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- 11 MPROVED NOTCH FI LTERI NG AS USED IN A DI SC DRI VE SERVO FI ELD

1 NVENTI ON The present i nventi on“m “l'ml m | rally to disc drives. Mre s
particul ar | present inven l@ ]m ﬂ mrto r educi ng r p
oscillati B’r?yd(?’fo %ﬁﬁe di sc drive an| cal structure. m“%ﬁﬁE

| NVENTI ON A typical disc drive i ncl O one or nore d| scs nmounted for
rotation on a 1o hub or spindle. A typi caI di sc drive al so includes one or
nore transducers supported by a hydrodynam c air bearing which flies above
each disc. The transducers and the hydrodynanic air bearing are

collectively referred to as a data head. A drive controller is

conventionally used for controlling the disc drive system based on conmands
recei ved froma host system The drive ~ 5 controller controls a disc drive

i scs. A act IR0 ARaRrLER IR L0kl B A DL O SR ceorvo

system The actuator noves the data head radially aver the disc surface for
track seek operations and hol ds the transducer directly over a track on the
di sc 20 surface for track foFIEMDEOF dpH BYVENTIONSservo control | er sanpl es
the position of the data heads relative to sone reference point and
generates an erdbe girgsent Bagedionparlates ﬁﬁqrélrl)ént‘e fisewegtyeshe %‘tr@al
positiopn and the reference 05|t| n nal is. the

Gt ve Che. Baricany fis PrreeBERienionaries fiShichs imas oF et ctandi ng
a current Y QuaM A QeS8 filllls nigt or (VCM Wmch forms part of the
actuat or. Infornatrliavon&les tyf))éll cg%l%y stored on the discs by providing a wite
signal to the data head to encode flux reversals on the surface of the disc

representing the 02Q~ ~ 2002 V\D OOI 00966 2 PCT/ US99/ 14305 data to be
stored. In retrieving datB 1% geNdgiontrol |l er controls the
actuator so that, the ta ead flies above the di sc, i ng the flux
reversal s on thé BRE gvétéFléﬁeﬁanﬁoF%eéi‘%jﬁﬂo%%a OTRAFIRENP ux

reversgys. y g r gﬁ?r?'di%' ’\gzimdgf%‘s?g?]f ?%?s%qﬁglt}%sﬁ Ho‘é {:lht‘?éréer t°

recover the represe ux reversa ore I SC,

consequent kippeReebont 19eirbay h&@dﬁaseﬁh@@hmms de@véoe/acmﬁs@anae head
Thus, a di sk drive nmechani cal structure 1s conposed of nultiple nechanical

conponent s tranaducere apilébely dwglyrheric 2o bfeanrrgtanecdllenavelohrsfermdt toasassenbl y.
Each of these conponents has yarjous resonant mdes t hat excited by
an externa(f;3 éarké?agbo éﬁ%V@éOWIP eLi§GOBVEIHE Ytusﬁé(z%‘i%r}tﬁ‘ﬂ ‘Pgﬂl‘ﬁ)‘g’écat t he
nat el L BEHENGLES BRG] L ALR [ e GHPRAE kil SRR T

novement can ocC a cofnbi nati on of

the twes | tohhelleimanesi d[s‘é dmv@hbywiédénfﬂeelm(ahoﬂfrdxﬁ%é esedanteo i s high
anplitude, narrow frequency band) it will tend to oscillate with a m ni nal

~ 5 exter natoramfwmtlen@nghediﬁhss oscillation results in physi cal nmot i on of
the data head, causing off track_ errors and ent i hei '
pr obl ems. These ‘Y3 BF R OpREates Wit Heg@;v&fgg Cg( asse i‘é‘ﬁ’rﬁ? | f
resonances r

Q&EH{ Tk &tﬁé@‘nﬁf oY fhe dﬁi %eé&?oﬁﬁl’lglo%}’ t}{e' Oxgr’ Ac‘é%

per formance Ih see €-an rac node. ain fhe 20
opti mal di gfackkealeopératiohsane RBoldRdHe Hafsdhdr dikeetlp ob@ré‘&a&l%%ﬂmﬁélaﬁﬁ:

Pres entzo surface for track following operations. A servo controller samples the position
of the data heads relative to some reference point and generates an error
signal based upon the difference between the actual position and the
reference position. This error signal is then used to drive the data head to the
desired reference point, typically by demanding a current through a voice coil

25 motor (VCM) which forms part of the actuator.
Informationis typically stored on the discs by providing a write signal to

the data head to encode flux reversals on the surface of the disc representing the



