intemnal state to an upper bound offers an improvement to settle
time, over a zero initial condition approach. The designer has the choice of keeping
the initialization process simple and incurring a settleout penalty, or maintaining an

elaborate 1nitialization process and achieving the optimal settleout property.



engaged. -s4_ 0 9 DE C 2002 _ 64. The device of claim®63, fiuther
conprising: neans for refreshing the filter state vector periodically with
correspondi ng outputs fromthe first corrective filter, or with quieting
val ues.” 65. The device of claim®64, wherein the fil tor is
refreshed | ess than about every 5 to 10 peri ods of ngaﬂ%ﬁe%ﬂﬁghe medi um
of the data storage device. 66. The devB@e of claim 63, wherein the neans
for repeatedly accessing includes neans for using a counter to control
access to corresponding values in the filter state vector as initial filter
conditions as the first corrective filter is repeatedly engaged, wherein

t he count er Cgatptouspngoping gnd AdlaptationModey t o a period of the vibration
fromthe source external to the data storage device. 67. The device of
claim6l1l, further conprising: a second corrective filter for reducing the
effect, on the p‘I’éSEe'pPﬂlaﬁb&r,‘ﬂle r%s@pférb@ﬁ&ﬂaﬁ&lﬁéci}féh@y&é?ébﬁ@ﬁWaQte_r”f'ﬂ" to
the data storage device. 68. The device of claim®67, further conprising:
means for cdistusyed imdetsihdhedssmedf peakr feexfuenay shift dwringf the operataineofah a
frequency of_the vibration fromthe source internal to the data storage

device. ~ oHIpalsogesdigo begengdered Hthg £ateced PeFiPherals sHoads cprptaiipear
COMPI | SING: HRARPCHOROME BhEH ot QHRRANT, i Serbd oI sEGAPRH COTrective

filters, includi’ng neans for accessi ng and secon state

vectors as bétitinudhs §wédpeito Gadldiheipesls frdquehBEcdmpdnerites) dY probimede PEKY engaged.
70. The device of claim69, wherein the neans for repeatedly accessing
i ncl udes: mhtls thegstablisheyd peakifilters aye alreasly in thecfoertbaek logp.c €his 1s @ form of

correspondi ng .val ues, i n the, ftitht fihtei state vegtor %S initial filter
conditi ons BEnipyasiye snpoping” of the operational servo system for any change m its

characteristics. When a substantial amplitude peak in the PES is detected, then a

-decision can made on-line to either shift the established filter’s peak frequency, or to
introduce an additional peak filter as appropriate.

Periodic vibrations can include both self and cross vibration components, and
it is critical to address both problems to achieve high track densities. The above
discussion was directed to an exemplary, cross vibration problem, however, the
present invention is broadly directed to any type of vibration, such as self vibration,

and all of the techniques discussed above are equally applicable thereto.

Fig, 16b is an amplitude vs. time graph of the position error signal (“PES™)
of the HDD 2010 of Fig. 16a subject to a self-vibration component when it is
mounted in a computer frame 2030, and controlled by servo controller 2020. The
HDD’s spindle speed 1s about 75 revolutions per second (“rps™). Therefore, as
shown in Fig. 17a, the system can be modified by adding a peak filter 2040,
centered about 75Hz, to reduce this component in the servo loop, using initial

conditions 2042.

The amplitude and phase parameters of the run out corresponding to a shock

induced disk-shift generally remain fixed during a power ON cycle of a mobile HDD



corrective filter is repeatedly engaged; and using a second counter to
access corresponding values in the second filter state vector as initial

filter conditions as the second corrective filter is re edl y. engaged.
71. The device of claim 70, wherein the first count ergvﬁ ZgHiIZa val ue

corresponding to a period of the ~Zbration fromthe source external to the
dat a storage device, and wherein the se€dad counter waps at a different
val ue cot Tesponding to a period of the vibration fromthe source internal
to the data storage devi ce. Q9 DE C 2002 -56 72. The device of claim
69, wherein the source of the frequency of vibration internal to the data

st or age deviRrededingnd the flteroinitial genditions204%wan berrbipiwad famspianle leokupaseof |
dth f t.h ' ' t | ,to.the dat

Govi co conpr EEaNed b T SRR 5308 588! The Sk s ot ndboong

data storagahdgydess sPthemiddl chRditibe id the ?ﬁbléjﬁ&t.al:lﬁﬁ GiltBORatd SV ineSsuredandlhe

device of claim®62, wherein said neans for configuring the first corrective
filter incl uderedattedbegminglefapowaniOl cyelpl Howbverythefelf-vibtaoncompbnaitent s as
a function of the freguen,cy of the vihration, 74. The device of c¢laim 73,

wher ei n t he gamnrbsafiested by timedependest enarogmentabeffests syick pp jempepgiingy Thugp(n-1) +
2 Sart posi £ aipblfule i phhse R Bl PR3 Ahefl SRR dd PR 1L PLD)
corrective fRtdeineptd shaly thht B3 §EIf-Sibmatlont@mipofi®hts Fefifin felatPRl fedBnaC, E and
F conprise the plurality of filter coefficients.
time scale of minutes. An additional enhancement to the technique of U.S. Patent
) No. 5,608,586 is possible, i.e., the filter state that is stored in the MPU memory to
initialize the peak filter can be updated several times within a power ON cycle of the
HDD in accordance with the update techniques discussed in Step 5 above. Fig.-17b
shows an improved PES after having implemented the techniques of U.S. Patent No.
5,608,586 with the above-mentioned enhancement to the update of initial condition.
The techniques described herein can be implemented in program code, and
therefore may be included in an article of manufacture (e.g., one or more computer
program products) having, for instance, computer useable media. The media has
embodied therein, for example, computer readable program code means for
facilitating the techniques of the present invention in a processor in the data storage
device. The article of manufacture can be included as part of the data storage device

or sold separately.

While the invention has been particularly shown and described with
reference to preferred embodiment(s) thereof, it will be understood by those skilled
in the art that various changes in form and details may be made therein without

departing from the spirit and scope of the invention.



