;e3etcdd &\ TKw -t, , ,, 6 2 5J UL 2002 i SYSTEM AND METHOD

| DENTI FYI NG AND FI LTERI NG A HEAD SUSPENSI ON ASSEMBLY RESCNANCEEESEEMﬂ$KzUOZ
FI ELD OF THE | NVENTI ON The present invention relates generally to data | 1
storage systens and, nore particularly, to a system and net hod for ]
ident{fying and filtering a frequency associated with undesirable resonance
il a mechani cal support assenbly for a read/wite head. BACKGROUND OF THE

I NVENTION It is well understood in the disk drive system manufacturing
comunity that mechani cal head/ suspensi on/ aim (HSA) assenbly resonances
create problens of varying severity during proper servo tracking operations
in a disk drive system These undesirable nmechanical resonances are

[ equency anal ysi s of fRaih Ry BB 08 3RErECt B M b rRRERINE 1D o
read/ wite head. The var|5??§nsbggsgéﬁ1§%§ésuspé%sion resonance frequencies
bet ween different HSA assenblies can be substantial. For exanple, it is not
uncommon to observe nore than a ~-/-200 Hz frequency variation in bending
and torsional nodes between suspegihgﬂsoﬁnTﬁtsgﬂygﬁgngsk drive system It
is also not uncommon for a disk drive systemto have upwards to 20 or nore
HSA assenbl i es. 25J UL 2002 2 Asignificant difficulty associ ated
wi t h addr essi nhg unwant ical |y _re i thin the disk
drive servo loop is thgﬂ%$§%%%%53n28?$$¥9§?gggfﬁgfs§§§39%§%¥ﬁ%%hﬁﬂﬁﬁsirable
resonance frequencesesrages i ayext esoanBPESnora parEiEuilsrlneto eassystfemr this

present inability gﬁdtégkﬂééﬁgé?ji§SB¥9fying and filtering a frequency

asgociated with undesirable resonance in a mechanical

support assembly for a read/write head.

BACKGROUND OF THE INVENTION

It is well understood in the disk drive system
manufacturing community that mechanical
head/suspension/arm (HSA) assembly resonances create
problems of varying severity during proper servo
tracking operations in a disk drive system. These
undesirable mechanical resonances are typically
identified during manufacturing and screening by

- performing frequency analysis of the position error
signal (PES) of each individual read/write head. The
variations in similar suspension resonance frequencies
between different HSA assemblies can be substantial.
For example, it is not uncommon to observe more than a
+/-200 Hz frequency variation in bending and torsional
modes between suspensions in a single disk drive
system. It is also not uncommon for a disk drive

system to have upwards to 20 or more HSA assemblies.

VAR \““\\\N\!\E}W‘\\\““““
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sanpling rate associated with typical disk drive systems. For examd 8, JAUJL 2002
gl ven disk drive system may enploy 90 servo sectors for each of a nunber of

di sks spinning at 7,200 revolutions per mnute (RPM. Such a disk drive
systemw || have a servo sanpling rate of 907,200/ 60 = 10.8 kHz, which
provides for a |ow frequency resolution of 7,200/60 = 120 Hz. This

relatively | ow frequency resolution of 120 Hz inplies that an HSA assenbly
resonance can only be identified within an accuracy of +/- 60 Hz. It wll

be appreciated that future disk drive systens having di sks spinning at

10, 000 RPM or higher will denmonstrate even poorer frequency resolution. For
exampl e, a di sk drive &ysighidpnbyfhbt o4t 2se8FagkedisiEhavi ng 80 servo

sectors per revol sddMbaiy SRvaAt8g RécHchidi] RENM ¥bbémbRy & e dnia@@eancy
resolution of only, 166.7 Hz. There, exists a need for a system and net hod

for identifying fYEHighdiies AEkpgt hER stREY IRt EaF MU SR DI y

resonances OCCUrIifghili@y dd) drab9Eae S¥SiEMyWuhledifhlle B SRR
precision. There exists a further need for a system and net hod for

adaptively filter FRedeeRM o1 EYBReERRR BET (2 SHEAMERER DI QPG &SP Nces

with a high degregcpfrieid S%és‘é%@eiﬁab-irﬂﬁtﬁrieéQWe hAMepsaofedyd fills these
and ot her needs. L ~J L LUU , 3 S RY OF THE | NVENTI ON The present

invention is direBRBRLiRY Fake RE@OSHALAPpAHER FYPAGRL 4&REi 4XiYRy and

filtering a resongpgeehs EqURIC Ex@hpRe$URPO! derS ikt HECvE UPPOIdr Nhy2
read/ wite head in proximty with a data stor%g‘e medi um A positjion error
signal is produce@™BEPYig®defRMYq FEEERBEI B FRA @dd 20RvEPERL AL FisThiye

nmedi um and a par tpeHh8hg SATP! 200 ravbleausns ody anslee MREME he gipsi tion
enror signal is obtained. A magnitude of the particular sanple is conputed,

breferably using @ofiB%efriveygysmtionhinilFnBavedEaryooFarRbI Rt EREY (Hiage

medi umis varied, o3ng, bbe/emaniitoide kak , awRdEh | PrdBlaeBESoLr gauemncy transform
sanple is conputed at each of the velocities. A resonance frequency of the
support struct ur e fF&€IBgREY| BRI UsioRg Of hd - 98979 t5y 129sHEi at B i t h t he

particul ar sanpl e JgauiAge @y "B MyBJREARBY YEB8d1 Jthio 20HEHCH2 t {AHBE O M Of
the position error signal may be produced using one of several frequency

transform t echni qi®&t PRCHERNI FRPSIGYs FRELBARBRUrTH OPidnProtATPBRTISA Fast

Fourier Transfor myifthih, af SBettach 6 Di/sceetez Fourd ei1lr aasform (STFT), or
a wavel et transformtechnique. Gbtaining the particular sapple of a PES
frequency transf oﬁﬂﬁrﬁcééﬁgad‘élh?:te ﬁﬂtt%eoﬁésgng’émwsqeﬁ\?o 85"3bt ai ning a
PES frequency transfeXsmspatnbirg Wit clo icoor @pmese i sdhate waflla frequency

hi gher than the resonance frequency of the support structure. The velocity
of The dara st or aGETMEREGRERS OV ER RS St G EHEY ESAHAECE™Y T eBBEncy
identification procesplaccar ding doivdisysembodinpboying i @acer daneegai t h

anot her enbodi ment ;. Qbtai ning_the particul ar sanpl e inval ves gbtaining a
PES 2~ J UL 26826& thav:Lng BB servo sec"éors per"revolution ang

spinning at 10,000 RPM will have a frequency
N resolution of only 166.7 Hz.

There exists a need for a system and method for
identifying frequencies of bothersome mechanical HSA
assembly resonances occurring in a data storage system
with a high degree of precision. There exists a
further need for a system and method for adaptively
filtering such bothersome mechanical HSA assembly
resonances with a high degree of effectiveness. The

present invention fulfills these and other needs.



{3 JUL UL

4 freguency transform sanple which is representative of a frequency | ower
t,han the resonance frequency of the support structure. The velocity of the
data storage nmediumis increased during the resonance frequency
identification process according to this enbodi nent. Another aspect of the
present invention concerns canceling the effect of one or nore resonance
frequenci es associated with a read/wite head suspension in a position
error signal. In accordance with one enbodi nent, one or nore transducers
supported on respective support structures 3re situated in proximty with
the data storage nedium Each of tkeMyshRPSERICEIES afvendediined within a
respective servo |l oop. A position error signal is produced wthin each of
the servo | oops using a respective one of the transducers. One or nore

programmabl e filters ardepPeiPeRY WMaitoBadh DHreHeSsérva Pobped and

processor prograntgRietiued repesaoic 118 ngr agaapmedd €iddd st @eSoh&nce
substantially cancel an effect of one or nore resonance frequencies

associ ated with eddifBRY e oSuppBIRPUY FEFYFERTE nSYRROLEAEHeBt i ve positi on

error signals. In@ddmitiee aspacin QfrdtimiRieaeoh 4 nugnl iseBragach of the
sel ected programmable filters agds lag into,its_respectjve servo |oop, and
the processor adj JEYWY coHPeALLIY fOFthPd9aadi 15 Faducsd. UThed pr ocessor

may, for exanple, soRpensEcemnhoiohhsraddidd enah dags taddengebiead, into the
respective servo | oops. The processor

.p may conprise a
Propor ti onal - | nt eg??f -DFFELEREREI STHS) Oéoﬁ{TEB?‘F‘é‘?r}cyar’hfaFﬁg%?‘oﬁF ammabl e
filters may conpriske pagradmbkeonod idhadl lilsebstaingd ogmamaghl euat!l optic
filters) 25J UL 2002 .,,.5 A nethod and apparatus for identifying a
resonance frequencsoP3 PEXIARr FRRP Hedd §Gﬂ8§£?dst? SFRLXc B8P ng to the
principles of the epseseidl isnwegbrothmpy M vapbenentefl ghe dadat a storage
system and, pref erabl);(ei i ﬁ%ldement ed in- sc{ t ué@ dgt a st o,r%%% syést em w t hout
resort to circuitry-&ast B tReV Ut Y st a8 Y P& aBove sunmary
of the present inveattigulsx PES £péqueted, ttradeseornbeamgslch iemboapuead or
every inplenmentation of th Q:resenioinventiog\f Advant%gﬁﬁ.and atta%nnents,
€ g ent’i

together with a mote ToRbI%t &PEnder 3t ahdiH EREUF It Pt becone
apparent and apprethatadcdinrtr etenctage tis tded cudbk o wgirdettdiel edldescyi pti on

and clains taken inp nj unct i i npanyi drawings. . 25J U
1"2002"6 BRI BF DESCE BT AR TR R R g CTHpL AR paxinfne Ui ow
of a disk drive systemitmder its upper housing cover renoved; Fig. 2 is a

side plan view of a di S&‘hé”éé’e%pu%%% legl%%rﬁ%gs){ééioﬁg tﬁep{x%’%f\liiow e(?:frogat a

storage disks; Fig. 3 is a graphic ration of e magni tude of
suspensi on resonangégshbwiey rpet prgoflnegdiencinaregei Pldeeyaspodsequengy

simil ated open-| oop, PhD:4 it analitiignak. | plearaliDer bratlye) seomensat ed

actuator transfer function, w st mul ate Di'scr et ourier Transform (DFT)
freauency sanpl es Shammformu{idilinpbset Benriny (Transfermf (FRR”)i.o® magni t ude

Short-Time Discrete Fourier Transform (STFT), or a
wavelet transform technique. Obtaining the particular
sample of a PES frequency transform in accordance with
one embodiment involves obtaining a PES fregquency
transform sample which is representative of a
frequency higher than the resonance frequency of the
support structure. The velocity of the data storage
medium is reduced during the resonance frequency
identification process according to this embodiment.
In accordance with another embodiment, obtaining

the particular sample involves obtaining a PES



response; Fig. 4 illustrates the result of shifting a DFT sanple 2r5ttAUL 2002
nei ghbor hood of the apex of the resonance peak to be in alignnent with the
resonance peak apex in accordance with the principles of the present
invention; Fig. 5 is a block diagram of an enbodi nent of the present

I nveption inplemented in-situ a disk drive systemenvironnent; Fig. 6 is an
iflustration of a process-flow di agram for inplementing the in-situ

adaptive computing al gorithmshown in block 122 of Fig. 5 for purposes of

i dentifying resonance frequencies in one ot rmre HSA assenblies provided in

a disk drive syst and Fi depi PI D n oIch
conpensat ed di sk g%%‘ée%%t&%nggfﬁﬁt %%r% penrf Ch 1‘ gt unc |on
according to an eabbtdeguericyfldves phesetmhenm&entalrm:ltt freauéndy Wi 202