However, this scenario is not physically possible. Every nechani_cal
conponent has a natural frequency of oscillation. Neverthel ess, UQ D£C 2002
desirable to reduce or ninimize the resonances. One way of doing this is to
' “nmechaniwealobgoss@np t he nechani cal conmponents and ther eby riBWO%34305 he 25
anplitude of the resonant node. This can be done by careful design, the end
result being a reduction in the anplitude of the oscillation to a | evel
that is deenmed acceptable to achieve a desired drive perfornmance. 02~ -~
C 2002 WO 00l 00966 -3 E CTIUS99/ 14305 However, there are situations where a
conponent is not able to be nechani cal1d danped. This could occur, for
exanpl e, because of materials used or because of design time constraints.
When this scenario occurs, the only way to inprove drive performance is to
make sure that no excitation s energy at the natural frequency of

osci | | at i odatactadieestotdik Imaehpeniogldatofrponém diso, thealrive cordealier caniraly. The

resent invention concentrates on this roach. As nent|oned above

'to ypi cal di ke ¥1aioz sadhatibe data headhtlies ﬁggggﬁh%diﬁsa S@@swt?‘eglwdﬁvwei% to
drive the t, ead t he_desired, posi{_on. n 1,0 a fr ectrum
of demand gﬁrtgeeafsgi %ncg%éé}e%zltéﬁg?{eﬁ%g%ﬁlnbc?sfeﬁé%v}ﬁﬂ%e fs‘%’é&?vreﬁ%g#gﬁg%rr?%gs ed of

frequency Qf%ﬁzagi@ﬂﬁ%ﬁ JEEQIBHY BRIAAH cRiHOl(D ralhvet 1R JAX riifreboniatbyl pl e

kil ohertz ( VCM current iIs driving the actuator at the sane
frequency Hsxtrieeersalsustated pagtlendiscoind qesbquéraht remeserand inote whda
mechani cal conponent, the energy may be sufficient to ~ s excite the
nmechani cal signa Wﬂ@edm&%@?%eadi on. This is very undesirable and will at

| t d de disk dri f t t.wll h

Lo iy SR RSy S LB PR T
e chance r ) i o

N chancenahabieg BSGEORLES S5 plasd bach Qo T AR chaction

i cropr oceasinkly. dEgEH Jf thlegh FbmPcHeass tas Bidud Yessmaat rhbdéstiataghi eve
the sanme overall result. They reduce the driving force energy (i.e. the

cur r ent0 f | exditegl bpanfextaynehenargy doanedwil camsethe. padhto phpsicdty fridveaat t hat
is wdely used to nmove drivin ergy.at the nechanical resonant nodes is
known as a o RaMIA! [regengien RcRcilatiaat (% the Fempanent & SHSSBANY TRy ¢ hat

e e 0kt e LHARMPEHL SSRAEG o oo i 1 v
the two. If the component is highly undamped (i.e. the resonance is high
amplitude, narrow frequency band) it will tend to oscillate with a minimal

15 external driving energy. This oscillation results in physical motion of the data
head, causing off track errors and potential fly height problems. These
oscillations are often referred to as “resonances.”

If resonances occur in a disk drive, they can severely limit drive
performance, both in seek mode and track-follow mode. To obtain the

20 optimal disk drive performance requires that there be no resonances present.
However, this scenario is not physically possible. Every mechanical
component has a natural frequency of oscillation. Nevertheless, it is desirable
to reduce or minimize the resonances. One way of doing this is to
mechanically damp the mechanical components and thereby decrease the

25 amplitude of the resonant mode. This can be done by careful design, the end

result being a reduction in the amplitude of the oscillation to a level that is

deemed acceptable to achieve a desired drive performance.



| oop, the open | oop response ends up a summation of the origi n:@ rEﬁ:{g‘
WO Q0/ 00966 -4 0 2 DEC 2002 PCT/ US99/ 14305 plus the notch filter response.
I f the notch filter is centered about the frequency where the peak

anpl i tude QfgbhfiedEeChani cal resonance occurs, then the drivipgafses£goener gy
at this frequency can be reduced so that there will be little or no energy

made avail able to excite the nmechanical structure. 5 The problemw th the
notch filter, however, is that if the center frequency of the nechani cal
rescrnance does not align with the center frequency of the notch filter
then the attenuation of the driving current may not be enough to keep the
structure fromgoing into oscillation. This will occur if the nechanical
resonance has shifted in frequency. This can easily 10 occur on a drive to
drive basis or even fromone data head to another. Present disk drives have

fixed notch filte i . LE | €S heSUCh
a filter, for exa%ﬁ%@%@seg%?b%%(gr% %Ql\égéata:ﬁ%ﬁﬁgg{r %Egg%@[%g& b§uch
filters renmowgecthically RARPEY. AthiélcoqUbdetes fohiexAnipel Becagte oaumsetible
mechani cal structure to oscillate for a given head or for a ~ s given
drive. Thus, usédpr drecausst obdesignl timel agristragntsFuviesr this ecersuishofdulrs, ethe
cannot guarantee that the gain of the resonance wll remain bel ow OdB.
Met hods al so 8% ¥fay; & irﬁﬁr@fﬁeaflvgda PyBansq teotq mpkeosrsi Gas nopgxcitation