0 9 DEC 1U02 -s7 7s. The device of claim 74, wherein said neans for
- tHeterniining a plurality of filter coe~cients as a function of the detected
peak frequency of the vibration includes nmeans for using the relationshi ps:
A= 1 +al +a2 ] /D, B=[-2+2a2] /| O C[ 1 -al +a2 ] /D, E = [-2 +2b2]
J D and F:[ 1 -bl +b2] /D, where: al = 2nZaf*; fXY(~f~"); b1l =
2~Zhtf *: (~f*)(nf' ")~ D= [1 +bl +b2]; Za, Zb &605@) oefficients:
f* is reI ated to the frequency of th? vibration. 76. The device of claim
74, wherein an internedi ate node of %e first corrective filter assunes the
val ue: Qn) = Ap(n) + Bp(n-1) + Cp(n-2); and the output Y(n) = Qn) -
EY(n-1) - FY (n-2); and wherein A, B, C,_ E and F conprise the plurality of
coefficients. 0 9 DE C 2002 -s8 77. The device of claim 74, wherein an
i nt er medi at e nod¥edflalme first corrective fil ter assumes the value: R(n) =
p(n) - ER(n-1) - FR(n-2); and the output Y(n) AR(n) + BR(n-1 ) + CR(n-2);
and wherein A, B, C, E and F conprise the pl urality of coefficients.
L. In a data storage device having a medium mounted for movement
relative to an access element, and a servo system for controlling a position of the
access element with respect to the medium, a method for reducing the effect of a

vibration on a position signal in the servo system, comprising:

detecting, during operation of the data storage device, a

frequency of the vibration of the medium.
2. The method of claim 1, wherein said detecting includes:

- configuring a detection filter to scan the position-signal across
a range of frequencies, and, at each respective scanned frequency,

recording an amplitude associated therewith; and

determining whether any of the recorded amplitudes exceeds
a predetermined threshold, thereby locating the corresponding

N frequency of the vibration.

3. The method of claim 2, wherein said configuring a detection filter
includes, for each respective scanned frequency, using a plurality of filter coefficients

determined primarily as a function of each respective scanned frequency.-



78. The device of claim 74, wherein an intermedi ate node of the first
corrective filter assunmes the value: R(n) = Ap(n) - ER(n-1) - FR(n-2); and
the output Y(n) = R(n) + (BFAR(n-1) + (C/A)R(n 2) and wherein A, B, C, E
and F conprise the plurality of coeff cients. rqrg p(Eeg ZW f claim74,
wherein a first intermedi ate node of the first co v er assumnes
the value: L(n) _ (A-1)p(n) + (B-E)p(n-33-+ (CGF)p(n-2); a second

i nternedi ate node assunes the value: Wn) = L(n) - EWn-1) - FWn-2); and
t he out put Y(n) p(n) + Wn); and wherein A, B, C, E and F conprise the
plurality of coeff|C| ents -s9- 0 9 D E C 2002 80. The device of claim 74,
wherein a first |4nterrfﬂmra@thochgﬂ@lamil,tﬂuéhmqompnemgr ective filter assunes
the value: Mn) = p(n) - EMn-1) - FMn-2); a second internedi ate node
assunes the vaI ue: V(n) (A1)Mn) + (B-EfMn-1) + (C ~Mn-2); and the
output Y(n) = p(n) + g(%pec rise the
plurality of coeffl Ci }a{%s'ltﬂ? Wﬁfiggﬂ\}?ﬁ%d c%mgegié%%?gw%v%%ee?% na first

i nt er medi at e noddregieridyaf the dbradion badid psitionlsignal. assumes the val ue: Mn) _
(A-1)p(n) - EMn-1) - FI\/(n-2); a second intermedi ate node of the filter
assunes the val ue: V(n) M n) +~(B—E)/(A—1)]IV(n 1) +

TR 2, bR S s SRS A

comprises:

configuring the corrective filter to operate at the detected

frequency of the vibration.
6. The method of claim 5, wherein said configuring the corrective filter
includes determining a plurality of filter coefficients as a function of the detected

frequency of the vibration.

7. The method of claim 6, wherein the corrective filter is of the form
Y(@) = Ap(n) + Bp(n-1)+ Cp(n-2) - EY(n-1) - FY(n-2), where:

n denotes a sampling time index;

p(n) is said position signal at each sampling time index 1;;

Y(n) is the corrective filter output at each sampling time

index n; and

A, B, C, E and F comprise the plurality of filter coefficients.



-60 82. The device of claim 74, wherein a first internedi ate node of the
first corrective filter assumes the value: Mn) = k(A-1)p(n) - EMn-1) -
FM n-2); a second internedi ate node assunes the value: V(n) = Mn) +

[(B-E)/(A-1)]Mn-1) + [(CGFH/(A1D]Mn-2); and thﬁtgmmm = p(n) +
(1/k) V(n); and wherein A, B, C, E and F conpri se y of
coefficients, and k is a predeterm ned édnstant. 83. The device of claim
61, further conprising: a detector for detecting, during operation of the
data storage device, a frequency of the vibration fromthe source externa
to the data storage device. 84. The device of claim83, wherein said
detector includes8. r aThemdtoidcnﬁcfaiimﬂewhemmdd«ﬁqammingiagwrahtgoa”ﬁéter

detection filt sca i ti0 acros frequenC|es
and. at _eacteHieitots 5 Roelin BEhe Heiled b redE R s A0AE Pl

associ at ed LRAEHE thlat ARl égeans for determ ning whether any of the recorded
anpl i tudes exceeds a predeterm ned threshold, thereby |ocating the
correspondi ng frequency of the vibration. 0 9 DE C 2002 -61 85. The

devi ce of claim 83, flnphpq+qgnpag ypg: neans for configuring the first
corrective filter to operpba- e detected frequency of vibration from
the source external to th da ge devi ce. 86. The device of claim 85,
wherein the sane f||te I Séaij he detection filter and the first
corrective filter. o@mklaln183 fiuther conprising: neans
for repeatedly detectlﬁg:[bubim?lﬁkﬁeilon of the data storage device, the
frequency of the vibration fromthe source external to the data storage
devi ce; and whaes for repeatedly configuring the first corrective filter to
operate at the detected frequency of the vibration. d

al = 2nZaf*,;
a2 = (nf*)(wf*),
bl = 2nZbf*,

b2 = (nf*)(nf*),
D=[1+bl+b2};

Za, Zb are damping coefficients;

f* is related to the detected peak frequency of the vibration.