VWil e the inventi ' oV 0 I h.gn d ernatlve
forms, specifics ?Eg#ér rT‘?E1trajtl\¢/}‘gétbeen sﬁ%\%\ny%%fg@v\gdf c?%atg(‘grr% ggl n@Jf% Ur awi ngs
and wi || be descr mbddlumnniseiraideasedednbéhewhe trasorancke fuageestyod,

however, that the, | nt gg&c%%io% n(}toc%gsl 5%&&{@ [ %V%'ﬁtl'sogmﬁgdl hen articular
en

enbodi rrents descri- ea ntrary |on isIn ed " to cover
all nodifications, equhuatket sspeet alEt Ehaa@re/wtf dlnivieng iant bomedires scope

of the invention as de&i!tned b ttg%g E/E%ﬁ% e n%née‘] UL 2002 8
DETAI LED DESCRI PTFER® § EDE C% an%c{?é ST oM ng descriptjon of
the illustrated frequencies associated with a read/write head
suspension in a position error signal. In accordance
with one embodiment, one or more transducers supported
O on respective support structures are situated in
proximity with the data storage medium. Each of the
transducers are defined within a respective servo
loop. A position error signal is produced within each
of the servo loops using a respective one of the
transducers. One or more programmable filters are
provided within each of the servo loops. A processor
programs selected ones of the programmable filters to
substantially cancel an effect of one or more
resonance frequencies associated with each of the
support structures in the respective position error
signals.
W In a further aspect of the present invention,
each of the selected programmable filters adds lag
into its respective servo loop, and the processor
adjusts to compensate for this additional lag. The
processor may, for example, compensate for the
additional lag by adding lead into the respective
servo loops. The processor may comprise a
Proportional-Integral-Differential (PID) controller,
and the programmable filters may comprise programmable

notch filters or programmable elliptic filters.



enbodi ments, references are nmade to the acconpanyi ng draw ngs mhugg tﬂgu)zooz
part hereof, and in which is shown by way of illustration, vario

enbodi ments in which the invention may be practiced. It is to be understood
t hat ot her enbodi nents may be utilized, and structural and functional
changes may be made without departing fromthe scope of the present

i nvention. The adaptive filtering system and nethod of the present
invention is preferably enployed in a disk drive systemfor purposes of
preci sely identifying frequencies of undesitable resonances in the
nmechani cal head/ suspens qRARLA SHIPA) ekl ¥orf i 4d1a idiySkhgdhi ve system The
system and net hod of the present |nJ)ntion may be further “enpl oyed to
cancel the, ef f ect srefonamges frapheneesvhanceaf/ eylendiessl eapphetser vo

posi tioning syst en&éﬂfc&ﬁ%ha%ér%ﬁ%r@}l ¥ Hef p2iHE S & 106€ RUSheBbefgncel i ng
the effects of bothersome HSA assenbly resonances on the servo positioning
system is preferablyventdempmayhee irplangmntadaphi 3 Catmisteregeof¥sbeMnor e
digital notch filt ] it f it he; L\L0 | | oops.
Cancel l ati on of t h%;cgf ger%;ﬁgqgg 12‘0(:%!\@0‘3?%&? nglsﬁ nglcﬁg% cat\éHg%\ggégs;grrbl y
resonance frequencéystam wilthodkskesp¥ty & osypdrenitnprexteyrngdr vo thacki ng
performance, data [ aky | i ty, [ ncreases potential track densities of
data storage disksé%%%%%§gl%¥nsﬂggﬁ&disk drive systens. Referring to the
drawi ngs, and nore partThauladolve somfaxy of &hd Presért criventiionstisanet a
data storage syste 1§ hin I e i ance 25JU
L Z00 9 estimti og&‘g%ﬁgc%%geﬁ\ég!f?g%é %}%o%%fgggéﬁglgét%g "a'F)"’r%?ar ent invention
may be i npl ement edimflenaditsitidni 0€ thstms20t apvestimst didowntiegeFig. 2,
typically includes : i gi .Qk.age dj ich are

%t acked coaxial ly ?ﬁ@:a%nlgg{r%%ggécgggr e e?ft %ﬁgh?p‘?gg%?brnéﬁae}% about a
spindl e notor 26 awnderafianding pfhthé inmentdons ovall dvecoms iappdephtted in
Fig. 1, each disk i iscallyy {0 i u I | i

spaced concentric tgé%c%sﬁ%%l%%?lg }8? {ﬁi%?éegxg g{(ﬁg glﬁékg%ﬁmﬁég getttgrxﬁggii vely
be formatted to i néteeheintigpi radedleine kakenf igurcanivrctiom aigdbntsheat i on of
concentric and spi k ations. Digital information is
typically stored i%eéﬁﬂb%%ﬁﬁ#%gﬁﬁgaﬁg%ic transitions along the tracks 50.
The tracks 50 are generally divided into a nunber of sectors 52, with each
sector 52 conprising a nunber of information fields, including fields for
storing data, and sector identification and synchronization information,
for exanple. Witing data to a magnetic data storage disk 24 generally

i nvol ves passing a current through the wite elenent of the transducer
assenbly 27 to produce magnetic |lines of flux which nmagnetize a specific

| ocation of the disk surface 24. Reading data froma specified disk

| ocation is typically acconplished by a read el enent of the transducer
assenbly 27 sensing the magnetic field or flux |lines emanating fromthe
magneti zed | ocations of the disk surface 24. As the read el enent passes
over the rotating disk surface 24, the interaction between the read el enent

“and t he magneti zed | ocations on the disk surface 24 results in the
production of electrical signals, comonly referred to as readback signals,
in the read el enent. Z5J UL 200a i0 An actuator 30 typically includes
a nunber of interleaved actuator arns 28 with each arm havi ng one or nore
transducer 27 and slider assenblies 35 mounted to a | oad beam 25 for
transferring information to and fromthe data storage di sks 24. The slider
35 is typically designed as an aerodynamc lifting body that lifts the
transducer 27 off the surface of the disk 24 as the rate of spindle notor
rotation increases and causes the transducer 27 to hover above the disk 24
on an airbearing produced by high speed rotation of the ' disk 24. The

di stance between the slider 35 and the disk surface 24, which is typically
on the order of 40-100 nanoneters (nm, is commonly referred to as



head-t o-di sk cl earance or spacing. The actuator 30 is typically u:ﬂiﬂ.iﬁ
a stationary actuator shaft 32 and rotates on the shaft 32 to 02
actuator arnms 28 into and out of the stack of data storage disks 24. A

coil assenbly 36, mounted to a coil frame 34 of the actuator 30, generally
rotates wthin a gap 44 defined between the upper and | ower magnet
assenblies 40 and 42 of a permanent magnet structure 38 causing the

actuator arnms 28, in turn, to sweep over the surface of the data storage

di sks 24. The spindle notor 26 typically c6nprises a pol y-phase AC not or

or, alternatively, a DC notgfr@e{rxlcke8TRYNOPOMEE sRAMINGs46 and adapted

for rotating the data storage disks 24. The coil assenbly 36 and the upper
and | ower magnet assenblies 40 and 42 of the permanent magnet structure 38
operate in cooperatiOfpsas 3n;3ChUabOrp MR AQk! vIBYOSE 39 diGiPAIIEe tO
control signals produced by a servo processor 56. The servo processor 56
controls the diregystsn alidhmigai voper diousdmgr gover2remgvad; 25~~: > current

supplied to the voice Fpi?e.l MEOL 3936 THEAGL R ?% gojig%\f\‘ﬁilv‘{%t&%‘g

produces a torquing for on the actuator coil frane en
currents of varyi ¢emplisicd enpandabbyiefidiata eworagehdisgdoid assenbly 36 in

the presence of a nagqg;'c3fﬁggg gﬁgﬁﬁﬁ&ﬁ_thhggrgggggqutt gnet structure

38. The torquing forces i npar e actuator coil frame 34 cause
correspondi ng r ot nagnikldarmie srspendiohareranaaicer shews 28 the di recti ons

d dent th i : i i il
ascenbly 36, The Gardgidy Hagrifull khGorsl TL® sthlthOly el ool oys
.a cl osed-1 oop ser 9D cOfmapsir tshpniad mlhbegpubildriviatgd vehecorpelisatiad
transducers 27 t0,8peeid) & 51¥c309@uhOCALA ONG: ést}&glg@&& 59508, di sk 24.

n
“buring normal data Storage system opefrationh, a s ransducer, generally
mount ed pr oxi mat eFoheier dRyams ffoamt (BRTHUER@uermy, sampéeaashowat y, ’

i ncorporated as t et f SHUGRN; @S , 1S
typically enployegﬁ?%ggééé?l nfor&gfiggg?%€é€he %ﬁfﬁ%séggﬁl%gﬁgomjng a
specified track (reepongeack follow ng) and locating (i.e., seeking)

specified track and daﬁﬂg§e§t(¥14%%§%EE9né%é”%ééﬁiéﬁéiksﬁ@Eé?ﬁ?n%4DFf”

accordance with one servo techni , enbedded servo pattern ormation is
witten to the di SRWRleainnghs apnahborbgednef fdid mpgxdefethéon general |y

outward fromthe ¢cRBbRENQE S48 disbe?4n Ibfgﬁﬁ@&d%%s‘%gorg%ﬁﬁgé are

thus formed between the data storing sectors of each track 50. I's noted
that a servo sect 8eaKypPesl {1y agrnusianseavphh t i ringdpaesopfetheerned a
servo burst pattepResdsedihPe@idit,ai n opti num alignment of the read/wite

transducers 27 ) ) .
Fig. 5 is a block diagram of an embodiment of the

present invention implemented in-situ a disk drive
system environment;

Fig. 6 is an illustration of a process-flow
diagram for implementing the in-situ adaptive
computiﬁé algorithm shown in block 122 of Fig. S5 for
purposes of identifying resonance frequencies in one
or more HSA assemblies provided in a disk drive
system; and

Fig. 7 depicts a simulated PID and notch
compensated disk drive system actuator open-loop
transfer function according to an embodiment of the

present invention.



25 UU~ Z00 12 over the centerline of a track 50 when transferging data
to and from specified data sectors on the track 50. The servo iné&?nﬁUinﬂUZ
may al so include sector and track identification codes which are used to
identify the location of the transducer assenbly 27. The servo processor

56, which cooperates with read channel electronics 57, regulates the
actuator voice coil notor 39 to nove the actuator arns 28 and transducers

27 to prescribed track 50 and sector 52 | ocations when reading and witing
data to and fromthe disks 24. The servo processor 56 is |loosely coupled to
a disk drive controll eryfpfiie e dinskndibieis ddrdier £o8vhypbeal |y i ncl udes
control circuitry and, software that coordinate the transfer, of qgta to and
fromthe data stor3g8taisrsi s ?R%tﬁgﬁﬁﬁn?ﬁﬁv% QF8Sor GRESS BT B~ 2P Ui sk

drive controll er S58asechéepi it &y Wwap Sepexaifleddvi €Rs dRakiggs landt is
understood that the functiopnality of the servo processor 56 and di sk drive
control l er 58 nmay Héggnla%a‘?%%cqweél fngpE2 Ikﬂ'?gedl#ﬁggé('pr_gﬁe*‘s%o?? i ch
typically results hRdarse8e€eths@RenNebhaoshe #taHtical idi Akt dfdve system
enpl oys several data storage, disks, such as ten disks for exanple, for

purposes of storingdifihi Faf tRYePtiGNVER ERF PRTHTYFaLMBRIIEEREE a di sk

drive systemw || tspbeabéd. | N6 WIR 20nteady Wine hradsiandid0ikSéded
assenblies. Each of the read/wite heads is part, of a respective servo

| oop, which provi dé® £eves bt robisgtiento sHHPLIeREN 8fl | ustrati ve

exanple. If each digdkekfiaf oveRtted ithg Wichudeehd &V rSeaE Ol Svdefion
revol ution, then 90 position errar signals are produced within each of the

20 servo | oops per af SRELBGS|RY itdie apPenged £1H%: 13 In order to reduce
the conputational |oad on the servo processor, it is possible to select
only one DFT sanple fromthe 90 DFT sanpl es devel oped within each of the 20
servo | oops per disk revolution for purposes of identifying one or nore
resonance frequenci es associated with each of the 20 HSA assenblies. The
little-known Goertzel's algorithmmay be applied to conmpute this single DFT
frequency sanple. As wll be discussed hereinbel ow, undesirable frequencies
associ ated with HSA assenbly resonance, once identified, may be virtually
elimnated fromthe position error signal of each of the 20 servo | oops by
i npl enenting a filtering nethodology in accordance with the principles of
the present invention. As was previously nentioned in the Background,
mechani cal HSA assenbly resonances cause uni que problens during proper
servo tracking in a disk drive system The problem of precisely identifying
bot her sone nechani cal HSA assenbly resonance frequencies derived from PES
measurenents will now be discussed with reference to Figs. 3 and 4. Figure

dis an illustration of a sinulated PID (Proportionallntegral-Derivative)
conpensat ed actuator open-loop transfer function for a disk drive system
Figure 3 illustrates the |location of a nunber of DFT frequency sanples

conputed using the position error signal derived froma data storage disk
havi ng 90 servo sanpl es per revolution and spinning at 7,200 RPM Figure 4
Yl lustrates the location of DFT frequency sanples conputed using the
position error signal obtained froma data storage di sk having 90 servo
sanpl es per revolution and spinning at 7,097 RPMin