i npl ementing digital signal progessing algorit in_the sefvo tr.ol,l er.
Such a rre% hog,gé%’r %éxg'%lliﬂ]mfasl eeggreln%édd? nosﬁ?l T{Pcf-r"atrgﬁf ﬁﬁuﬁﬁ%r”‘%&%@)u
20 Such met hedgpbR¥AL V&s&?ﬁﬂ'&&ﬂ@tﬁ{gﬁcﬁﬂé Eﬁ%ée@{t RO G doRE RV In FRis
conputational tinme. Furthernore, su nmet hods cannot al so guarant ee opti mal
resul ts underpgtdachi r cunst ances. As di sk drive servo systens continually
requi re higher open loop °~ bandwi dths to track follow accuratel ){u t he
requirenent for i Msriogedoned abpragtyrscalelibnidgives demorrdgeanrgnidhraygh a

01 “attenuat | SRGRORBOEANSLE 2FEEuRA LS Fraq Br Cesaha PoErS WIREr
advant 3998 OUCLANGA Rl of dBnfardl ZufrehP 48 ARIARORR e HIMRE OF

THE | NVENTI ON P
spectrum is composed of frequency components from direct current (DC) all

the way up to multiple kilohertz (kHz). If VCM current is driving the
actuator at the same frequency as the natural frequency of a mechanical
resonant mode of a mechanical component, the energy may be sufficient to
15 excite the mechanical structure into oscillation. This is very undesirable and
will at least degrade disk drive performance or at worst will cause the servo
system to go unstable.
The method employed by servo engineers to minimize the chances of
the mechanics oscillating is to use hardware electronic filtering and/or digital
20 filtering of the VCM current via a microprocessor or digital signal processor.
Both types of filters achieve the same overall result. They reduce the driving
force energy (i.e. the current flowing) at frequencies deemed a concern.
One type of filter that is widely used to remove driving energy at the
mechanical resonant modes is known as a notch filter. A notch filter is a
25 band-rejection filter that produces a sharp notch in the frequency response
curve of the disc drive. When a notch filter is activated by the servo control

loop, the open loop response ends up a summation of the original response



The present invention relates to a nethod and apparatus for providing

i nproved attenuation of the mechanical resonant frequencies in anedzs[qgctzm]z
drive. One enbodi nent of the present invention is directed to a od o

filteringVOrMe08%eét uator driving energy to reduce the freqlRGEYSRAMIISnent s
whi ch are approximately equal to the resonance frequencies of the disc
drive nmechanical structure. The nethod invol ves sel ecting one of the data
heads for reading or witing and adapting the configuration of a digital
notch filter according to which data head is selected. In one enbodi nent of
the present invention, digital notch fil%er constants far each data head
are stored in nenory. The digital notch filter constants define the
frequency response of a digital notch filter such that the filter reduces

t he resonance frequencies. Wien a particular data head is ~ s selected for
readi ng or Rhist they notete fidiegi regponss. c hiff fhiet Bptcho fidteanisscarderesk pbadt Ahet o t he
sel ected data head axe retrieved frcim(qe r%ﬁ'x; TheF\, Ihf actuator driving
energy i fIFRBFRY BNGTRNErRARN ABTRILOR) Qi T MISTERCR] FERanEe (Y 1 o
the digital t j: QE;},S L

enbodi nent to ﬂ%%frllég‘g@gﬁ%n o?ltr?ég ggggg?%eﬁ%gggﬁg%@gg?gg{ |esr% drive

that i ncl udgsli ®ke litdast neractBhadedvailabR t8kaitd eaélihechaniegl dtAi@ire.a Servo
control processor and a digital notch filter. The discs are capabl e of

storing data. Th&hdapmbleadwitdr ¢he apatioh efilbér, rlaastener, diat ehaftr dnttendemter t i ng
data to the discs. The actuator is coupled to the data heads for
posi ti oni ngfredBergt Pinteddnechanical erese-eme @iose snoh aliggparide Hs geter ng

energy. 2s Jhe servo, gontr.o QCEeSS i.s, coupled, o the .actuataqr, a is
capab e of BeauRinng: R OISh B ESRtbe N Reb g et B A80L
filter reduggg bE%Ju{gﬁqﬂbeﬂéép SUTRARRAIE Phml g&ng' {ntbNGBCARGIYY ThisChyiir e
cl ose to the resonan 0 2° ~ C 2002 WO 00l 00966 PCT/ US99l 14305 -6