9. The method of claim 7, wherein an intermediate node of the filter

assumes the value:

-~

Qm) = Ap®m) +Bp-1) + Cpn-2), and‘

the output Y(n) = Q(n) - EY(n-1) - FY (n-2); and

wherein A, B, C, E and F comprise the plurality of

coefficients.



0 9 OE C 2002 -62 88. A data storage device conprising: a nmedium nounted
for novenent relative to an access elenent; a servo systemfor controlling
the position of the access elenent with respect to the nedium and ' a
system for reducing the egect, on a position signal o0 system of
a vibration, including ' a first corrective filter B(g]rljﬁﬁcéﬁbﬁe ef fect of
the vibration on the position signal by38nhancing a control signal to the
access el enent at a peak frequency of the vibration; nmeans for repeatedly
engagi ng the first corrective filter, including means for repeatedly
accessing a filter state vector as |n|t|al filter conditions as the first
conrectave filterlO s rEmp@ddpfdnga@ewheramnmm@m npde-efdhe filler he filter
state vectpr peri o y with correspondi ng outputs fromthe Fust
corrective faiSF a]\'szt h quieting values. 89. The device of claim 88,
whereu the fllter state vector is refreshed |l ess than about 5 to 10 peri ods
of rotation of the nedi o] St VI ce 94. The device of

cl ai m 88, wherein sai gktﬁg:‘r ?KB lﬂé@al P(ﬁ ngaa power -on cycl e of said
data storage devi ce. D E C 2002 91. The nethod of claim1,
further conﬁhﬁ’gﬂtﬁgt%@)a'n@ﬁ@'bBB@Ttl?&C%(ﬂgHa'}ndto the access el ement at the
detected frequency of the vibration. 92. The nethod of claim 16, further
conpri sing enhancing a control signal to the access elenent at a frequency
of the vibration. 93. Jh&eRahaBStor ageF ¢Mmpfise @b phirdlitfoft6, further
conprising means for enhancing a control signal Po t he access el enent at

t he detected frequweficyentf the vibration.

11. The method of claim 7, wherein an intermediate node of the filter

assumes the value:

R(m) = Ap() -ER(n-1)-FR(®n-2); and

the output Y(n) = R(n) + (B/A)R(@®-1) + (C/A)R(n-2); and

wherein A, B, C, E and F comprise the plurality of

coefficients.

T

12. The method of claim 7, wherein a first intermediate node of the filter

assumes the value:

L@ =(A-Dpm) +B-E)p-1) + (C-Fpn-2);

a second intermediate node assumes the value:
W(n) =Lmn)-EW@-1)-FW(n-2), and

the output Y(n) = p(n) + W(n); and

wherein A, B, C, E and F comprise the plurality of

coefficients.



94. The data storage device of claim®6l, further conprising neans for
enhancing a control signal to the access elenent at a frequency of the
vibration. 95. In a data storage device having a medi um nount ed for
novenent relative to an access elenent, and a servo systemfor controlling
a position of the access element wth respect to ts¢ g@(:u@p g nethod for
reduci ng the effect of a vibration on @gposition gn n € servo
system conprising: detecting, during operation of the data storage device,
a frequency of the vibration of the nedium and responsive to said
detecting, nodifying positioning of the access elenent relative to the
mediumto force the access elenent to nore closely track novenent of the
medium 96. In a_data_storage device having nmedi um nount ed f or__novenent
relative to an aégess P of glagm, &VEFR‘?HI% t wisrmsdiatedipde of thefyterne
position OfaStSHIFl ?&fee\ﬁaﬁaeel ement with respect to the nedium a nethod for
reducing the e Fec , on a position signal in the servo system of a
vibration froma source external to the data storage device, conprising:
detecting, during operation of the data storage device, a frequency of

vi bration of the medi M) r sohsEMéntly- EM@-2et ecti ng, nodi fying
positioning of the access elenent relative to the nmediumto force the
access el enefdcoh® infBrnRdidt®@aRYY adstark tHeoMRrENt Of the nedium and wherein
sai d nodi fying includes using a first corrective filter to reduce the
effect of the vibration on the position signal. 97. In a data storage

devi ce having a nedi uviiapust@d1Mmn) FOBEERVIMm- et @-F)M(i-2); andaccess el enent,
and a servo systemfor controlling the position of the access elenment with
0 9 DEC 2ppRe- C . ium a nmethod for reducing the effect,
on a posi t?%ﬁogfbél?lgﬁ‘qfﬁb?ﬂgg i/fgﬁgystem of a vibration, conprising:
detecting, during operation of the data storage device, a frequency of

vi bration of the nedium responsive to said detecting, nodifying
posi tioning of the ac¥sxinfeRektEnadficopprsythe plurality of

coefficients.

14. The method of claim 7, wherein a first intermediate node of the filter

assumes the value:

M@m) =(A-Dp()-EM(@®n-1) - FM(n-2);
a second intermediate node of the filter assumes the value:

V@) =MMm)+[B-E)Y(A-D]M(n-1)+ [(C-F)/(A-l)]M(nLZ)]; and
the output Y(n) = p(n) + V(n); and

wherein A, B, C, E and F comprise the plurality of

coefficients.