25 J UL 200c 14 accordance with an enbodi nent of the present QnﬁeUUE)rZUUZ
In Fi'g. 3, the nmagnitude of the suspension resonance having a natural
Yrequency at 4,140 Hz and a danping ratio of 0.02 is shown in the frequency
magni t ude response of the sinulated open-l1oop PID conmpensated actuat or
transfer function, G\(z). Superinposed on the transfer function nmagnitude
response are sinulated Discrete Fourier Transform (DFT) frequency sanpl es,
whi ch are shown as dots, obtained froma disk drive system having a servo
sanpling rate of 10.8 kHz and a frequency desol ution of 120 Hz. It can be

seen fromFig. 3 that t ' , eﬁ@ﬂ%‘@ﬁ@ﬂ es) fall
directly on the apex O;M#E‘g%%s%ﬁsa%g%ﬁp@ﬂ%Tﬁgﬁg?géest 0 0 the apex of

t he resonance peak |ocated at 4,140 Hz is the 34th frequency sanple at
34120 Hz = 4,080 Hz. T L She 80} 1 4101d AR 14 nance
peak | ocated at 4, 140 %%gIES?P?Sfr%quen%y slgﬁpl e%)ét(jz 51%%1.%@%200 Hz.
Figure 3 clearly embadiments tiefeyeobbennveé mrdzitselthei denphpynvitnd he
frequency of HSA %ﬁ%ﬁﬂ? § W Foehn nga£?.ﬁ£¥eéf,ma%%d '?xe(vié? Rafpling rate
i nherent in typica ISk drive system confi gurations. M Wil be

appreci ated t hat fhounebyieky dfi \id lygsrantohavyanialisslesbogi.manhg & 10, 000
RPM or hi gher w | r A r ency resolutpon, For
exanpl e, a disk dlﬁh\gggggﬁ%nﬁgeng:ﬁ% o?‘ggogﬁpﬁ%ﬁ‘%ﬁ%&%‘e §%f ngggn%??

resol ution of 166understéod shath cheirsembpdimestys ey drplbyiilhged) smd vo

sectors, the 24th fr §?§1~%?x}q f ng. 5th
frequency sanpl e %6§g9§g§¥ a ,u é%gl ggggg%%ﬁ“agg%eﬁ,a % gé%ﬁ‘?‘é‘gnce

wi th an enbodi nentdephrthegpfeoerithe meepei ofi, théeorenant dmylentéboeity of the
data storage disk is vakiedsl gz ToYe[ls I.C ' identi f{cation of
oot her sone nechani cal Ie-bé%\ ggé‘gtngfy rgggﬁanéegyggéﬁe%\% é{s&v}\ﬁotqhgg H‘%h degree
of precision. The prelseptt gnvéntiiark iiss pagferabdy s¢npinved isuehdaskby
effecting slight variati i N it Y, £0 | hat _rotates the
di sk, froma constgﬁt@vggggf?yﬁégrﬁ?@ggj%&tlsrfre%#?ﬁs%%s%(Hseg}ttﬁgggn\éel ocity
results in a propdindaweaicishi ¢f i urpasfirapleDEFsgnaptes firedihenci es. For
exanpl e, the 35th esedyl R @MERYS I, LesSpgREt to
Fig. 3 would shi ftéécﬁ%%ﬂq%%gogé%}ﬁ 4, 0813 z(zgrmhgﬁbgﬁeiéslsp%%r? Ye o%eleggi ty is
reduced from 7, 2003 RMVdrd ve, ReCEP)N Th clystensehdurethed 2f8%heeduction in
spindl e vel ocity. Jhee3Rt BaPET: SSNTLE BY Re 8Bkl Legdh dfeda Pigicae! ¥

| ocated at the apex of the resonance peak shown in Fig. 3 by reducing the
spindl e vel ocity f¥kamefLzgleRPi vedes oo lRpve sphrbhe r Bpp@uRNRiesa OD. 43s
reduction in spindig &l,og) tpxssiifkﬁsn{@wst%fm $akf ELOE 8L AnfdifF T gampl e
to the apex of the resonance peak is depicted in Fig. 4. In a simlar
manner, the spindl @ ¥toduiyecsirliene itRIHded, that abfeetrrirridecr eased,

such that the 34t hpb¥fe S AshSasbedbBd tdsdiRinkekdenWhd ddie 4t 140 Hz
resonance peak. However, it i~ believed that increasing the spindle

vel ocity beyond t hBOPHEIRNING SYPESMJi & REAFRTARIOUSCFOTRLE Bhed < sugh

di ssipation, and couisk &t EngebEi ROt ddkd kB g3RRNAhSL B afi NAs-Over
inme. As such, it is preferred that spindle velocity be reduced slightly so
as to cause the doRRFH9e4 My tdinaeprlr Qhnre Hith &eane gontyok loqpa.™ 2002 16

resonant peak, suchahBaildtioiomehefl tefeddd SBMIA bSchBrabhgnnent with
the frequency of the resonant peak. In_addition to the above-descri bed

difficulties, a fuPERBANISHDIHSRAPPERTAY sERSAAICAEFERBEPRYSR o RIS ni ne
HSA frequency respansk &hiwsigyddeh LREHEVELESe e rtg:a@wiyngEeia@@fr@h:{&e,e. ,
in-situ) disk drivs S stenlcqnputing facilities, such as_the servo

mi croprocessor. FoP2ERaFpt APyl oy =288 IPRESTHS ARFOELRIWbERE r equi re t hat
a total of 39090 =d24s300e6 0siplRita0pebrhbenaifes pdIvyeadinl hate a@pdied t hat
the tine to perform gne conpl ex operation (e. g., nultiplications and
additions) is genefP&f'§ BYRat™t0 the tine required to performtwo rea
oPeratiﬁns. | f, Fy mgy Régéﬁ?iﬁ@nxﬁxaﬁpﬁeawlhgsFaﬁkiEﬂu@i@hrI&aﬁsiﬁEﬁL(FFT)
al gorithmis enpl oyed, . and | =9 then a,128-point. FFT is require N =
128) and the nunbeFObF188np}é?N56%rg@?SﬁlesléfV% HENA gﬁﬁehftgrﬁﬁ%. I'n
the case in which Myst&a82038izerrowhivet the appensleshdros iidne r@@oREcsanyl es
in order to use the 128-point FFT. The FFT algorithmis useful if all
frequency sanpl es are needed, but is considered conputationally insensitive
if all N-sector PES sanples are being used. It can be seen that a DFT
approach woul d be 27 tines nore conputationally insensitive than an FFT
approach. In many servo and read/ wite channel applications, in contrast to
ot her applications, only one or a few frequency sanpl es are needed.



One approach to addressing the problemof linted on-board co agjn ¢
resources is enployment of the little-known Goertzel's algori Fg'rﬁ JU?; ?bﬂl
‘Goertzel's algorithmis an el egant recursive approach to conputing the DFT
when only one or a few sanples of the DFT are required. Use of Goertzel's
algorithmis 25 ~U~ 200 17 particularly attractive in in-situ
applications since it consists alnost entirely of real additions and

mul tiplications. Only one conplex multiplication and one conpl ex addi tion
are required per frequency sanple. An appr odch enpl oyi ng Goertzel"

al gori thm does not  Legil e Bah %Qﬁeﬁsm n@fthgdo&%grc‘;f el grteasnc

previ ous |IIustrat|ve exanple 1n which N = , the nu r eal

mul tiplication opetaY¢wtien rﬁ\aUhéeca'SIélQi‘l‘efEquq"rg @her dzek %rld{&g@hfﬂﬂlﬁm woul d
be given as 2(N + 2}, -a4 8% #ade4bhbin Wn -Fi3P4 o, e%}/piiggliyol%lu‘aresaohgt al of
548 real operations. This represents an appreci abl e reduction in real
operati ons when cofParER Wit ﬁétéq%@%ﬂgﬁ]tdlfk%?lrEh%c}é)pﬂeﬁ%tﬁt@ﬁl’re@hat
woul d be necessar ycggxfﬁﬁ% 20 ERJabdPeSdy 31901 ofshfIY cp'}o'tatEhe
conput ati onal | oad nore than a factor of three is achieva

enpl oynent of Goer @l?e‘lltsa&‘fmdllﬁhwt@véélat étrr@19§évelyebverh zl‘@lt'GSOf

al gorithm can be vegy,s{gni figank HQ q.[) FigPRr QVed, ERsd; Egpchpggf or mance
in disk drive system appll | 'cat| ons. |s to be “tUnder st ood t]h

met hodol ogy descri B¢k rque&tﬁét tenprolndsoer plerabiny i |smrwadbut t hat
Coertzel s algor it RELORYe LS Wldackd 05T WL | GAMorCRUCLROMidkd 1S ma

conput ati onal | oad en performng 1n-situ DFT operations 1 n disk 5‘r?'ve
syst em appl i cat i ongltarnativelat del Edrdetted pia GmcdﬂdanaeMMttr@bkt he
present invention Wohlfn%ﬂé‘é&f‘onde%%r L D& AdY: 4 cﬁ{%rfe%ﬁc{eﬂtﬂcgsands 7. In
accordance with this e t he preci se fre quency location of a
mechani cal HSA assé%t?h@s@?@k@onﬁlﬂ@r@‘imnﬂm Byigdthdcinfrymeatdlon is
incremental variati I t QR

frequency sanpl e oftgﬁﬁca%llﬁ'péme% i glﬁ%lﬁ%ﬁgﬁﬁr SI E\:Q? 91?;::1%&@1%31%5 J UL
Q00 18 informati onallgnﬁséhlet@at%%ne Bhe nprackH it &FenG@w&lﬂm ers f or
each HSA servo | oop,ySHER Bfcdh %%gpustngeémé:%%ffuetﬁn{aécr?f d' gital
notch filter, to effect perfect attenuation (e. g., cancellation

speci fic PES conpof@nFSmpaisiny iy nunbereehaht kamatsanagiehds y resonance | t

has been determ ned Ryuhigy! AVEHLES ! BEQHINy data, and sector

identification and synchronization information, for

example.

Writing data to a magnetic data storage disk 24
generally involves passing a current through the write
element of the transducer assembly 27 to produce
magnetic lines of flux which magnetize a specific
location of the disk surface 24. Reading data from a
specified disk location is typically accomplished by a
read element of the transducer assembly 27 sensing the
magnetic field or flux lines emanating from the
magnetized locations of the disk surface 24. As the
read element passes over the rotating disk surface 24,
the interaction between the read element and the
magnetized locations on the disk surface 24 results in
the production of electrical signals, commonly

referred to as readback signals, in the read element.