f requenci esoafurt ifi¢hel insechdhicdb reseaianioe dak shifted infeequbhey s €fhis canrdasiby

processor adjusts the configuration of the digital notch filter according
t o whi ch daperuréana dsive &p deivedasiorer iepdeemenie dtadeadde amother according to

the present invegtion i,ncludes .a data stor devi ce that. is .accessible by
the servo contro repSFBE:g’ssg waﬁ?d“s‘?ﬁ’&‘f‘&?%ﬁ?ﬁ?“ﬁ&%@?idiaeflgleggﬂscpé{ﬁlf% whi ch
define the §5QAHERCHERINCHSRA a tlferdidl é)?émﬁfét, g@ dekdrdiidd §00U. Saphtedat a
head. The servo control processor retrieves the digital notch filter

const ants cblurabo082)478. oSachn€ildeys sehect eldiviag @neegyl at frempukeheiesiatldckt or age

devi ce when the data head is selected for io reading or witing and
provi des t hwodlgnoscavssithp megheaicad sisetire so pecitlpte (9 @i givpn hepe PTHPY fer |

GG T TR L N B R P
cannot guarantee that the gain of the resonance will remain below 0dB.
Methods also exist to implement adaptive filtering techniques by
implementing digital signal processing algorithms in the servo controller.
Such a method, for example, is described in U.S. Patent Number 5,325,247.

20 Such methods involve complex microcontroller code and are heavy on
computational time. Furthermore, such methods cannot also guarantee
optimal results under all circumstances.

As disk drive servo systems continually require higher open loop
bandwidths to track follow accurately, the requirement for improved filtering

25 techniques increases also. The present invention provides an economical
means of providing a high degree of attenuation of the mechanical resonance

frequencies and offers other advantages over the prior art.



filtering the driving energy to reduce the frequency conponents whi chﬁce A
s substantially equal to the,resonance frequencies of the disc drﬂ \Ze 2302
mechani cal structure. These and various other features as well as

advant ages \yﬁb&@%ﬁhar acterize the present invention will bepapRaseiksedpon
reading of the tollow ng detail ed description and review of the associ ated
drawi ngs. 20 BRI EF DESCRI PTION OF THE DRAWNGS FIG 1 is a top view of a

disc drive 100 in accordance with one enbodi ment of the present invention.
FIG 2 is a Bode plot showi ng a nechani cal resonance in a disc drive. 25

FIG 3 is a block diagram depicting a negative feedback, closed-Ioop servo
system accordi ng to one enbodi nent of the present invention. 0 2 DEC 2002
WO 001 00966 PCT/ US99/ 14305 FIG 4 is a sinplified block diagramof a servo
control processor according to one enbodi nent of the present invention.

FIG 5 is a Bode plot showing the effect of a digital notch filter

according to the present invention. FIG 6 is a flow chart representing a

met hod of filtering the act ugUMMUKRYIQF TEIRINVENTIONI ng to the present

i nvention. DETAI LED DESCRI PTI ON OF | LLUSTRATI VE EMBODI MENTS FIG 1 js a top
view of a disc drilie pre@nt investinnaelates i & methed apdeapragriasfor proyigéng

P e B AR SLCER B SR RSl B TR

| ndi vi dual di 565, sl BlipicRbe RS LHABACONRERH € difcRRliPio Pincilibd BT S

for receiving and storing data In orm of magnetic flux reversa
encoded on t Kigtetih@ake ac bt hghaendy eslrddiale thk fheu@hcy Rempopeant
invention is described ~ s herein with reference to a nagnetic disc system
t he i nvent i omvhish erpapprpxapatelcedpha tbdhdiresorance é:quhndks of the diec drives

enpl oyi ng ot her nmeans of data_storage, such as optical djiscs, D sc drive
100 al 50 i ncPRRHEENKAL SERTEIOr Th BeRBRd IR PIVES SFIBRRE Q0D OhHE W9 bearp y

noveabl e rel at | 0. discs. 106 ut..pi wot shaft 120. .Act. .4 ncl udes
an actuator Sracasln it SRk e BRI U B Rl o A AR ST e
114. EaChoaCbH@{ralnél(dva data dlehaghededieqone or nore flexure arns 112.
Each flexure arm1 supports a data head 110. Data head 110 includes a

hydr odynami c ai r beaneembodimeht dethe prtesertt inwppdon sdigital aostdder f or
reading information fromand encading information tQ one of thégf" scs 106.
In a pref err 880¥ABBIPHBMN dafadad sre shged ig mpreera Voe digitadnot or,

shown gener al . Dise driv 00 f r: el u r ol l er
(ot shonny R Sipe the freflfelfy porte IR i el R el LS pRRRRED] o
control s a pkieakédicedthdfdsyRsncd fe neﬂdiéysmﬁ}@hlavga&ﬁnwdldm@heaak@ drive
0 2 D~ C 2002 WO 001 00966 PCT/US99/14305 g controller is a