the nmediumto force the access elenent to nore closely track novenent of
the medi um wherein said nodifying includes: using a first corrective
filter to reduce the effect of the vibration on the positiqn.signal by
enhancing a control signal to the access el enent at gp f2@@2ency of the
vi bration; repeatedly engaging the first corrective filter, including
repeatedly accessing a filter state vec8®+ as initial filter conditions as
the first corrective filter is repeatedly engaged; and refreshing the
filter state vector periodically with corresponding outputs fromthe first
corrective filter, or with quieting values. 98. A data storage devi ce,
conprising: a nedilum nbammetiod of claimy &, wirreinel fast intermediata nade efthe illtenent ; a
servo systemfor controlling a position of the access elenment with respect
to the medi @STUmeSSHe Vet or reducing the effect of a vibration on a
position signal in the servo system including: a detector for detecting,

during operation of t ata. st ) ige, fr.equency of the vibration
of the medium and whg§%€% tﬁﬁ&QQ%gﬁ ggﬁ?@ﬁ1fﬁgPd595 means for nodifying
positioning of the access elenent relative to the nmediumresponsive to said
det ecting a asepongd ingaamedigternode @ssumes dhec@due: el enent to nore closely track

novenent of the nmedium 99. A data storage device, conprising: a nmedium

ted f t | ati { | f, t f
control 1ing the posi ti o= ey ErdRdin it |G- PudsaIMEt 1 redi umm

and a systemfor reducing the effect, on a position signal in the servo
system of vi bratjon _fr e external to the data storage device,
i'ncl udi ng n&gﬁnggyyggfégS?%gPaS&&@n@n peration of the data storage device,
a frequency of

wherein A, B, C, E and F comprise the plurality of

coefficients, and k 1s a predetermined constant.

o



vibration of the nedium Q9 D E C 2D02 -65 responsive to said detecting,
freans "f or nodi fyi ng positioning of the access element relative to the
mediumto force the access elenment to nore closely track novenent of the
medi.um and wherein the means for nodifying incl udﬂsﬂaDE@sZ[]@Z)rrecti ve
filter for reducing the effect of the vibration on the position signal.

100. A data storage device conprising: agoedi um mounted for novenent
relative to an access elenent; a servo systemfor controlling the position
of the access elenment with respect to the medium and a system for reducing
the effect, on a position signal in the servo system of a vibration,

i ncluding: means fier dgi£aith Rebragddetiod hRRE @ tednPohited ttdovehRnage
device, a frequency of vibration of the nmedium neans for nodifying
posi ti oni ng relativhdo aicawsss eément rndracieatol systemdor controkbisig tine pasitponsfithe to said
detecting to forgq«? t he access el enent to nore cl osely .track pmovenent of the

c :
medi um  and $A9EES m%&%&w&terthwadlm ﬁ@qwfe%égo%ﬁeﬁﬁp%wecu ve
filter to reduae. & Vichr ad | t Ry Sj by
enhancing a lgéoén rno{lg%a? gﬂng@ts?%z’t %&%’cdggs@ﬂgﬁéhng% alf}t% mgﬂgié%tﬁptroethg y of the
vi brati on; na&ageaeﬁcdg@&g?ﬁgﬁgy engaging the first corrective filter
i ncl udi ng neans for rgpeated]y, accessin filter state vegctor as jnitial
filter conditions as eEFét‘Pg Ing gperaten g%t%f fitp storage d%@‘ﬁ&aﬁ%%ﬂ‘ﬂ?n@ﬁ ged; and

means for refraghifgn bh@ehhddigh; sndat e vector periodically with
correspondi ng out puts
using a first corrective filter to reduce the effect of the vibration on the

position signal.

17.  The method of claim 16, wherein using the first corrective filter

mncludes:

configuring the first corrective filter to operate at a frequency

of the vibration from the source external to the data storage device.

18.  The method of claim 17, wherein using the first corrective filter

includes:

(" repeatedly engaging the first corrective filter, including
‘ repeatedly accessing a filter state vector as initial filter conditions as

the first corrective filter is repeatedly engaged.

19.  The method of claim 18, wherein using the first corrective filter

includes:

refreshing the filter state vector periodically with
corresponding outputs from the first corrective filter, or with quieting

values.



from.the first corrective filter, or wwth quieting values. .AN Al s?. A
"LA(LAY _ANLA@ . A{@A Al . A@ Af.AY, .Au.Au. Aa3l. A A .AF_.ARA

CACAY(Y.A(L L Au. AR Aal L A L Au3? A LA (LAY ALALLAAAQAYA LA Al 2

A Ay. A2, AY2. A(9. AFR Af 9. AYY. Al . A. AF. ASL$. A . A?. {P0QPA. AHS. A A; . A3
.AL. Al Y. A hxl Se$37.0 t4Q zA 'WB_DEG 2002\

zupj e  ZU) c(aU] c(a] ca] ca] c”ha] ca] ca] ca] e¥-ca] c(a] ca] ca] ca]c(a]ca]ca]calca]lc(a
] ca] ca] ca] ca] c”a] ca] ca] ca] cMa] ca]c(a] cal c<a! 7!! $YR&E&E*

I [ Clalll!'0*0c0e0000?1zupkfa\W]ca] ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c

2l 21110NkEI 2naPOo o BN AT, BbH B GIPT Yo el e Ehas] C

et A A i o

al c(a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]calcalc*a

I, EEEI'143JJJJL

MOQRRRRRWIWT TTTUUUUUUUUVB Xzt oi d_ZU] ca] ca] ca] cal] ca] cal] ca] ca] ca] ca] ca] ca] ca

] ca] ca] c*al] c* 3} c* a] ¢a¢ defiexdicidinl & ajheedie thelprs: jasajseng] waludesa]std B8X: XGX

LXXXY] YYYYKZuZ \ . : .