experinmentation with extrenely conpl ex HSA assenbly resonances t%aq @”J-n (.
particul ar resonance will have a frequency and a danping ratio tha g@ ¢
as a function of tenperature and tinme. It is therefore necessary to
reconpute, in-situ a disk drive system the notch filter coefficients for
each.HSA that provide for the best attenuation of these unwanted resonance
frequencies in the PES signal. This is especially inportant during disk
drive systemwarmup. By way of exanple, a | oose swage joint may
significantly alter both the frequency and'®anpi ng characteristics of a

gi ven HSA assenbly. Di I byl.e ‘ r [1eBXCI ]u§A senbl y
resonances to a greaté%kéﬁ%%ﬁ%ggtgbh29§t€%¥i%ﬁgﬁgﬁgﬁgog %ﬁg I sk than at
the inner di anet einbérldrveafl sictuzheri armed®tvidh econarerhaming reuech
filters for a giv xﬁﬁé r Lbhl 88N R ; T in and
t he phase margin g? t he éé%ﬁb g%gw&Fu?tﬁe€¥f% (3%§§aﬁggﬁégg%aggﬂuﬂﬁ&g
characteristics ofoeackoad hdae RSALour Gvansbpsringy iofengation raspmtse to
tenperature vari ati.Qns e j I UGh e,sefyo | oop for
each HSA assenblyEkgg E@y§%ﬁ%%%be%g%egﬁggggﬁ%hAéﬂgé%gggég %%s{% during

di sk drive systentypécallyrdesismesereoapr aecsdoramnsstlifenng abdédy ddmgrensat e
for changes in the.gaLn a3k LN e | egt ] S not ch
filters in 2 5 ?1%@% ?S%CLR%S' eacchg%(r)gbt ﬁggl-fg&gsste‘lr}\%g%%oggs#ﬂi cglo?qccﬁjqfi | ter
which is active imsathartatalch spamddel nopotypitctiion iintredesessardel ay or
lag into the serv : QQF [ t.Ln ' I o] ller s

enpl oyed, the dif%gpgggi%$gconl}o Q%?ngﬁetélE&Q%ﬁpggwge?h§o§%%QB%P§?%med
relative to the imanegiabezving girasinicest by hihgh oshrsl avtetkfiont ©f Mgheanount  of
| ead into the HSA v,l o [ [ o i tier e_j ive
operation. Referr idﬁggcngev' to Hi gcﬁsggnt e?oeg?‘r'g&lkl %éstérlalt%ee% ggb?ggk&gél agr am of
one enbodi nent of dilsés pneface 34veddtiickn ienplpiem bd am-tdiet ordedisk drive
system envi ronment,. _ i.agr of ;Ei n l.y,descri bes an
enbodi ment of an éﬁ-%@grggg§§?gﬁﬁ%0§ﬁpdrl§d§8?§3§ﬁ§q$$%¥%%9négu%%esirable
mechani cal HSA asde@dl-yoréishagicmrangeecor ébagimead 102 is shown fol |l owi ng
a track of recorded in i di : C f. a_.data storage
disk 104. Disk 104 is %ﬁ%g?%%gﬁvgﬁﬁggﬁﬁaF§5&§?%§91‘gﬁﬁﬁﬁgfotﬁe control of a
vel ocity control IErAtithergi sktwwakrdacehald3 3i2nehddest pres ac thdedhsgr vo
patterns from whi RES i nf.o ti i i.n i r | at or
108. The nechani c;‘fz zfgot Egt%rgggdé%%fgg@sugge%g? gasrgcgﬂ\{%o%%ggggo
control. The cl osettasdy w6 Fobp $oprdgs |divikeg 24 -t rckobt asseobdyd3e,

i nformation includgs, iy $8r Yo gl at ory 138,18 digiidly S Vo conpensat or
110, one or nore digital notchc??F?ers 112, a Zero-de%r}héld (Z and
pover anplifier 119enefddlvhEcRByeAgWHEtHam Al 4ét daf rehmetMsAnassenbl y
116. A k"-th DFT fysouency; saubkemadhke Jasdemalibal Bedah$i 410 Sogrt zel ' s
algorithmin block 120. The DFT frequency sanple, x(k"), Is processed by an
adaptive conputi ngPeFBIaNhMREACR) 8F Ul ek B2 2auaipg oeled SFIGIRt@ragr am of

‘the adaptive compuigfs aleorist Bkn, 2t5 dwdbd ARQ2:3Q baPEsEEPEden bl ock
122 in accordance with an enbodi nent of the present invention is depicted

in Fig. 6, the det@?¥a BioxAsecBigkp| 2be dBRe riiadlearetorcd®eitimdicawlyl n

general , the adapt byg,£QBWL RG19LBRREL N GRIMIH 83, a0 LOFKANRANR), §pindle
vel ocity change, eRPM as a signal on line 124. The adaptive conputi ng

al gorithm further BFoVPERE efieggaredr Bjr @ SRPWEE iSWPP3Y thean@

sanpling rate, fs, ¢gpd.4he: {3 iRt gdcheseEspase difgguency, fr, on line 124.
As discussed previously, a change in the spindle velocity, which is given

in terms of RPM causesThe ctridgésiss™Phe 3anpnd rider apeerf andokovsre position
error signal. The RapRbi "Gsd&HifielsS402BHat B8 SAMHd B2 RABREAE mdgned™Y be
expressed as: f, = N~ RPM 60 [1] Tf =1/ff [2] where, N represents the
nunber of PES sanppéguggvre 38 operate in cooperation as an actuator

voice coil motor 39 responsive to control signals

produced by a servo processor 56, The servo processor

56 controls the direction and magnitude of control



revolution. The estimated resonance frequency, fr, may be expr esQeﬁ dUszﬁU/
L (RPM+ ORPM kw60 [ 3 ] During the estimation process perforned for -
each of the resonance frequencies for each HSA ausenbly, the notch filters
in block 112 are deactivated. The notch filters may be deactivated by
setfting the filter coefficient bo = 1 in Equation [5] below, and setting

all other coefficients to zero. After a specific resonance frequency, fr,

is estimated, the corresponding notch filter is activated with the
appropriate coefficients. The process may t¥en 2 5 JUL 2002 21 proceed to

anot her resonance in.the %%g§1§§@%§5r¢ﬁgtuagd@sgggltggtéywyg.oughg activated
1" 00p. i

notch filter in the servo en the next resonance frequency is
identified, anothercthutelr violicer cpil ametamt3dd Pradufes serierquasg. LPhrs

process for deterninifig QRe QkoIOLE: { SHANANGA LheHUENS &5 idu8aRRs0b<t he
HSA structures, and contiguring associated notch filters in the servo | oop,

i s repeated. The egaryamediressdonosed magnidudeoéipvcirrhe [asil a~] are
conmput ed i n bl ock rovi.d t tGhaf | gqrhishm in bl ock
112 ° via line 130%g%%£¥¥§'?ggéghgg?zgﬁé$ﬁg$9tEéfehhgﬁé%génnfg t han one
notch filter in blpcdkduded dysbearednanent awgneESALra¢tutrer3® .ar #hgever al

bot her some HSA as Sfctﬁfgc%%iﬁri%%%%%eim}ﬁ?@éh By echtehQEFQQEbLBLEJiEir %%fn@ 94

Chebyshev notch fi y be required. Instead of using several cascaded
2"d order notch fi¢aess conremppngandespiaiblianalo ngyemene of therder el liptic

notch filter that ' et : : not ch
defined from?2 kFEQ%éﬁ%?%ﬁggﬁﬁﬁofﬁeEéxgh%%g¥ﬁ%%ﬂ%§#§h8?%%ng?j?% Figs. 3 and
4. In general, thepdigrity ofl ddvei controhptwneented LBpwbng bigurthead@pti ve

filtering SySten]lQQs?ﬁﬁiq tions of the sanpling rate, f9. The
coefficients of the algorithmcontrolling the digital servo conpensator 110

must -t her ef ore be subj eElte tdptehatgragn PSP tsbosnchantfedi i t he sanpling
frequency, fs. For i ser 1 i nted as
ey o8 ef* PRUREPAR "R o SRRy o L

[
a PID controller, nction, IS glven as: 5 JUL
2002 22 where, Kp, £3k, pdsi tiaprieeethepropds/ vi vrrlt ngaisduceéns &jf dlo tine, and
derivative time, reapeetiveldo Dol GakbYsohdePARATRLEE Soithadd qi3Rkd Td are
tuned in accordancegmftﬁ tﬁe‘ﬁﬂ%mm Zieglé?-Niéﬁols tun%n% rLﬁ%a ftQ?s not ed
t hat because the tRénsfluringmcidmgl GeER, steragsisysitenf aperaoiProf & he

sanpling rate, fs, obh6oval g Rlcdd ZhMBYaPBy e d BEORPHLES the

read/write transducers, or, alternatively,
incorporated as the read element of the transducer
assembly 27, is typically employed to read information
for the purpose of following a specified track (i.e.,
track following) and locating (i.e., seeking)
specified track and data sector locations on the disk
surface 24.

In accordance with one servo technique, embedded
servo pattern information is written to the disk 24
along segments extending in a direction generally
outward from the center of the disk 24. The embedded
servo patterns are thus formed between the data
storing sectors of each track 50. It is noted that a
servo sector typically contains a pattern of data,
often termed a servo burst pattern, used to maintain

optimum alignment of the read/write transducers 27



I n general, the dynam c response of the servo conpensator 110 gz&gehjnction
of the nunber and frequency response of the notch filters intr tﬂ?gﬂ?
HSA servo loops in block 112. It is known, for exanple, that a notch filter
will introduce lag into a servo | oop, thereby nmaking the servo | oop nore
unstable.. This lag may be conpensated for by the addition of lead into the
servo | oop by the servo conpensator 110, typically by increasing the
differential gain relative to the integral gain of the PID controller
Tuni ng of the servo conpensator 110 may beltZacconplished in several ways.
One approach involves testingFggsﬁgyngnics oﬂ(%%ch Ioo% subj ect

e a tr W HSAhser Vfoe
to the tuning ope?‘é?’i' o‘hheb)f [5‘ n% a seeKT oversPuSBt TS & %anmount  of
head over shoot f odataa par tameulfaomHSpe asSiexb|datrmagebeodst @ nihee d ratedn
perform ng a shori_se operation, such, as from.cylinder.S00 to cylinder
510, in response [t:‘% ae'}é?eep?efrdr?ctlflgﬁ?mfglpoe%d?ar?b a&r‘?‘%t ﬁgcg'@%? FESCrarg
settling charact ettatk cRierithi€f iicat@gnatodenl/vitti dlemireatised R B ontifgl
conponents of the_servo conmpensator 110 be adjusted_ to either increase
or decrease the aﬁ%ﬁn o%aftllrg)é‘goir 5;gga r?ﬂg%y‘bﬂ/&?éﬁﬁ(&geﬁlb | oop. Wth
reference to Equation tHd ssyeneprbbesderisaf ivieidl Boepatatds aargonent i s
given by the term

§ ~~ 20(12 23 Tg ag t he int egra;b PI D caontr ol
conponent is gi veR®BY THPRS RIPSEERRSERT ' sHOTIUIEEER BRRr2AT T Fray be
perfornmed, and theolag/tepd neftaragbetbshoes tHe tdmeudbArserw® d0emaray be
reeval uated. This_process may repeated until the overshoot and settling
characteristics of 3“8&\‘/%‘?‘?734@{)?& P%eF’Sng? %l&%ci[ke$8d?n‘f’h%e%tecéﬁ</5%\/ershoot
test may be perfoloedtions eden h8Adiaeyvand oepitingwiach aodagd tAtomot ch
filter is operatiye, digjtal,notch filter or filters, enployed in block
*112 are al so depexggngy% °the sar Ilsﬁﬁv?a?lé?c?%?oﬁzgrs é)%a?'r%ﬁq%f\yf t he notch
filter enpl oyed i roapdedeto appliskadrdwei sontpbElentséd aSha Riklordlerve
Butterworth notchfilte; z for thisfildter

woul d be given as B2 l?ltgf%ft;{%?‘%f_a‘ lr%?’fzgggﬁlgc?gi+c§}-§t})'°’l+8ﬁg%ﬁwﬁﬂ 5 case,
t he coefficients boftharenayathewdetddmatredhbyt tesigfipra cifhtiehade@ dndansf orm
el 90 ek Sl Bape GG Byl e
estinmated notch fidroeesedyges$ ragiiehicikesiriFe controller 58 are depicted

as two separate devices in Fig. 1, it is understood

that the functionality of the servo processor 56 and

disk drive controller 58 may be embodied in a single

multi-purpose processor, which typically results in a

reduced component cost.

A typical disk drive system employs several data

storage disks, such as ten disks for example, for

purposes of storing digital data. Given this

configuration, such a disk drive system will typically

include 20 read/write heads and 20 HSA assemblies.