m cr opr od&sseelected fdi gradang oompitieg,. thd ldegithlincecle fifter obhsdtaniss ei t her

mount able within dis¢ drive 100, or. is_|ocated Qutsige of disc ive 100
with suitabl §9¥8 Ing ko thy selediad slata head pig Teigevpd iram siemele ey e

controller r j osi J.ion_infor i 1 ndi.cati.n ty of i sc
106 to be acg%egééétﬁ.gt#r%&d?g\%e@nﬁs?ghr%?b e"(’:’glﬂ\?ﬁlsentuﬁ% thS l?‘lﬁ%lr{‘ cft(r:#1 gi?tﬁgti on
froman Opera&&frdn{gmda%ﬁal ORI Rk cofbtaht BB N Ron® Hi .
controller. Based on the position information, the drive controller

provi des a positi dmathgrahbbdimentuaftthe ptdnt Tireention isidirectedyimé causes

actuator 116 to pivot_ about ﬁi vot_shaft 120. In_an illustrative enbodi nent,
t he posi 2P oncomputer disc drive that includes at least one disc, multiple data heads, an

actuator, a servo control processor and a digital notch filter. The discs are
capable of storing data. The data heads are capable of reading data from and
writing data to the discs. The actuator is coupled to the data heads for
positioning the data heads relative to the discs in response to driving energy.
25  The servo control processor is coupled to the actuator and is capable of
providing driving energy to the actuator. The digital notch filter reduces the

frequency components of the driving energy which are close to the resonant



1 o signal conprisies a current supplied to the voice coil notor
causi-ng actuator 116 to pivot about pivot shaft 120. This, in uﬂ?ﬁlﬁﬁﬁsaﬁﬂz

data head 110 to nove radially over the surface of the disc 10b in a
gener al | ywas ooadded path indicated by arrow 122. Each of thepawusmniisal
conponents of disc drive 100 has various 1 s resonant nodes that, if
excited by an external energy source, will cause the part to oscillate at
the natural resonance frequencies of the conponent. FIG 2 is an open | oop
Bode pl ot showi ng a nmechanical resonance in a disc drive. For clarity's
sake, the phase information has been refoved fromthe Bode plot and the
plot is not shown to scale. The x-axis 160 represents the frequency of the
20 excitation energy, while the y-axis 170 represents the open | oop system
gain in decibels {dB). The open | oop systemgain 2d0 generally drops at the °
rate of 20 fiBquaeriedefchdelisddriwyeechanicachantesd. Tes@maocontralises a sharp
increase 202 in the systemgain. The resonance 202 depicted in FIG 2 is
cent ered at PE@®sser adjusgs thecsprfigaratinh olthesdigitaknetah filteg@scogng 10 mechani cal

resonance couyl. 5 cause the servo control loop to go unstable if the phase
response go%'g“&h‘s%tﬁg}?aééﬁsaﬁ%tﬁgt he gain is above 0 dB. Therefor, because

the peak arpl i t udpeQhniidimenfoFa Bice dr2oM0: 006 MIRCLETLHRNCRA305 g

gain of the resonan frequency I'n exce dB,” the resonance could
| ead t o sconinchlddssdaRistdrage déeicl@as I&CsBRI Y e rl b cBneronpaRiebste

f eedback, cl osed-1oop servo systemdepicted inthe block diagramof FIG 3.
Drive cont rand etord@igitet soichdilter sonstansndhshgiedinenhiefrequeticy aegonshat  a
certain portjon of a disc 106 is to be accessed. In response to the comand
si gnal , or i Yeheshigite) nosph ié@r frrsachdatahearh Homeryp cORFOLPEOFESIA with a

si gnal indi ! i Gh 110.1 I ed.for _read] or
witing to PI s%‘p 1%@ Gﬁ)élllt%?(%%ﬁnﬁﬁ% T%X}Staﬁf)ag r§§ %I}%l\r/‘gégéa %3?’6%%%%) r ol
processor Wiifa lkaBFebinithB datddtBlageeihce WHES BhE€ath WA jsGlleatedCitk i Nder over
whi ch actuator 116 is to position the data heads 110. Servo control

pr ocessdr 1B2admmeentrirtgwndpsitidentteidigadl notth fidter aonstagtiol the dgiealer gy
signal which is provided to actuator 116. In an illustrative enbodi nent,
the drivi ngn@SBABErsi gnal is anplified by power anplifier 134, which then

ides th ired drivi t uat 16.. | Lo th
G iving ~ 5 onor b Skt e PO TRSHAY chpRE-HENenbhi 1 sh BN Gibuer the
surface of §fioe HhAGndibbe$ Bh abhAK HhEEK BRRIALY ARYiRSEn d ARafatsr head