KA @ oo ST ST e sing velisedp g B pcsky aa U S

(a] ca] ca] ca] cataalitaiscaltivaficataedctad Ga¢dalgahedlycapaglc vadlenl ht kbuh¢d@aBsn Vh
000 5rrssss@Wi : . N

BV M T b SO0 B U e erspeaies o tariofgf s vibutiea fon) Bspesre srematice a

1-ca] ca] cal) ca] ar\daeRdisabl aalisaUl ca] ca] c*a] c*al] c*a] ca] ca] ca

RvTvYv] v2wowgwwnxyzzz| | Fs(k

) -xzupke [ VU] ] ca] ca] caU] ca] ca] ca] c(a] ca] ca] ca] ca] cal] ca] ca] ca] ca] c(a] ca] ca]

ca] ca] ca] c(a] ca] ca] ca] ca] caU] ca] ca] cal] ca] ca! xEch%{ vgl gb] Xke [ VU]]] ca] ca] c

a] ca] c( a] ca] ca] e2a] cdheahatbd¢faliny( ), fajteaperhpiisiag)] ca] caU] ca] caU] ca] ca] ca] ¢

aljc*alc*a]calcalcaljcaljca o

WO Rq| _{vaglgbl]WJ]U c(a]ca]ca]ca]lca]lc(a]ca]ca]ca]c(a]ca]ca]lc”a]ca]ca]calc

alc(aUlc(a]lcalcal ca : v YSlL<\ kpz@O0| ~| wr mhc
] ]XU](] ﬂ CE a]U] c]( a] ]ca] ]cg?c%i ce{]cgg%fcai caﬁ%’]?%g% fc\ég]hg{g%h%g}fcég] éé% ga] cg] c( a{ c!a] cajc
a] ca] ca] ca] c( a] pajicah swhehpt4 sibeetion(feim bgdurcy Biternal to the data
“+}xsnid_zU]U]ca]ca]ca]ca]ca]ca]c,a]ca]ca]ca]ca]ca]ca]calca]ca]calcalcalc
a)J ca] ca] c*a] caj éEﬂri‘%j ¢a] ca]ca]calcalca! +Q U' 9% (f, ?h{vqgl gb] XU ] U] ca] ca] ca
] ca] ca] ca] c&al] c&a] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca] ca]jca]c(aU c(a]c(a]ca]c
aJ ca] ca] ca] ca] ca] ca] ca!/ cegrxb9pyQ f

[n9{vql gb] XU] ] U2da] caltmahethpd of dahc2, vajecsin abinf tlad eapwbiankted fagrca) cal caj ¢
a)J cal ca] cal.ca] calca]calc(ay c(al ca] ca] ca] ca! 91 #m-<AO+C00snLkx}} xsnid_ZU] ] U
]]1ca] ca] c( é‘}‘@‘é‘feéa] caj] ca] ca] ca] ca] ca] ca] ca]ca]ca] ca]ca]ca]ca]calcalc(a]c
aJca] ca] ca]cal ca]ca]ca] ca]ca]ca!)eRs&L}) NNPCG } xsmhec”YU] ] U] ] ca] ca] ca] c(aU] c(
ajc(a]ca]ca]l calca]ca] ca]ca]ca]ca]ca]ca]lca]ca]c*a]ca]ca]ca]calca]ca]ca]calca
] ca] ca] ca] ca! &4%+ 6r Gnfigpring the\sedal jcstddtivk ldteto operate at a

aJc(aU c(a] ca] ca] ca] ca] 0211 cai ca] ca] catha] ca] ca] ca]ca]ca] ca]c*al]c*a] ca]ca]c
a] ca] ca] ca] ca] cdjaguprea] gl

e vibration from the source internal to the data storage
device.

24.  The method of claim 23, wherein using the first and second corrective

filters includes-

repeatedly engaging the first and second corrective filters,
including accessing first and second filter state vectors as initial filter

conditions as the filters are repeatedly engaged.
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27.  The method of claim 24, wherein the source of the frequency of
vibration internal to the data storage device comprises rotation of the medium about
a spindle thereof, and the source of the frequency of vibration external to the data
storage device comprises rotationI of a second medium about a spindle of a second

data storage device external to the first data storage device.

28. The method of claim 17 wherein said configuring the first corrective
filter includes determining a plurality of filter coefficients as a function of the

frequency of the vibration.
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29.  The method of claim 28, wherein the first corrective filter is of the
form Y(n) = Ap(n) + Bp(n-1)+ Cp(n-2) - EY(n-1) - FY(n-2), where:

n denotes a sampling time index;
p(n) is said position signal at each sampling time index n,

Y (n) is the corrective filter output at each sampling time

index n; and
A, B, C, E and F comprise the plurality of filter coefficients.

30.  The method of claim 29, wherein said determining a plurality of filter
coefficients as a function of the detected peak frequency of the vibration includes
using the relationships:

[1+al+a2]/D;
[-2 +2a2] /D,

[1-al+a2]/D;
[-2 +2b2]/D; and
[1-b1+b2]/D,

HEoOw >
[ T | B TR

where:

al = 2nZaf*;

a2 = (nf*)(mf*),
bl =2nZbf*,

b2 = (nf*)(nf*);
D=[1+bl +b2];

Za, 7Zb are damping coefficients;

f* is related to the frequency of the vibration.
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31. The method of claim 29, wherein an intermediate node of the first

corrective filter assumes the value:
Q@ =Ap(n) +Bp(n-1) + Cp(n-2); and
the output Y(n) = Q) - EY(n-1) - FY (n-2); and

wherein A, B, C, E and F comprise the plurality of

coefficients.

32. The method of claim 29, wherein an intermediate node of the first

corrective filter assumes the value:
R(m) =p@) -ER(n-1)-FR@®-2); and
the output Y(n) = AR(n) + BR(n-1) + CR(n-2); and

wherein A, B, C, E and F comprise the plurality of

coefficients.

33. The method of claim 29, wherein an intermediate node of the first

corrective filter assumes the value:
R(m) =Ap@®) -ER(®-1)-FR(@n-2); and

the output Y(n) =R(n) + B/A)R(n-1) + (C/A)R(n-2); and

wherein A, B, C, E and F comprise the plurality of

coefTicients.
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34.  The method of claim 29, wherein a first intermediate node of the first

corrective filter assumes the value:

L@ =(A-Dp@) + B-Ep@-1) + (C-F)pn-2);
a second intermediate node assumes the value:

Wm) =L(n)-EWn-1)-FW(@-2);and
the output Y(n) = p(n) + W(n); and

wherein A, B, C, E and F comprise the plurality of

coefficients.