Each of the read/write heads is part of a respective

servo loop, which provides for a total of 20 servo

loops in this illustrative example. If each disk is

formatted to included 90 servo sectors per revolution,

then 90 position error signals are produced within

each of the 20 servo loops per disk revolution.



and F2, are given by FI =fr - ef and Fs o fr + ~f, where 2~f iggth
desired -3 dB notch width. Analysis 25J UL 2102 24 of qug |9ﬁJL520m[
above denonstrates a very linear, positive relationship, Q in the
variation of the coefficients bo, b2 for small changes (e.g., t5% in the
sanpling rate, fs. The sane is true for the other coefficients in Equation
[5]. This inplies that the notch filter coefficients, bj, aj, may be
estimated for a small change,in the sanpling rate, fs, by the sinple |inear
formula given by [b~ = Q (bj) fs] . Accordingly, use of Equation [6a]

gi ven above may not be necessar nor 1S e ot | Qv ed
equations to determ ne I{}hé)rﬁrrt gér’ I(EE(EJe“FJTel c??‘gnfga&fg;et%%f% Il:a%éa}r’ﬁtgﬂl¥0r

smal | changes in téersanpldoegspat eit fiss pewpibdef bange¥aut tomdyPbide DFT

conpensati on coeffjicient iV i Elgﬁu[at' é]) i W, Fig. 6,
there is illustrat Ee%imgjfepffor%é“sggﬁ o(\)/v i agfirag"%% d%&ﬁg%‘{ %Rﬁ?naggﬂe
in-situ adaptive cofiptie rip segupi 1dops pean diskblerklURibroffoE gurfoses

pur poses of identifying resonanc r enci i reHSA assenblies
provided in a di skoﬁr}(\geentsl%lg’% gﬁé %?g‘{ﬂ (Saugl‘%“ﬁoﬁgﬁ??oﬁ'[ee X élef‘fe igital notch
filters 112 are deassowidtedl bdtbr eatheofi ad@nRACESAr aggmuilieast | Bhei on
process is initiated for .a given i+, All ch fi re.deactivated
202 by setting notg t?f? tkenrog'gloePF?E%%tﬁﬁ&@%}ggﬁd&éiig%taﬁ@ﬁlggeﬁ)i cients
to zero in Equati onohphteitles abogte DET ifreamengpdstaiple a fAsegadhcher ange

[Fs, FZ] of resonaggg%&ggféxﬂef%95b£58¥fE%éﬁé%%gnggS?g%%&éﬁ%ﬂggown’ such as

t hrough use of statistical analyses 0 roma specific
di sk drive system despaiatehfiddt HBAnggseihist apsenancer @weeeni ng. For
exanpl e, a particul, HEAL. 8 i |, suspensi on
resonance, fr, charlg% eril zecg’ ?"%%)hé ggﬁ%‘ﬁ}g%%ﬁggrgge&%%@%_ 20Q2 25 F
< fr < FZ < f" whepegitiormmicr shendl gl stadly efushey20 TorrwWy dwops by
frequency is under re . one- sanpl i ng
frequency. O part?@gﬁg?éﬁq%{'%?eastﬁ?get#éég-S|g%lgggtgrgt%%éa rq%?%&uency
range [F1, FZ] of pAtbl ehatpxinddflassefibtlhe mrsesatcasveToignecl ude ali asing
problens, it is typical i S ddeS 1EZe BB 1&4]% f
represents the Nyqui st %‘%f‘?iﬂfﬁe‘%@?f’h?ﬁ% rBérg:creteed gu}-'ﬁ%rB Cf_ansfu(;g.lrdr'n (DFT)
frequency sanpl i ngmestianickl- High@seerbly r¢gonancegecanat newia@ms as fol | ows:
k" = F~ ~ 60, ~RPND - {ph oW &uf%d"’%%ﬁer':é'ef\?&rﬁ%%ﬁgt g §148dk Hrfvendex
frequency that exceeds or equals FZ, "and RPMb represénts the rated spindle
frequency, such as S¥s260.RPRpe fryjobdeanpf ebratisedayiidendéfying he DFT sanpl e,
GHo(ku), whi ch represgatschbenanelilaePysRpeisalRd ekapshes function of

t he actuator servo, is t%gn conput elgf 208. It 1s n?tjéﬁ tEat conmputing the
magni tude of the k'EnequBRFiganifivedHErrRm) PESeamineseatfi ikl e
Goertzel's method. ghheusBbld| ey Slederblice REYOFids. reduaed. 210 qure 3

ig an illustration of a simulated PID (Proportional-

Integral-Derivative) compensated actuator open-loop
transfer function for a disk drive system. Figure 3
illustrates the location of a number of DFT frequency
samples computed using the position error signal
derived from a data storage disk having 90 servo
samples per revolution and spinning at 7,200 RPM.
Figure 4 illustrates the location of DFT frequency
samples computed using the position error signal
obtained from a data storage disk having 90 servo

samples per revolution and spinning at 7,097 RPM in



slightly by an amobunt ORPM to provide a new | ower spindle vel og gy @i,ven as
RPM = RPMo - RPM It will be appreciated that there are nany nztﬁdelﬁlf.(ébﬂz

[ 81 sel ecti ngRPM Met hods such as "di vi de- and- conquer™ 25J UL 2002 a
26 may be used. A relatively sinplistic approach invol ves hol di ng ARPM
fixed at a velocity that corresponds to a change in F' by 10 Hz, for
eXxanple. This would inply that DRPM = 1060/ k". In the case in which k" =
35, for exanple, as was described previously with respect to Figs. 3 and 4,
RPMis conputed to be approximately 17. Si hée the frequency resolution for

7,200 RPMis 120 , n_twel e incr ; f j,ndl city change of
17 RPM each woul dl%ﬁg%g?ﬁ%éfvr”ééqéhear?cfmr%gggf‘%??o%égp%cg S}ég&go Hz. :, In this
illustrative exanpleentheni ncrenental spindle velocity change, RPM

effectively increases &EgFE%eqye o VI Ny I =) VY- § he@bnt el ve. The

s f
previ ous magni tude of t hpehsa eggg’pen oop transﬁg%b%unctl on, CGH (k~),

determ ned at stepe2@8pnce baeihd @ cavtrpored frequdrcyredgnidt dde B: O ld') at
t he reduced spi ndl (o] ce _agai tzel thod may be
SRR Kbt o, P A2l R e

enpl oyed to perform C arison betwe (k")~ and GH
(k") ~ is then pemfagmitdd@léespdrise- dBHthe) similaded erpanr@dopoPbe gr eat er

than or equal to, G&H (K")~ he spi.ndl e velacity is redu y an addi ti onal
i ncrement, DRPM ant el?)gaﬁﬁév?%ﬁg ryorde réarnr‘?lgﬁgdy‘\%?%leondf %%d(éz'(k") ~1is
stored as ~ GH (lSyperimpbbedneny trieeg ixamef eaf £fuhd S magnithda reconput ed
212. The conparison in _decision, block 4 is repeated until the inequality
Cs ot satshied TyoeEkere R Heateb 8RR Pk HomnatrEm (k) -

t he specific resonthr® ffrequency, sdmpldss edtichated @idvrusisngoEguati on [ 3]

gi ven above. Once the specific HSA ass ly nance. frequency, fr, is
estimated 218, theog(}oarlr%gpgﬁafnn% n%qf:h%‘rg'?'l%ésygﬁg'ﬂ hpic fﬁ@’g

sampling rate of 10.8 kHz and a frequency resolution
of 120 Hz, It can be seen from Fig. 3 that none of
the dots (i.e., DFT frequency samples) fall directly
on the apex of the resonance peak.

The closest dot to the apex of the resonance peak
located at 4,140 Hz is the 34 frequency sample at
34-120 Hz = 4,080 Hz. The second closest dot to the
apex of the resonance peak located at 4,140 Hz is the
35" frequency sample at 35-120 = 4,200 Hz. Figure 3
clearly illustrates the problem of precisely
identifying the frequency of HSA assembly resonance
due to the limited servo sampling rate inherent in
typical disk drive system configurations. It will be
appreciated that future disk drive systems having
disks spinning at 10,000 RPM or higher will
demonstrate even poorer frequency resolution. For
example, a disk drive spinning at 10,000 RPM may have
a frequency resolution of 166.7 Hz. For such a disk
drive system employing 80 servo sectors, the 24"
frequency sample would fall at 4,000 Hz, and the 25th
frequency sample would fall at 4,167 Hz,



, 27 coefficients [bj, aj] , where j] =0, 1, 2, may then be cmt d 2l 8.
kf the specific resonance peak is considered to be large, i.e., -ﬁdir_p?ﬁgz
ratio, then the corresponding notch filter is activated in the servo | oop.
bservation of a |large amount of damping of a specific HSA assenbly
resonance would typically nake it unnecessary to invoke the corresponding
notch filter. O her HSA assenbly resonance frequencies associated with the
i-th HSA assenbly nay then be identified 220 in a manner previously
described, or the next HSA assenbly, i-th+1® may be subject to process-flow
steps 204-220. Wen al LC. k EROLR dithefit SRECEEL G HdRA RSSENDI Y
have been addressed, t eparpérg(?ggsgg{:\l/a\ﬁ r’f'&grocee t_ol tehe next HSA assnenbly in
the di sk drive sys$theemtiomurthe? rokhtional eseldmitiynofotbetdp @gftaxrageoper |y
tuned notch filteg;W.thsa, g W dt RaRhe 40044 Q-niPe dnd40 Hz HSA
assenbly resonancelé\%om%a‘fanél—ﬂ:égé. g a?llg 7. Itl%sfpn(ﬁned that Fig. 7 depicts
a simul ated Pl D ahdenbitEicatvigreefabethalarmelmeashanispdiigktargendlypen- | oop
transter funct!on whbhafcs UARRNRHATLLCIPORNS & IdiPAUEREY 8F g dn.and a
danping ratio of 6%é.a%e Utt erworth notch 1&% agent er félrequer}cy of

4,140 Hz and a -3THB wetedity cg0@iek. iFhadivsted |dlighedye sweh lagcdyi on of
the DFT frequency obt.ahne d idd QR18EEQL St qigd of the

di sk drive syatemezﬁpgpggl?%g&c} hg’ gta%?gg}é&gfgsﬁg avi ng Soe{éervo sanpl es per
revol uti on and spepandgeathat 20¢aRRKl the dbhskn-fgianu a gphek@mt ation, it is

desirabl e that stathshk abgut L SLAPRLE jﬁg ances
identified in the%&ié&&gﬁi vgﬁgyss%éﬁluggggh% gﬁgﬁ fggggg?’%%%éﬁyf or
future reference. reeslbsi tnreqoraorsfopat agel &ring afchlasDFResarnliamt ed
resonance danpi ng L at.l IS r kL h bi t esonance
frequency) fr, forfr%?lggf%?ief\;fe f%ﬁf&?‘gm%%r yél?% %:r pfo?sa%@gnggr HEélx %r%l e, a

| arge change in t kesdarpeAgrretticnsdydwitbonaprect reqidacy3fepukd parti cul ar
FSA assenbly MY $409ESk 8n PORR SMPAAB hobBY . ua difSenaage aplnt can |ead
to a catastrophic disk crash event. It has been determ ned that naking
slight adjustnent vetlocihg $pireucedelfoom §. 200 eRRMtvel7, 00ASRBY erwhidit h t he
principles of the c%&]%%%%t{egva? | AN MlGLES R 9&‘&@4&% bgﬁbﬁiég. f rgguency
resolution in the Sanples. This is very inportant for the Pproper

i dentification of 3%Sh RREesbbyer vapresct fitedatdi bk prdcisedysilonnted wil |
be appreciated by Ll I, t s h raci sel:y kLdenti fiyvi ng

bot her sone mchani%:gﬁﬁgsibgls(s(gﬁb ’3" r%ggglghg%sa%%)pa |w§lk * “b‘\g/g sif/sl%(%m IS
general |y not achixedasiiag the hepididle ygileghityi Eromtht2d® REMatei kP Epeed

when only a lim t%wu%q_'&hg{feﬁfétél&tssecat qr.9asNee Q& A1 ABLena e of

Goertzel's DFT al gori'thm makes it nore practical to use the servo processor
when perforning i MtRhAcddal- i Bbei ¥eFHdt @f ehALRing pEratdionPFITiFample

conput ational |oadd gy %?)@xbbffct)ﬁétzzeedén%n%legﬁlégfch{@ic‘éﬂﬂ&'&d' esspidan that

requi red by FFT approaches) and requires nuch I ess RAMand ROM Currently,

.preci se tuning of 9otch filters is not achievable using conventional

techniques if the di sk §pian@hifilsr IdiHéd ¥hedspOhgidNte1RERY. cbhLAY
conventional nethods) the resonance frequency of an HSA assenbly can only

be estimated wi t hiPe alnBiedegfec er BN RPINIBY deTREE SRR Ul I IPNREt RBE t he

corresponding 2 $;9 bl 204,129 1BOERREELAI €19 M abewOth -t ered. As

spi ndl e speeds increase for a fixed nunber of servo sectors, the
4,140 Hz resonance peak. However, it is believed that

increasing the spindle velocity beyond the rated
velocity disadvantageously increases power
dissipation, and could also be detrimental to the
spindle bearings over time. As such, it is preferred
that spindle velocity be reduced slightly so as to

cause the downshifting of a DFT sample adjacent a



frequency resolution is further reduced. Future high performance di sk drive
systens will likely spin at 10,000 RPM or higher with fewer nurrﬁé ._(}U S
sectors enpl oyed. Thus, the DFT frequency resolution problemw || beC