110 directly over a track on the disc 106 for track fol "'ow ng operati ons.
I n an il | ustiteting ehedbipitignerergy tdeedirce the fregnengy comppneseswhichelrect ri cal

current_ which is supplied tqQ voice coil nmotor 118 Once the data head 110
is apprBpri %trléﬂf@t?i@pwa! tQ Heresepancy freguengies P%Fh\%&éﬂéaﬁré@?l?ra i red
read or vvrigtﬁu&ggglati on. Servo control processor 132 sanples the position
of the data hea 10 and conpares the actual position of the data head 110
Wi th the desiredTRER didVari ABUKBELLaRes RS mlma\g&dtggeswﬁthBased upon the
di fference between the actual position and the desired position of the data
head 110, 2ehaecterize timd presept invesson will Petappargengsat esmading of thect i ve
driving eneé)g? signal which is provided to the actuator 116. In an
illustrativ Jémaidﬁéa#qd dessrigfipniang reniemy9f thepsarcipted@gawingsd by powver
anpl i fi.ﬁ)r 134, which then provides 0 2 ~~~ 2002

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a top view of a disc drive 100 in accordance with one
embodiment of the present invention.
FIG. 2 is a Bode plot showing a mechanical resonance in a disc drive.
25 FIG. 3 is a block diagram depicting a negative feedback, closed-loop

servo system according to one embodiment of the present invention.



WO 00/ 00966 PCT/ US99/ 14305 -10 the required driving energy to ag{ua
In response to the driving energy, actuator 116 drives the dataihéab%aaéhﬁxz
the desired position. In an illustrative enbodi nent, the driving energy
conpri ses ctrical current which is supplied to voice i [ 118.
FIG 4 is‘ggﬁﬁh§W%fied bl ock di agram of servo control proc§§38k9/‘§8°
according to an illustrative enbodi nent of the preser t invention.
Conparator 136 receives an input signal fromdrive controller 130
corresponding to the desired position of data head 110. Conparator 136 al so
recei ves a feedback signal from head 110ycorresponding to the actua
position of head 110. Based to on the difference between the desired
position signal and the actual position signal, conparator 136 generates a
position error signal. The position error signal is provided to a servo
processi ng al gori 1 . Whi. ch rat rivin [ ignal which is
conposed of frenggg%1§§51mh%%¥gg§ﬂ?gﬁg§§33%gfﬁgﬁVgFﬁggpg%ﬁ$%%nt (DO to

mul tiple kilRbefdiRg® ohé BMBLAInt&S: JHthy pRGe RN Signal is provided to
digital notch filter 140, which reduces the frequency conponents which are
at or near the rdd6hansaBbdeglenhbeingfhetdffecddfscdigitalrotab thanacarding
structure. The digital notch filter 140 then provides the filtered driving
energy si gndP th®PERSephirgentam, either directly or via power anp 134. Thus,

the actuator 116 position the data head 1 t .the desired | ocation 20
with r edgced ri slﬁg’? 6é§5if{qvﬁ§‘¥ﬁ§eiﬁﬁe§%‘“ﬂ}5 w%&ﬁgﬁ?@gmgﬁ%é‘f Minto

osci | I ati on.q.Jhe &hfke L | mn_be seen in the Bode plot of
FIG 5, whi c%r},oﬁqgaea ?glgosas etég?gg%ggﬁgﬁg‘&%{lhe phase response and is
not shown to scale. The x-axis 180 represents the frequency of the driving

energy, while the y-axis 190 represents the systemgain in decibels (dB).
FIG 5 shows a ne dd) DHSGR oF 2DRUSERASIVE BMECIAIMEN TS equency
140. It can

204. Al so shown i ‘ e reuency rs opse 0_ of notch filte

be seen that not cﬁéﬂllféﬁoﬁﬁﬁ‘%ﬂﬁﬁé‘d& “fﬁﬁqqlé‘rﬂféf’ R PU8ng ener gy
about t rreeg,@g{)]ﬂ'- r L hrghesy ~ : 66
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204 of the rmasharidcfl roesONABOR spindle J0S UDish@ack ho¥sndtidesoPpRuirhigPof
frequency response 210 with notch filter 140 active. When the digital notch

i s activat edndividhal discsy eadoat which inopidetdoacepeiv tradis, orgposes,ifer a
summati on of the, original. response and the notch filter response.. It can be
seen that tHECPEHIE %&%P?%H@%&?ﬂéﬂ?eg’éﬂl%fmﬁg%%&l%S? r?‘(ﬁ’ds‘ﬁéeﬂ?ﬂﬁ?‘?ﬂe‘w bel ow
0dB This en nt.r ol il i . 4..an of
the dri vi ng Heerasso e Roul 880 BIAaY bikhodih BIEH 0P Eitio RIS SIUAYSED D