35. The method of claim 29, wherein a first intermediate node of the first

corrective filter assumes the value:

| Mm) =pm) -EM(@»-1)-FMn-2);

a second intermediate mode assumes the value:

V@) =(A-DM@n) + B-E)M(n-1) + (C-F)M(n-2), and

the output Y(n) = p(n) + V(n); and

wherein A, B, C, E and F comprise the plurality of

coefficients.
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corrective filter assumes the value:

M@m) =(A-Dpm) -EM@-1) - FM(n-2),
a second intermediate node of the filter assumes the value:

V@ =M@ +[B-EYA-DM@-1) + [(C-F)/(A-1)]M(n-2)]; and
the output Y(n) = p(n) + V(n); and

wherein A, B, C, E and F comprise the plurality of

coefficients.

37. The method of claim 29, wherein a first intermediate node of the first

corrective filter assumes the value:

M@ =k(A-Dphm)-EM@®-1)-FMMm-2),

a second intermediate node assumes the value:

: V@) =M®) +[B-EYA-D)M@-1) + [(C-F/(A-DIM(@-2); and

the output Y(n) = p(n) + (1/k) V(n); and

wherein A, B, C, E and F comprise the plurality of

coefficients, and k is a predetermined constant
38.  The method of claim 16, further comprising:
detecting, during operation of the data storage device, a

frequency of the vibration from the source external to the data storage

device.
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39. The method of claim 38, wherein said detecting includes:

configuring a detection filter to scan the position signal across
a range of frequencies, and, at each respective scanned frequency,

recording an amplitude associated therewith; and

determining whether any of the recorded amplitudes exceeds
a predetermined threshold, thereby locating the corresponding

frequency of the vibration.
40.  The method of claim 38, further comprising:

'configuring the first corrective filter to operate at the detected
frequency of vibration from the source external to the data storage

device.

41. The method of claim 40, wherein the same filter is used for the
detection filter and the first corrective filter.

42.  The method of claim 38, further comprising:

repeatedly detecting, during operation of the data storage
device, the frequency of the vibration from the source external to the

data storage device; and

repeatedly configuring the first corrective filter to operate at
the detected frequency of the vibration.
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43.  Ina data storage device having a medium mounted for movement
relative to an access element, and a servo system for controlling the position of the
access element with respect to the medium, a method for reducing the effect, on a

position signal in the servo system, of a vibration, comprising;

using a first corrective filter to reduce the effect of the vibration on the
position signal by enhancing a control signal to the access element at a peak frequency

of the vibration;

repeatedly engaging the first corrective filter, including
repeatedly accessing a filter state vector as initial filter conditions as

the first corrective filter is repeatedly engaged; and

refreshing the filter state vector periodically with
corresponding outputs from the first corrective filter, or with quieting

values.

44. The method of claim 43, wherein the filter state vector is refreshed
less than about 5 to 10 periods of rotation of the medium of the data storage device.

45.  The method of claim 43, wherein said refreshing occurs <iur'u1g a

power-on cycle of said data storage device.
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46. A data storage device, comprising:

a medium mounted for movement relative to an access

element;

a servo system for controlling a position of the access element

with respect to the medium;

a system for reducing the effect of a vibration on a position
signal in the servo system, including

a detector for detecting, during operation of the data

i storage device, a frequency of the vibration of the medium.
47. The device of claim 46, wherein said detector includes:
a detection filter;
means for configuring the detection filter to scan the positibn
signal across a range of frequencies, and, at each respective scanned
frequency, recording an amplitude associated therewith; and
means for determining whether any of the recorded

amplitudes exceeds a predetermined threshold, thereby locating the

corresponding frequency of the vibration.
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48.  The device of claim 47, wherein said means for configuring the
detection filter includes, for each respective scanned frequency, means for using a
plurality of filter coefficients determined primarily as a function of each respective

scanned frequency.
49, The device of claim 46, further comprising:

a corrective filter to reduce the effect of the detected frequency
of the vibration on the position signal.

50.  The device of claim 49, further comprising:

means for configuring the corrective filter to operate at the
detected frequency of the vibration.

51.  The device of claim 50, wherein said means for configuring the
corrective filter includes means for determining a plurality of filter coefficients as a

function of the detected frequency of the vibration.

52. The device of claim 51, wherein the corrective filter is of the form

Y(@) = Ap(n) + Bp(n-1)+ Cp(n-2) - EY(n-1) - FY(n-2), where:
n denotes a sampling time index;
p(n) is said position signal at each sampling time index n;

Y(n) is the corrective filter output at each sampling time

index n; and

A, B, C, E and F comprise the plurality of filter coefficients.
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53.  Thedevice of claim 52, wherein said means for determining a

plurality of filter coefficients as a function of the detected peak frequency of the

vibration includes means for using the relationships:

A=[1+al+a2]/D;
B =[-2 +2a2] /D,

C=[1-al+a2]/D;
E =[-2 +2b2] /D, and
F=[1-bl+b2]/D,

where:

al = 2nZaf¥,

a2 = (nf*)(nf*);
bl = 2nZbf*;

b2 = (nf*¥)(nf*),
D ={1+bl +b2];

Za, Zb are damping coefficients;
£* is related to the detected peak frequency of the vibration.

( 54. The device of claim 52, wherein an intermediate node of the filter

assumes the value:

Qm) =Ap()+Bpn-1)+ Cpn-2); and

the output Y(n) = Q(n) - EY(n-1) - FY (n-2); and

wherein A, B, C, E and F comprise the plurality of

coefficients.
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the output Y(n) = AR(n) + BR(n-1) + CR(n-2); and

wherein A, B, C, E and F comprise the plurality of

coefficients.

56. The device of claim 52, wherein an intermediate node of the filter

assumes the value;

R@m) =Ap(@)-ER@-1)-FR(@n-2);and

the output Y(n) = R(n) + B/A)R(n-1) + (C/A)R(n-2); and

wherein A, B, C, E and F comprise the plurality of

coefficients.

57. The device of claim 52, wherein a first intermediate node of the filter

.

assumes the value:

L@m =(A-Dp@ +@B-BE)ph-1) +(C-Fpn-2);
a second intermediate node assumes the value:

W(m) =L(n)-EW([n-1)-FW(n-2); and
the output Y(n) = p(n) + W(n); and

wherein A, B, C, E and F comprise the plurality of

coefficients.
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58.  The device of claim 52, wherein a first intermediate node of the filter

assumes the value:

M@ =p) -EM@®-1)-FM(n-2),

a second intermediate mode assumes the value:

V) = (A-DM®) + B-E)M(@-1) + (C-F)M(@-2); and

the output Y(n) = p(n) + V(n); and

wherein A, B, C, E and F comprise the plurality of

coefficients.