nore pronounced as spindl e speeds increase. |Inplenenting an adaptive
filtering nethodol ogy in accordance with the principles of the present

i nvention may be used to renedy bothersone mechani cal HSA assenbly
resonance problens in current and future disk drive systens with a high
degree of effectiveness. Individual in-siti tuning of each HSA assenbly
resonance may be effected to tr C i i iLng_node
frequenci es and dﬁﬁ%ﬁﬁb%tﬁgnga$§gﬂﬂg%H??%§ gﬁggéé%%gggfﬁﬁgF%ﬁgqfsgﬁoted

t hat some nechanitalaldgAmessewbtly tshe usteguescyagf hthe tbstdremtnpeakact uri ng
tol erances than others, Sugh YEh! e DeiQy AT UBLULES ! 4l i hggome | eas
excited in the servo l'oop. 8y may require fewer of no conpensati hg notch
filters. In such zafeghert coopl iicappemranimesc gbsar gt tenpkrghconpensat e such

wel | - behaved HSA assenhl i e e i t require
not ch- conpensat i o%e%f%ﬁn %‘E’#ﬂ%ﬁ%%&h%%@%%% gmfﬁﬁi% %%{ ch filters. The
deci si on when to techmiiquee neting- cobhpemsdicardayibe. yaie-sitw)i tdisk di sk

drive system An boh high nitigllydoss,nat Lequiieyany nateh
conpensati on may, “over I'me, require such notc -(:orrpensa ion later inits

operating life. |nistopitatdasonot eBot hetgmpiiet,h ifeNerente tloe MRE 5, the
digital servo processor .110 . .2 5 J.U L .2002 30 is tuned as,a function of
the digital notcha??’f?%cf'hs ‘1°ﬁ’t1r%5888%1r? nLtrb‘%oc %fffif 8? a%éll %—@A’. I n general,
using notch filtees, 50 aromgiexcegdedabbons pr peardesmbdr  ant aensadted

| oops. Chat do not CPRGUITE TN CEPRETR 1 oML REFFEELTRale 5 ‘over al |

i nprovenent in di skldiplVieceayisinemaadcaddiahchd)r dek geakkratlpgeqpeal womance may

be realized. Data_that.requires f.ast access be dynamical ly no W th
A aosenbi | es. t nEPSabi G e fEseTER REFEGTR THRReal BRSHAEhae hetver
phase margin and g wayesf)i fuyphepeekaeplé harhothaet HSArassetdnsorm

I ndi vi dual in-sit ch.filter tunin al on | t, e e of historic
records of resonah{ggﬁr%l RS En g™ %? %@‘pgahn\(lﬁ nltg}E égﬁp}jﬁg 3 ¥ o8, provi des
for the efficient 1@8spe$nentFDfig heqoieedl (N hedl28) ehdathbliSAumlssends y.
Large changes in @ b r .ers. be .. ndi ive a ructura
defect or irregqul grgﬁpy?xsﬁé%r%giog{%‘aégsélg%gaesejI\I(’)inlgcfgfcz%é” dén’%{fe'd :Lh‘spensi on,
or excessive accurnileatren Di welyh &V enlehe heazkis dest he sppéndadie
principles of the gy gaenbol BYENILAN JPYnDE 80P LA d O RULRESES A
performng in-situ predictive faillure analysrs. heeﬁore90|ng description
of the various entdddi-nefhe BFT talganirdm ignusetubeieh drledarauaneyr t he
pur poses of illust Q8 apd gesedd Piu@Nyis! bohsSi { &det 9
exhaustive or to Iéla?#plt the ‘lgnyentl on to the %r e’écl%s%eec* (rgro‘rmn% [ sg'ogge)gl.y Many
,modi fications and Wsengdtans &f eapbdbisgicéornPES gampkes trreabgiadt eachi ng.
|t 1s intended thajeddie SGePEaRind Nediledtl 8Nobe Abdideth ARLIAYRL S

detail ed description, but rather by the clains appende ereto.
200Z 31 CLAI MBS times more computationally insensitive than an FFT

UL

approach. In many servo and read/write channel
applications, in contrast to other applications, only
one or a few frequency samples are needed.

One approach to addressing the problem of limited
on-board computational resources is employment of the
little-known Goertzel’s algorithm. Goertzel’'s
algorithm is an elegant recursive approach to
computing the DFT when only one or a few samples of

the DFT are required. Use of Goertzel’s algorithm is



What is clainmed is: 1. A nethod of identifying a resonance frequency of a
support structure supporting a read/wite head in proximty mnth ‘laLnZUU
storage nmedium conprising: producing a frequency transformof a p05| 4
error signal obtained using servo information provided on the data storage
medi uny aobtaining a particular sanple of the frequency transforn conputing

a magnitude of the particular sanple; varying a velocity of the data

storage nediumto a plurality of velocities and repeating the producing,
obt ai ni ng, and conputing operations at each’of the velocities; and

cal culating a .resgg@g\ﬁfﬁ{{ﬁg}’%@%aﬁ'%E‘eu? ttu%%éﬂc‘:‘é&é’r?ﬁ g e

vel ocity associ at particular sanp a maxi mum nagni t ude.
2. The met hod of d¢kacomdiswherlsiost ebtarelngf meapandituliens subl e

conpri ses Obtai”iﬂﬁ éﬁgggébﬁq thgni?egngg¥“%f§nﬁL9£g%{fgggﬁﬁpt%hlve of a

frequency hi gher resonance frequency ort structure; and
varyi ng the vel ochhy cormplexwdi@dam ayet heqwistesc pey bfeqwenciat a st or age

Pﬁgigg}ticﬁlgrjg;néggzconprlgégéoggg?ngﬁiggﬂgg&kgE@EP1tﬁ yﬁfeqdﬁhcgbtalnlng

transf orm r epr esedbesi et ofequimecghehcly bewerpaweanofh2.resonance frequency

of the support Structu§gfe§g§kg to the previous illustrative example in
which N = 90, the number of real multiplication
operations in the case of using Goertzel’s algorithm
would be given as 2(N + 2) = 184 and 4(N + 1) = 364
real additions, or a total of 548 real operations.
This represents an appreciable reduction in real
operations when compared with the equivalent 1,792
real operations that would be necessary to effect an
FFT implementation. A reduction in the computational
load by more than a factor of three is achievable by
employment of Goertzel’s algorithm. Overall, the use
of Goertzel'’s algorithm can be very significant in
terms of improved cost and performance in disk drive
system applications. It is to be understood that the
methodology described herein need not employ
Goertzel’s algorithm, but that Goertzel’s algorithm
may result in a significant reduction in the
computational load when performing in-situ DFT
operatioﬁs in disk drive system applications.

A more detailed description of an embodiment of
the present invention will now be described with
reference to Figa. 5-7. In accordance with this
embodiment, the precise frequency location of a
mechanical HSA assembly resonance is determined by
effecting small incremental variations in spindle
velocity and computing one unique frequency sample of

the DFT of the position error signal. This



varying the velocity conprises increasing the velocity of the data storage
nmedi um 4. The nethod of daim 1, wherein producing the frequen 5{ faorm
of the position error signal conprises producing the frequency tcz Jﬂiﬂﬂﬂﬂz
using a Discrete Fourier Transform (DFT), a Fast Fourier Transform (FFT), a
Short-Tinme Discrete Fourier Transform (STFT), or a wavelet transformof the
position error signal. 5. The nethod of claim 1, wherein producing the
frequency transform of the position error signal conprises producing the
frequency transformusing a Discrete Fourixm Transform (DFT), and the

magni t ude of the particular sanples is conputed usi ng%Go,er,t zel's algorithm
6. The method of HREREMAEioRh&FeMRePr Ry ANFe OF r BotR MAEH5 3N &C6FM of t he

position error sigipleOMAy 888hPROAUSEAD tihRpf,r equrNgy By ansform using a
Di screte Fourier Transform (DFT), and, opbt ai ni ngﬁ%g_eﬁgarti cul ar .sanpl e
|

conpri ses obt ai ni ﬁ%c%{“b}f'li@aﬁﬁ?)eéﬂ%?ﬁjgc‘a{“ﬂﬁ°§a 91 rifeoten

characterized by: fkrter FWo eG¢eBPMperfeeth ak tdnud@@dn3Be Vhere, Fu represents

a first DFT index frequency that exceeds or equals an upper frequency of a
range of expect ed®3Hp att"?t"r)ueffuﬁee?’eg’o?la?rﬁ,se%ﬂ"@&ﬂ@ﬂ'&‘?e‘g"‘,‘u%ﬁ?d ple

represents a rat ege8Rdmi SHI0HRAC aBBEMBIY f FesiiRm@}e .gi ven in RPM 7. The

nmet hod of claim1, further conprising co ting.one or nore filter
coefficients using a sEplah@ert éeﬁgg‘%’?r%jéﬁ’ %hﬁh 1pKenGRYDEREPYED whi ch

the particul ar sagpperhmitiy ildhe wiBKi exPrdmay Idod@les BOA Cadsdmnasly 8. The
met hod of claim11, further conprisi ng substantially canceling an effect of
the resonance fregGBRARINTES (HEts BpBaF FLSHIRL tHFSEPRENE hb KT DR error

signal. 9. The netkegudhcE!@idnal dawbehgi fat BS MHARCRhEHhEEHULH Y
identification nmethod (s perforned for each of a pluralit resonance

p of
frequenci es assoctHPEHIGR (9 (HRIPELAHYUFE 8T Utie. Ifo.lsTE%e’ﬁ%ﬁcPﬁ?d of claim
1, wherein resonapeeebsgayeis rdcdaplicti Cahloiturel gk arpes f oyamdh f or each

of aplurality of eadlueyte fieads provided: o sach 9 gaPLiral 1ty of
provide for the best attenuation of these unwanted
resonance frequencies in the PES signal. This is
especially important during disk drive system warm-up.
By way of example, a loose swage joint may
significantly alter both the frequency and damping
characteristics of a given HSA assembly. Disk air
turbulence may further excite HSA assembly resonances
to a greater extent at the outer diameter of the disk
than at the inner diameter of the disk,.

The introduction of one or more notch filters for

a given HSA structure will generally change the gain
margin and the phase margin of the servo loop.
Further, the gain and phase characteristics of each of
the HSA servo loops may change in response to
temperature variations over time, for example. As
such, the servo loop for each HSA assembly may be
subject to retuning on a repeated basis during disk
drive system operation. The servo processor must
generally compensate for changes in the gain and phase

margin due to the selective use of notch filters in



25J UL 2002 34 ' 11. An apparatus, conprising: a data storqg QﬁgLygﬂU
nmovable at a plurality of velocities; a support structure supportin <
transducer in proximty with the data storage nedium the transducer
obtaining an information signal fromthe data storage nedium and a
processor. that obtains a position error signal (PES) using the information
st gnal’, the processor conputing a nagnitude of a particular sanple of a PES
frequency transformat each of a plurality of data storage nedi um

vel ocities and cal cul ating a resonance fretfuency of the support structure

using the data stgoageofcidMekebartby1aa800i af adebht Ay ider RadhOybar

sanpl e having a maxi mum magni t . The apparatus of claim11l, further
conprising a progﬁéﬁhﬁ%l%ﬂfaInﬁ§ﬁlcééﬂbl%ﬁF%Q)hﬂQ@ prpéeskby intredueesei ves

the position erroge ?h?”@% 14&‘%:1%0556559&‘% QYA BY LhCdiddiflentO s

substantially cancel an efféect of the resonance frequency associ at e3 W th
t he support strucwbiehiad BHe qeotirelder eke crnpdioyedl . thg d remsdeadt us of

claim12, wherein.LRe,pf OGESSY pREOGEAF TG o8l bBYs i ev%ﬁ%“r‘e’i%ﬁ%ga

nor e fllter coef f LGl 6Nt S using a sanpling rate assocl at
st orage nedi um vekocthg amtmaih cohbrplrsd ;ad &0 dakpbdueanvdamg t he nmaxi mum

mgni {ude s cal cYeabedting Zuduhelok 2002 1% Lhe HBE BORA Alipoolyc aim 1

|, wherein the processor ogr ams E g€Q$ter to cancel an e * of each of
a plurality of resbaghceh¢ rm@nélléfxea%@m diredoliivh eperatisport structure

in the position error ﬁ%ﬁ?ﬂing}l%owﬂﬂg Fpﬁargt Lglegfe ggaiﬂ&étra\'@é%r gin the

processor programs the fer to cance positron error signal an
ef fect of the resddanbediagraemfy oher enhedsugiporaf sheupresentsupporti ng each

of a plurality of 1‘%&@9@@8&e{éplelx@ntlﬁelﬁpé’é‘{@t&%&ﬁc GLaL 0 dscaperein the

processor conputes
env1ronment The block diagram of Fig. 5 conceptually

describes an embodiment of an on-board system 100 for
adaptively filtering undesirable mechanical HSA
assembly resonance. A recording head 102 is shown
following a track of recorded information on the disk
surface 103 of a data storage disk 104. Disk 104 is
rotated by a spindle motor 106 under the control of a
velocity control 107. The disk surface 103 includes
pre-recorded servo patterns from which PES information
is obtained via a servo demodulator 108. The
mechanical actuator and HSA 116 is under closed-loop
servo control. The closed servo loop for following a
track of recorded information includes the servo
demodulator 108, a digital servo compensator 110, one
or more digital notch filters 112, a Zero-Order-Hold
(ZOH) and power amplifier 114, and the moving
mechanical actuator and HSA assembly 116.