preci seliy carireinedithefirehdterotaiaghefid @BHePa¥nY e Blvenkibalis bd@alpeak
anplitude 206 of the nechanical reésonance 202 occurs. \Wen the 0 note

filter respappicable togdipr dyived whidnutdhizeodisesernpldsiiag oshertrheargrofvdatyg f or ce
ener at the center frequency. 204_of §he chani cal ,resonance can be
reduggd so tFARELHHE 3 T hoﬁgcyl}sﬁ'tpésc ‘%{@r?g?‘by‘cﬁé#é‘ %W%@Fi%o excite
th hani t oo t . th

e mechani Gaby {4 %B%se dl'd%‘é@«\él‘é%wg}a{ugn&l%vg%]% ﬁéelaBGS%S{?s{Eé/ 16804p&l: t he

mechani cal resonance oes n center Trequency of the

notch filterpi¥bt SIeFPTIG AR tor 118 iAtTuERS 8h hBfhabdr AR aSHenBIPA 17 WHieRt My
not be enough to keep the structure fromgoing into oscillation. Various

met hods 20f iinplucies atplopliy dif getuatomuotetil 11 [Ragh atdGitar arrk dddvis attadhed tart . I n

an illustrative enbodiment, the digital notch filter 140 inpl epen
bi | i near tr ANGMOEHHexEe s - %@Fhﬂezbrmx} 112 pypponty a fata he#zi%&?- 1-

the serve syRRaMead oint A9 dRoa ) Sinic gt Blaride ot Jjer, SfiRh sABpBt°
const ant s desghhdditer FoerdadfBRIEMma S HdnRRHd ‘é’h@&!ﬁng infd¥hatdinCld ol t he

preferred enbodi nent, the digital notch 25 filter cofistants are determ ned

exper i nent aldfythddisosd 06hén apaefearidimbedintdir, sbitastod g énclifes Aeoiredioily t o
an illustrative enmbodi ment of the present invention, a separate set of
di gi t al %ot drotan sheowpgeserallysatild8d Rise diive 400 furthercinchisdies atdsice

controller (not shown) which is coupled to a host system or another controller

which controls a plurality of drives. In an illustrative embodiment, the drive



0 2 D~ C 2001 WO 00/00966 PCT/US99/14305 -12 110. Al though many oé QEC
mechani cal resonances are simlar fromhead to head, subtle diff& n 02002
be seen in frequency, gain, phase, the width of the frequency band, or a
conbi nat ivpg o@rboogd | four for any particul ar resonance. Becaggsau®wb/idipese

di fferences, the characteristics of an optimal notch filter 140 will vary
fromdata head to data head. This in turn results in a variation in the
optimal digital notch filter constants fromdata head : o data head. Thus,

in an illustrative enbodi nent, during the manufacture of the disc drive

100, the mechanical structural response8is nmeasured for each data head 110
in the disc drive 100. This is done by subjecting each data head 110 to
driving energies t o over a wi de range of frequencies and neasuring the
structural response at each frequency. Once the structural response has

been char acbatrodleslis ami@bpeodeltdre bs dipfital degipnerl Dhie dviverehedllemauf act uri ng
test processes and the digital notch filter constants are calculated to
gener at e t I§é&thgr giovatablewithis dide drireg 100her isdacated wutsideef disadrivg 180er t he

peak anplitude 206 .of the _.resonance i.ng anal yzed. t5 The digital notch
filter conﬂ&hf@%%?Cwnﬁﬁﬁﬁaﬁ%’éﬁorﬁé are stored in nenory 142, which is

i npl emented as D) | %%%ﬁgﬁt%ﬁwea&ﬁu%@[\é}f%ﬁ%@i@g%iggnﬂﬁm@. Because

a discrete set of not I'ter cons r each data
head 116, andiceasdatatkohgrdliid Qe Rddcadsded. ThE divkicbatrBlieaeesiaasee, this
technique can result in a |l arge nunber of subsets of 20 digital notch
filter congwaitioninfymasiomfpbme,an dpdrhterdramen .osk cossputanoe frope anatdien head
110 that have to be njininm zed and there are ten data heads 11Q.in the disc
drive 100, Stlﬁéwem@ﬁgbeq- sl end e?&ﬁ%‘@f@“’gﬁ“ﬁé{%ﬁfq dieg coirileant s woul d

be require . reduce. .t he.exgitatio r f the two.,resonances,. This is
not o pr oo VAR eS A ERRioRRi 18 gl TG ats Pt GO Ao, e
FIG 6 is 316k@pivaltabbut SRHESEH 1010 1A aPBINYa8Te binlbbaIha%, H{égac%?ﬁd%@t or
driving energy according to the present invention. At step 150, the drive