59. The device of claim 52, wherein a first intermediate node of the filter

assumes the value:

M@®m) = (A-Dp() - EM(n-1) - FM(n-2);

a second intermediate node of the filter assumes the value;

Vo) =M@ +[B-E)YA-DIM®n-1)+ [(C-F)/(A-l)]M(ri-2)]; and

the output Y(n) = p(n) + V(n); and

wherein A, B, C, E and F comprise the plurality of

coefficients.
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Vo =M@+ [B-E)YA-DIM@-1) + [(C-F)/(A-1)]M(n-2), and

the output Y(n) =p(m) + (1/k) V(n); and

wherein A, B, C, E and F comprise the plurality of

coefficients, and k is a predetermined constant.
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a servo system for controlling the position of the access

element with respect to the medium; and

‘ , a system for reducing the effect, on a position signal in the
| servo system, of a vibration from a source external to the data storage
device, including:
' means for detecting, during operation of the data storage device, a

frequency of vibration of the medium; and

a first corrective filter for reducing the effect of the vibration on

the position signal.

62.  The device of claim 61, further comprising:

means for configuring the first corrective filter to operate at a
( frequency of the vibration from the source external to the data storage

device.
63.  The device of claim 62, further comprising:

means for repeatedly engaging the first corrective filter,
mcluding means for repeatedly accessing a filter state vector, as
initial filter conditions as the first corrective filter is repeatedly

engaged.
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corresponding outputs from the first corrective filter, or with quieting

values.

65. The device of claim 64, wherein the filter state vector is refreshed less

than about every 5 to 10 periods of rotation of the medium of the data storage device.

66. The device of claim 63, wherein the means for repeatedly accessing
includes means for using a counter to control access to corresponding values in
the filter state vector as initial filter conditions as the first corrective filter is
repeatedly engaged, wherein the counter wraps at a value corresponding to a

period of the vibration from the source external to the data storage device.

67. The device of claim 61, further comprising:

a second corrective filter for reducing the effect, on the
position signal, of a vibration from a source internal to the data

- storage device.
68.  The device of claim 67, further comprising:
means for configuring the second corrective filter to operate at

a frequency of the vibration from the source internal to the data

storage device.
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69. The device of claim 68, further comprising;:

means for repeatedly engaging the first and second corrective
filters, including means for accessing first and second filter state

vectors as initial filter conditions as the filters are repeatedly engaged.

70.  The device of claim 69, wherein the means for repeatedly accessing

mcludes:

means for using a first counter to control access to corresponding
values in the first filter state vector as initial filter conditions as the first

corrective filter is repeatedly engaged; and

using a second counter to access corresponding values in the
second filter state vector as initial filter conditions as the second corrective

filter is repeatedly engaged.

71.  The device of claim 70, wherein the first counter wraps at a
value corresponding to a period of the vibration from the source external to the data
storage device, and wherein the second counter ~ wraps at a different value

corresponding to a period of the vibration from the source internal to the data storage

device.
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72.  The device of claim 69, wherein the source of the frequency of

vibration internal to the data storage device comprises rotation of the medium about

a spindle thereof, and the source of the frequency of vibration external to the data

storage device comprises rotation of a second medium about a spindle of a second

data storage device external to the first data storage device.
73.  The device of claim 62, wherein said means for configuring the first
corrective filter includes means for determining a plurality of filter coefficients as a

function of the frequency of the vibration.

74. The device of claim 73, wherein the first corrective filter is of the

form Y(n) = Ap(n) + Bp@-1)+ Cp(n-2) - EY(n-1) - FY(n-2), where:
n denotes a sampling time index;
p(n) is said position signal at each sampling time index n;

Y (n) is the corrective filter output at each sampling time

din,

index n; and

A, B, C, E and F comprise the plurality of filter coefficients.
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75.  The device of claim 74, wherein said means for determining a
plurality of filter coefficients as a function of the detected peak frequency of the

vibration includes means for using the relationships:

A=[1+al+a2]/D;
B =[-2 +2a2] / D;

C=[1-al+a2]/D;
E =[-2 42b2] / D; and
F=[1-bl+b2]/D,

where:
al = 2wZaf*,
a2 = (nf*)(nf*);
bl = 2tZbf*,
b2 = (nf*)(nf*),
D=]1 +b’1 +b2];

Za, Zb are damping coefficients;
f* is related to the frequency of the vibration.

76. The device of claim 74, wherein an intermediate node of the first

corrective filter assumes the value:

Q@ =Ap@) + Bp(n-1) + Cp(n-2); and

the output Y(n) = Q(n) - EY(n-1) - FY (n-2); and

wherein A, B, C, E and F comprise the plurality of

coefficients.
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77. The device of claim 74, wherein an intermediate node of the first

corrective filter assumes the value;

Rm)

= p(n) - ER(n-1) - FR(n-2); and

the output Y(n) = AR(n) + BR(n-1) + CR(n-2); and

wherein A, B, C, E and F comprise the plurality of

coefficients.