A ky-th DFT frequency sample, x(k,), is obtained
using Goertzel’s algorithm in block 120. The DFT
frequency sample, x(k,), is processed by an adaptive
computing algorithm (ACA) in block 122. A process-

flow diagram of the adaptive computer algorithm



magni tude of the particular sanple by obtaining a PES frequency {ransform
sanpl e representative of a frequency higher than the resonance féeﬁu@hﬁy zgﬂz
t he support structure, and produces velocity control signals for reducing
the velocity of the data storage nmedium 17. The apparatus of claim 11,
wherein the processor conputes the nmagnitude of the particular sanple by
obt ai'nt ng a PES frequency transform sanple representative of a frequency

| ower than the resonance frequency of the support structure, and produces
velocity control signals for increasing thggvelocity of the data storage
medi um 18. The apparatus of claim 11, wherein the processor conputes the
PES frequency trarspdenensedigim Wiosdr aR@8 Foua¢eordpnmeswék @DFT), a Fast
Fourier Transform ( FE Shert,- Ti | SCE iser rym (STFT), or
a wavel et transfore%%)(g’;g)i{"ﬁ{gtpé(;)l“gi'{I}eor?r%rs‘rgzt)]}'E gﬁ%ﬁ% PCH{ l% gzgil%é%gz%z 36 19.
The apparatus of dligi.nflitheidetsiils o phochsebll dmsigseribad ST requency
transformusing a,D ourj.er fo (DED),, 1 AN ticular
sanple is conpute l%ﬁhggéggftzie '%e%%géfi 'E'ﬁ%n %?)a.tl,é\% gﬁ%‘@?% ﬁé

conpri sing: a dat algfooriape cedputrgs amplincakneptal dpimddeéuvelscibyh
supported by a support structure in proximty with the ta storage nmedi um
and defined wit hi N9E1 pAEFHy 2% et \/%‘gln(?&p,onalb‘agilﬁ‘ldn gﬁ?o?ggi"@h‘g‘?

produced within easdingftihBeasgsy A0 ERTLheReposvidE£ fiigagnammabl e filters
provi ded within each of the servo Iqﬂ_'oe{)z and a gr ocesj{s,or t hat prograns

; r
sel ected ones of tHRPLFEEFEARMEDIRF 1 EEOPBUEEDST AR AT v2EENncEs an ef f ect
of a resonance freguente assomhté®dreddraniche feugpendy Sta Ucénrrina t he
respective position error signals. 21. The apparatus of claim 20, wherein
the plurality of ttZhsducers are supported by a plurality of support

structures) and the progessecupsedrps:ishisaet ed ohasgdfid bepepgnaranbl e
filters to substantially cancel ap effect .of a resopance frglguency

associ ated with eaffrItithe¥SdpfPott FHYULLH 8T thetbs F8PPFeposi ti on
error signals. 22 ciliwgappatakusa@pl Didiratd), ruhes®idheepebioioh herseat ect ed
programmabl e fllteg§gﬁgﬁ§ H%% EQ&Sliﬁg rate, fs;, and the sampling

period, Ts, may be expressed as:

f, = N+ RPM/60 [1)
T, =1//, (2]

where, N represents the number of PES samples per
revolution. The estimated resonance frequency, £,

may be expressed as:

f, =(RPM + ARPM) e k, /60 (3]

During the estimation process performed for each
of the resonance frequenciés for each HSA assembly,
the notch filters in block 112 are deactivated. The
notch filters may be deactivated by setting the filter
coefficient by = 1 in Equation [5) below, and setting
all other coefficients to zero. After a specific
resonance frequency, f,, is estimated, the
corresponding notch filter is activated with the

appropriate coefficients. The process may then



25 J UL 2002 37 respective servo | oop, and the processor adjusts to

conpensate for the additional lag in the respective the servo | ﬁslﬁf
The apparatus of claim 22, wherein the processor adjusts to cong sd Q@O )

the additional lag by introducing lead into the respective servo | oops. 24.
The apparatus of claim 20, wherein the processor conprises a

Proportional -IntegralDifferential (PID) controller. 25. The apparatus of
claim 20, wherein the programmable filters conprise progranmabl e notch
filters or progranmable elliptic filters. 2& A data storing system
conprising: a data storage disk; a plurality of transducers each supported
by a support strudEReEern tar BReYHAY KHSORAPAE 47 sKhe fEMgeFrABC THEIHYE a

respective servo l\@fRhg @hROBEEVRBLLNY QcrsvgBal Réosidad teict bhnegach of the
servo | oops; an actuator that provides relative novenent between the

transducers and t REXNSROBme Whehdhe Besgr ARABBIRCS iH7EEPENEY 0¥ ded wi t hi n

each of the servo {QoRSriaRy and¥GeSHRCH Bal tof OO alvt isakeat ed omes of the
programmabl e filters to _substantjally cancel an effect, of a resonance

frequency associ at®F¥@ t9oPhe TRipdrHoceSEuPEr €eFArTHE 19 OpECPT VB DsI ti on
error signals. (réschahdd ErédQ0end&e? in -Elaghs?éﬁt@t'i@ QfszCls@irQ2hreherein
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resonances, then more than one Butterworth or
Chebyshev notch filters may be required. Instead of
using several cascaded 2™ order notch filters, it may
be desirable to use one 4" order elliptic notch
filter that effectively offers a very wide notch, such
as notch defined from 2 kHz to 5 kHz in the example
used with respect to Figs. 3 and 4.

In general, the digital algorithms implemented by
on-board adaptive filtering system 100 are functions
of the sampling rate, f;. The coefficients of the
algorithm controlling the digital servo compensator
110 must therefore be subject to change in response to
a change in the sampling frequency, f;. For example,
if the servo compensator 110 was implemented as a PID
controller, then the transfer function, C(z), is given

as:

z f.T(z- 1)] (o]

C‘(z)=K”[l+f,7',(z—l)+ .
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the tuning operation by performing a seek/overshoot

test. The amount of head overshoot for a particular
HSA assembly may be determined when performing a short
seek operation, such as from cylinder 500 to cylinder
510, in response to a step function. Depending on the
overshoot and settling characteristics, the integral
and/or derivative PID control components of the servo
compensator 110 may be adjusted to either increase or
decrease the amount of lag or lead in a given HSA
sexrvo loop. With reference to Equation [4] above, the

derivative PID control component is given by the term
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T4, and the integral PID control component is given by
the term Ty,

Another short seek operation may be performed,
and the lag/lead characteristics of the HSA servo loop
may be reevaluated. This process may be repeated
until the overshoot and settling characteristics of a
given HSA servo loop is achieved. The seek/overshoot
test may be performed for each HSA servo loop in which
a digital notch filter is operative.

The digital notch filter or filters employed in
block 112 are also dependent on the sampling rate, f;.
For example, if the notch filter employed in a given
application is implemented as a 2™ order Butterworth .
notch filter, the transfer function, G,(z), for this

filter would be given as:

_by -thb,_z'_l +b,z7

G (z)= 5
a(2) 1+az" +a,z7 (5]
In this case, the coefficients by, b,, may be
determined by using a Matched-z transform as follows:
1-2¢"W) o 0 1. +e-2V2s)
bo= , = "( l/ ) (Ga]

A1-cof0,/1))

where,

Q, =2nF, - F, (6b]

AQ=2n{ £, - F}) = dnaf [6c]

Q =0 - aQ'/4 [6d]

The estimated notch filter edge frequencies, F
and F,, are given by Fy, « fr -~ Af and F; = £, + Af,

where 2Af is the desired -3 dB notch width. Analysis
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of Equation [5] above demonstrates a very linear,
positive relationship, Q, in the variation of the
coefficients by, b, for small changes (e.g., +5%) in
the sampling rate, f;. The same is true for the other
coefficients in Equation [5). This implies that the
notch filter coefficients, by, aj;, may be estimated
for a small change in the sampling rate, f;, by the
simple linear formula given by (b; = Q(b;)} - £,].
Accordingly, use of Equation (6al given above may not
be necessary, nor is the use of the other involved
equations to determine the filter coefficients. The
same linearity for small changes in the sampling rate,
fs;, may be found for the PID compensation coefficients
given in Equation [4].

Referring now to Fig. 6, there is illustrated a
process-flow diagram 200 for implementing the in-situ
adaptive computing algorithm shown in block 122 of
Fig. 5 for purposes of identifying resonance
frequencies in one or more HSA assemblies provided in
a disk drive system. As previously mentioned, all
digital notch filters 112 are deactivated before the
resonance frequency estimation process is initiated
for a given HSA;. All notch filters are deactivated
202 by setting notch filter coefficient by = 1 and all
other coefficients to zero in Equation (5] given
above. It is assumed that a frequency range (F;, F;]
of resonance typical for the i-th HSA assembly is
known, such as through use of statistical analyses of
test data obtained from a specific disk drive system
during manufacturing, development, or screening.

For example, a particular HSA; assembly may have
a second torsional suspension resonance, £,

characterized in the following manner:
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F1<fr<F2<fn

where, f, equals the Nyquist frequency. The Nyquist
frequency is understood to represent a frequency of
one-half the sampling frequency. Of particular
interest is the 3-sigma statistical frequency range
(F;, F.] of problematic HSA assembly resonances. To
preclude aliasing problems, it is typically required
that F; < fr < F; < f,, where f, represents the Nyquist
frequency.

The Discrete Fourier Transform (DFT) frequency

sampling index, k,, where ky < N/2, is determined 206

as follows:
k,=F,-60/RPM, {7]

F, 2 F (8]
where, F,_-represents the first DFT index frequency
that exceeds or equals F;, and RPM; represents the
rated spindle frequency, such as 7,200 RPM, for
example. The magnitude of the DFT sample, GH, (ky),
which represents the open-loop compensated transfer
function of the actuator servo, is then computed 208.
It is noted that computing the magnitude of the ky-th
DFT sample, GH’ (ky), may be determined using
Goertzel’s method.

The spindle velocity, RPM,, is reduced 210
slightly by an amount ARPM to provide a new lower

spindle velocity given as RPM = RPM, - ARPM. It will

be appreciated that there are many methods for

selecting ARPM. Methods such as “divide-and-conquer”
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may be used. A relatively simplistic

approach

involves holding ARPM fixed at a velocity that

corresponds to a change in F, by 10 Hz, for example.

This would imply that ARPM = 10-60/k,.

In the case in

which ky = 35, for example, as was described

previously with respect to Figs. 3 and 4, ARPM is

computed to be approximately 17. Since the frequency
resolution for 7,200 RPM is 120 Hz, then twelve

increments of spindle velocity change

of 17 RPM each

would span the frequency resolution space of 120 Hgz.

In this illustrative example, the incremental spindle

velocity change, ARPM, effectively increases the

frequency resolution by a factor of twelve.

The previous magnitude of the compensated open-

, loop transfer function, GH’ (k,), determined at step

208, is used to compute 212 the magnitude of GH(k,) at

the reduced spindle velocity, RPM. Once again, the

Goertzel method may be employed to perform this

computation. A comparison between |GH(ku)| and

|GH’(ku)| is then performed 214. If lGH(ku)I is

determined to be greater than or equal tolGH’(ku)l,

the spindle velocity is reduced by an additional

increment, ARPM, and the previously determined value

of |GH(ku)| ig stored as lGH’(ku)l. The new magnitude

of |GH(ku)‘ is then recomputed 212. The comparison in

decision block 214 is repeated until the inequality is

not satisfied.