78. The device of claim 74, wherein an intermediate node of the first

corrective filter assumes the value:

Rn)

= Ap(n) - ER(n-1) - FR(n-2); and

the output Y(n) = R(n) + (B/A)R(®n-1) + (C/A)R(n-2); and

wherein A, B, C, E and F comprise the plurality of

coefficients.

iy

79. The device of claim 74, wherein a first intermediate node of the first

corrective filter assumes the value:

L(n)

= (A-1)p(n) + B-E)p(n-1) + (C-F)p(n-2);

a second intermediate node assumes the value:

W(n) =L@ -EWh-1)-FW(n-2); and

the output Y(n) = p(n) + W(n); and

wherein A, B, C, E and F comprise the plurality of

coefficients
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80. The device of élaim 74, wherein a first intermediate node of the first

corrective filter assumes the value:
M@m) =p)-EM(n-1)-FM(@n-2);
a second intermediate mode assumes the value:

Vi) =(A-DM@)+ @B-E)M(n-1) +(C-FHH)M(n-2);, and

the output Y(n) = p(n) + V(n); and

wherein A, B, C, E and F comprise the plurality of

coefficients,

81. The device of claim 74, wherein a first intermediate node of the first

corrective filter assumes the value:

M@m) = (A-Dp@) - EM(@-1) - FM(n-2);

a second intermediate node of the filter assumes the value;

V@ =M@+ [BEVA-DIM@-1) + [(C-FY/(A-DM@-2)]; and

the output Y(n) = p(n) + V(n); and

wherein A, B, C, E and F comprise the plurality of

coefficients,
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corrective filter assumes the value:

M@m) =k(A-)pm) - EM(n-1) - FM(n-2);

a second intermediate node assumes the value:

V@@ =M@ +[B-B/A-DIM@-1) + [(C-F(A-D]M(n-2);

the output Y(n) = p(n) + (1/k) V(n); and

wherein A, B, C, E and F comprise the plurality of

coefficients, and k is a predetermined constant.
83.  The device of claim 61, further comprising:

a detector for detecting, during operation of the data storage
device, a frequency of the vibration from the source external to the
data storage device.

34. The device of claim 83, wherein said detector includes:

a detection filter;

means for configuring the detection filter to scan the position
signal across a range of frequencies, and, at each respective scanned
frequency, recording an amplitude associated therewith; and

means for determining whether any of the recorded

amplitudes exceeds a predetermined threshold, thereby locating the

corresponding frequency of the vibration.
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means for configuring the first corrective filter to operate at
the detected frequency of vibration from the source external to the

data storage device.

86. The device of claim 85, wherein the same filter is used for the

detection filter and the first corrective filter.
87.  The device of claim 83, further comprising:
means for repeatedly detecting, during operation of the data
storage device, the frequency of the vibration from the source external

to the data storage device; and

means for repeatedly configuring the first corrective filter to

operate at the detected frequency of the vibration.
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element;

a servo system for controlling the position of the access

element with respect to the medium; and

a system for reducing the effect, on a position signal in the

servo system, of a vibration, including

a first corrective filter to reduce the effect of the vibration on the
position signal by enhancing a control signal to the access element at a

peak frequency of the vibration;

means for repeatedly engaging the first corrective
filter, including means for repeatedly accessing a filter state
vector as initial filter conditions as the first corrective filter is

repeatedly engaged, and

means for refreshing the filter state vector periodically
with corresponding outputs from the first corrective filter, or

with quieting values.

89, The device of claim 88, wherein the filter state vector 1s refreshed less

than about 5 to 10 periods of rotation of the medium of the data storage device

90.  The device of claim 88, wherein said refreshing occurs during a

power-on cycle of said data storage device.
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93. The data storage device of claim 46, further comprising means for enhancing a

control signal to the access element at the detected frequency of the vibration.

94. The data storage device of claim 61, further comprising means for enhancing a

control signal to the access element at a frequency of the vibration.

9s. In a data storage device having a medium mounted for movement relative to an
access element, and a servo system for controlling a position of the access element with
respect to the medium, a method for reducing the effect of a vibration on a position signal in
the servo system, comprising:

detecting, during operation of the data storage device, a frequency of the vibration
of the medium; and

responsive to said detecting, modifying positioning of the access element relative to

the medium to force the access element to more closely track movement of the medium.

96. In a data storage device having a medium mounted for movement relative to an
access element, and a servo system for controlling the position of the access element with
respect to the medium, a method for reducing the effect, on a position signal in the servo
system, of a vibration from a source external to the data storage device, comprising;:

detecting, during operation of the data storage device, a frequency of vibration of
the medium;

responsive to said detecting, modifying positioning of the access element relative to
the medium to force the access element to more closely track movement of the medium; and

wherein said modifying includes using a first corrective filter to reduce the effect of

the vibration on the position signal.

97. In a data storage device having a medium mounted for movement relative to an

access element, and a servo system for controlling the position of the access element with
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the medium to force the access element to more closely track movement of the medium,;
wherein said modifying includes:
using a first corrective filter to reduce the effect of the vibration on the position
signal by enhancing a control signal to the access element at a peak frequency of the
vibration;
repeatedly engaging the first corrective filter, including repeatedly accessing a filter
state vector as initial filter conditions as the first corrective filter is repeatedly engaged; and
refreshing the filter state vector periodically with corresponding outputs from the

first corrective filter, or with quieting values.

98. A data storage device, comprising:

a medium mounted for movement relative to an access element;

a servo system for controlling a position of the access element with respect to the
medium;

a system for reducing the effect of a vibration on a position signal in the servo
system, including:

a detector for detecting, during operation of the data storage device, a frequency of
the vibration of the medium; and

wherein the servo system includes means for modifying positioning of the access
element relative to the medium responsive to said detecting a vibration, to force the access

element to more closely track movement of the medium.

99. A data storage device, comprising:

a medium mounted for movement relative to an access element;

a servo system for controlling the position of the access element with respect to the
medium; and

a system for reducing the effect, on a position signal in the servo system, of a
vibration from a source external to the data storage device, including

means for detecting, during operation of the data storage device, a frequency of

vibration of the medium;
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a system for reducing the effect, on a position signal in the servo system, of a
vibration, including:
means for detecting, during operation of the data storage device, a frequency of
vibration of the medium;
means for modifying positioning of the access element relative to the medium
responsive to said detecting to force the access element to more closely track movement of
the medium; and
wherein the means for modifying includes:
a first corrective filter to reduce the effect of the vibration on the position signal by
enhancing a control signal to the access element at a peak frequency of the vibration;
means for repeatedly engaging the first corrective filter including means for
repeatedly accessing a filter state vector as initial filter conditions as the first corrective filter
is repeatedly engaged; and
means for refreshing the filter state vector periodically with corresponding outputs

from the first corrective filter, or with quieting values.