If IGH(ku)| is determined to be less than

|GH’(ku)|, the specific resonance frequency, f,, is

estimated 218 using Equation [3] given above. Once

the gpecific HSA assembly resonance frequency, fr, is

estimated 218, the corresponding notch filter
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coefficients (by, ay], where j = 0, 1, 2, may then be
computed 218, If the specific resonance peak is
considered to be large, i.e., low damping ratio, then
the corresponding notch filter is activated in the
servo loop. Observation of a large amount of damping
of a specific HSA assembly resonance would typically
make it unnecessary to invoke the corresponding notch
filter.

Other HSA assembly resonance frequencies
associated with the i-th HSA assembly may then be
identified 220 in a manner previously described, or
the next HSA assembly, i-th+l, may be subject to
process-flow steps 204-220. When all problematic
resonances in a specific HSA assembly have been
addressed, the process will proceed to the next HSA
assembly in the disk drive system.

Figure 7 illustrates the introduction of a
properly tuned notch filter with a -3 dB width of 400
Hz for the 4,140 Hz HSA assembly resonance shown in
Figs. 3 and 4. It is noted that Fig. 7 depicts a
simulated PID and notch compensated disk drive system
actuator open-loop transfer function with a suspension
resonance frequency at 4,140 Hz and a damping ratio of
0.02. The Butterworth notch has a center frequency of
4,140 Hz and a -3 dB width of 600 Hz. The dots
illustrate the location of the DFT frequency samples
obtained from the position error signal of the disk
drive system employing data storage disks having 90
servo samples per revolution and spinning at 7,200
RPM.

In an in-situ implementation, it is desirable
that statistics about all significant HSA assembly

resonances identified in the disk drive system be
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stored for future reference. Historic records of
parameters, such as the estimated resonance damping
ratio, 8, is stored with the estimated natural
resonance frequency, f,, for predictive failure
analysis purposes. For example, a large change in the
damping ratio and resonance frequency for a particular
HSA assembly may suggest a loose swage joint. A loose
swage joint can lead to a catastrophic disk craéh
event.

It has been determined that making slight
adjustments to the spindle velocity in a manner
coneistent with the principles of the present
invention yields practically infinite frequency
resolution in the DFT samples. This is very important
for the proper identification of HSA assembly
resonances in a disk drive system. It will be
appreciated by those skilled in the art that precisely
identifying bothersome mechanical HSA assembly
resonances in a disk drive system is generally not
achievable if the disk spindle is rotated at a fixed
speed when only a limited number of servo sectors, N,
are available. Use of Goertzel’s DFT algorithm makes
it more practical to use the servo processor when
performing individual in-situ notch tuning operations.
The computational load required by Goertzel's
algorithm is much less than that required by FFT
approaches, and requires much less RAM and ROM.

Currently, precise tuning of notch filters is not
achievable using conventional techniques if the disk
spindle is rotated at a constant speed. Using
conventional methods, the resonance frequency of an
HSA assembly can only be estimated within a tolerance

of +RPM/60. This would imply that the corresponding
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increase for a fixed number of servo sectors, the
frequency resolution is further reduced. Future high
performance disk drive systems will likely spin at '
10,000 RPM or higher with fewer number of servo
sectors employed. Thus, the DFT frequency resolution
problem will become more pronounced as spindle speeds
increase.

Implementing an adaptive filtering methodology in
accordance with the principles of the present
invention may be used to remedy bothersome mechanical
HSA assembly resonance problems in current and future
disgk drive systems with a high degree of
effectiveness. Individual in-situ tuning of each HSA
assembly resonance may be effected to track changes in
torsional and bending mode frequencies and damping
that vary with time and temperature.

It is noted that some mechanical HSA assembly
structures may have better manufacturing tolerances
than others. Such well-behaved structures will thus
become less excited in the servo loop. They may
require fewer or no compensating notch filters. 1In
such cases, it would appear unnecessary to notch-
compensate such well-behaved HSA assemblies. Only
those HSA assemblies that require notch-compensation
should be fitted with properly tuned notch filters.
The decision when to or not to notch-compensate may be
made in-situ a disk drive system. An HSA which
initially does not require any notch compensation may,
over time, require such notch-compensation later in
its operating life. It should be noted that, with

reference to Fig. 5, the digital servo processor 110
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1 10mm is tuned as a function of the digital notch filters

introduced in block 112 for each HSA.

In general, using notch filters on an as-needed
basis provides for an overall improvement in the gain
margin and phase margin for individual HSA servo loops
that do not require resonance notching. This implies
that an overall improvement in disk drive system
access and track following performance may be
realized. Data that requires fast access may be
dynamically moved with HSA assemblies that do not
require notch-compensation or have better phase margin
and gain margin properties than other HSA assemblies.

Individual in-situ notch filter tuning, along
with the use of historic records of resonance
frequencies and corresponding damping ratios, provides
for the efficient assessment of the overall health of
an HSA assembly. Large changes in one or both
parameters may be indicative of a structural defect or
irregularity, such as a loose swage joint, a damaged
suspension, or excessive accumulation of debris on the
head slider. BAs such, the principles of the present
invention may be applied for purposes of performing
in-situ predictive failure analysis.

The foregoing description of the various
embodiments of the invention has been presented for
the purposes of illustration and description. It is
not intended to be exhaustive or to limit the
invention to the precise form disclosed. Many
modifications and variations are possible in light of
the above teaching. It is intended that the scope of
the invention be limited not by this detailed

description, but rather by the claims appended hereto.
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What is claimed is:

1. A method of identifying a resonance
frequency of a support structure supporting a
read/write head in proximity with a data storage
medium, comprising:

producing a frequency transform of a
position error signal obtained using servo information
provided on the data storage medium;

obtaining a particular sample of the
frequency transform;

- computing a magnitude of the particular
sample;

varying a velocity of the data storage
medium to a plurality of velocities and repeating the
producing, obtaining, and computing operations at each
of the velocities; and

calculating a resonance frequency of the
support structure using the velocity associated with

the particular sample having a maximum magnitude.

2. The method of claim 1, wherein:
obtaining the particular sample comprises
obtaining a sample of the frequency transform
representative of a frequency higher than the
resonance frequency of the support structure; and

varying the velocity comprises reducing

the velocity of the data storage medium.
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3. The method of claim 1, wherein:
obtaining the particular sample comprises
obtaining a sample of the frequency transform
represenﬁative of a frequency lower than the resonance
frequency of the support structure; and
varying the velocity comprises

increasing the velocity of the data storage medium.

4. The method of claim 1, wherein producing the
frequency transform of the position error signal
comprises producing the frequency transform using a
Discrete Fourier Transform (DFT), a Fast Fourier
Transform (FFT), a Short-Time Discrete Fourier
Transform (STFT), or a wavelet transform of the

position error signal.

5. The method of claim 1, wherein producing the
frequency transform of the position error signal
comprises producing the frequency transform using a
Discrete Fourier Transform (DFT), and the magnitude of

the particular samples is computed using Goertzel’'s

algorithm.

6. The method of claim 1, wherein producing the
frequency transform of the position error signal
comprises producing the frequency transform using a
Discrete Fourier Transform (DFT), and obtaining the
particular sample comprises obtaining a DFT sample

using a DFT sampling index, k,, characterized by:

k, = F,-60/RPM,
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where, F, represents a first DFT index fregquency
that exceeds or equals an upper frequency of a range
of expected support structure resonance frequencies,
and RPM, represents a rated data storage medium

frequency given in RPM.

7. The method of claim 1, further comprising
computing one or more filter coefficients using a
sampling rate associated with the velocity at which

the particular sample having the maximum magnitude is
calculated,

8. The method of claim 1, further comprising
substantially canceling an effect of the resonance

frequency of the support structure in the position

error signal.

9. The method of claim 1, wherein resonance
frequency identification method is performed for each
of a plurality of resonance frequencies associated

with the support structure.

10. The method of claim 1, wherein resonance
frequency identification method is performed for each
of a plurality of read/write heads provided on each of

a plurality of support structures.
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11. An apparatus, comprising:
a data storage medium movable at a plurality of
velocities;

a support structure supporting a transducer
in proximity with the data storage medium, the
transducer obtaining an information signal from the
data storage medium; and

a processor that obtains a position error
signal (PES) using the information signal, the
processor computing a magnitude of a particular sample
of a PES frequency transform at each of a plurality of
data storage medium velocities and calculating a
resonance frequency of the support structure using the
data storage medium velocity associated with the

particular sample having a maximum magnitude.

12. The apparatus of claim 11, further
comprising a programmable filter, coupled to the
processoyr, that receives the position error signal,
the processor programming the filter to substantially
cancel an effect of the resonance frequency associated

with the support structure in the position error
signal.

13. The apparatus of claim 12, wherein the
processor programs the filter by computing one or more
filter coefficients using a sampling rate associated
with the data storage medium velocity at which the

particular sample having the maximum magnitude is
calculated.
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14. The apparatus of claim 11, wherein the processor programs the filter to

cancel an effect of each of a plurality of resonance frequencies associated with the

support structure in the position error signal.

15. The apparatus of claim 11, wherein the processor programs the filter to
cancel in the position error signal an effect of the resonance frequency for the support

structure supporting each of a plurality of transducers.

16. The apparatus of claim 11, wherein the processor computes the
magnitude of the particular sample by obtaining a PES frequency transform sample
representative of a frequency higher than the resonance frequency of the support
structure, and produces velocity control signals for reducing the velocity of the data

storage medium.

17. The apparatus of claim 11, wherein the processor computes the
magnitude of the particular sample by obtaining a PES frequency transform sample
representative of a frequency lower than the resonance frequency of the support structure,
and produces velocity control signals for increasing the velocity of the data storage

medium.

18. The apparatus of claim 11, wherein the processor computes the PES
frequency transform using a Discrete Fourier Transform (DFT), a Fast Fourier Transform
(FFT), a Short-Time Discrete Fourier Transform (STFT), or a wavelet transform of the

position error signal.
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19. The apparatus of claim 11, wherein the
processor computes the PES frequency transform using a
Discrete Fourier Transform (DFT), and the particular

sample is computed using Goertzel's algorithm.

20. An apparatus, comprising:
a data storage medium;
a plurality of transducers each supported by
a support structure in proximity with the data storage
medium and defined within a respective servo loop, a
position error signal produced within each of the

servo loops;

one or more programmable filters provided
within each of the servo loops; and

a processor that programs selected
ones of the programmable filters to substantially
cancel an effect of a resonance frequency associated

with the support structure in the respective position
error signals,

21, The apparatus of claim 20, wherein the
plurality of transducers are supported by a plurality
of support structures, and the processor programs
selected ones of the programmable filters to
substantially cancel an effect of a resonance
frequency associated with each of the support

structures in the respective position error signals.

22. The apparatus of claim 20, wherein each of

the selected programmable filters adds lag into its
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respective servo loop, and the processor adjusts to
compensate for the additional lag in the respective

the servo loops.

23. The apparatus of claim 22, wherein the
processor adjusts to compensate for the additional lag

by introducing lead into the respective servo loops.

24. The apparatus of claim 20, wherein the
processor comprises a Proportional-Integral-

Differential (PID) controller.

25. The apparatus of claim 20, wherein the
programmable filters comprise programmable notch

filters or programmable elliptic filters.

26. A data storing system, comprising:
a data storage disk;
a plurality of transducers each supported by
a support structure in proximity with the disk and
defined within a respective servo loop, a position
error signal produced within each of the servo loops;
an actuator that provides relative movement

between the transducers and the disk;

one or more programmable filters provided
within each of the servo loops; and

a processor that programs selected
ones of the programmable filters to substantially
cancel an effect of a resonance frequency associated
with the support structure in the respective position

error signals.
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plurality of transducers are supported by a plurality
of support structures, and processor programs selected
ones of the programmable filters to substantially
cancel an effect of a resonance frequency associated

with each of the support structures in the respective

position error signals.

28. The system of claim 26, wherein each of the
selected programmable filters adds lag into its
respective servo loop, and the processor adjusts to
compensate for the additional lag in the respective

servo loops.

29. The system of claim 28, wherein the
processor adjusts to compensate for the additional lag

by adding lead into the respective servo loops.

30. The system of claim 26, wherein the
programmable filters comprise programmable notch

filters or programmable elliptic filters.