0 2 ~ 0~ 20H2l¥hEredy DOstEnRGPEIGEeEd 830%0icd Soit ambtool1& cadSfg aetudsora
signal to servo control processor 132 indicating that a new data head 1Z0

is sel ectedlP&R owwtﬁb?vﬁmgofasfraéhhzo-V\W@én@arrﬁéekse@&art?bﬁ%ﬂh&i}@éﬁ?veat step
152, 2 L. i e i qi i
const ant o TR BeEiRGERARE sl AR d B IOEN Betall HiBte PR AelBI . A 5

step 154, sefoipi1gentrol processor 132 provides the digital notch filter
constants to digital notch filter 140. Ther,, at step 156, digital notch
filter 140 is i Hakkwétheadedendcaicomponehtsofptisovdried 100 bad edriowet ch fil ter
constants. This ensures that a high degree of attenuation takes place at

t he nmedfanifenansawienthat, 16 guaird gan extgrnalignesgy sourgerywidkqapse iRt nent  of

erasabi o minerg et e ddd EiiRacE RpaHe bbbt F R RPRIA R G 5640
easi |y chanrged lbcﬁp BB&e Efotgﬁéﬁr' § PR&haAlcal RIBARAESS Skt Hridb & dr0 the
repl acenent of a conpohent of the disc drive or due to the replacenent of

t he di sc drlargyistsake,fthe phase informaation hasdieeatreneveddrentthe Bodaplottand di gi t al
notch filter constants are stored in a nenory location that is separate
from t he mihePlptirgotshouarie scales (Thes-ris 16@ representt tha frequpncy phthe

enbodi ngnt s .t he advantage.that n hanges to the actual servo. control
code wall d T e BT e Bz FaRS s e B bRy SRR FRifency
perhaps dugiekibefs (AB{NDRe bPert IR Eﬁmgﬁa‘ﬁﬂmo e@férél'rl}/afb |k kb €20

enbodi nent of the pfesent” invention, the di g%tal otch servo constants are
det er mi ned diistpepdesadie ddoivevérs adnérainical tasbnancecairsey & sharpdhereasd202 s. 1 n

this enbodi ment, a unique set of di gzi@t al notch filter constants is
det er m ned iR &he gséemgain. i The resonarce 202 depicted in BIG rdjistchntenedhatfcgntair e of the

of tvfﬁZ' fr oqsep d‘c%éﬁ%fx?ciﬁs?_%%?aséﬁ%ﬂéﬁ&é@@@&m&%&mﬁ’%ﬁ%@fiﬁ&%“e W
due-t o Phe At sBHRSRR o 1d 87 BhisgBle PN Bhase TaRRhad gk 0GR .5 ' °°
These 0 280" whek tROPANUOLBEVEOQ ABC TReFé BT Ad e pbdk dinifIREB6LEer €SUI

in a variation of the optimal digital notch filter Constants fromdi sc
drive to disc drive. Thus, the optimal digital notch filter constants are
determ ned and stored in nenory 142. The servo control processor retrieves
the digital notch filter constants and inplenents a digital notch filter 5
140 according to the digital notch filter constants. This alternative
enbodi ment all ows nore precise attenuation of the resonant frequencies than
is possible when all drives that are manufactured in substantially the sane
manner enpl oy notch filters having identical frequency responses.
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is separate fromthe nenory device used to store the servo cont r@?f E 2002
Thi s-enbodi nent has the advantage that no changes to the actual Vv
control code would be required should a mechanical resonance shift in
frequency due to a change in conmponent vendor. In Sﬁgpgg e
enbodinentagp%@ﬁ§6present invention is directed to a 20 nethod 3%“?@Ptering
the actuator driving energy to reduce the frequency conponents which are
approximately equal to the resonance frequencies of the disc drive
mechani cal structure. The nethod invol ves sel ecting one of the data heads
110 for reading or witing and adapting-4he configuration of a digital
notch filter 140 according to which data head 110 is selected. 25 In one
enbodi ment of the present invention, digital natch filter constants for
each data head 110 are stored in nenory 142. The digital notch filter

constants defj f LgI Il such
0] uC T Lan o bR R ERBE Ttk R P PR b eAR e
t he resonanggcéﬁ@awgbiﬁgy, When a particular data head 110 is selected for
reading or witing, the digital notch filter constants corresponding to the
sel ect ed dat a hedgtiatOr Hiteopezsies ewiddnfarmmpatimedeed bhdR, clddeehlooplservact uat or
driving energy is_ filtered by inplenenting the digital notch filter 140
accordi ng t 6Y$tRE daRictedin Histkleck diagramf idGatt Rriveconiedar 13y 142,

her embadi f ' ion.is di dy. . di
i ve- 106 ¢ R Sie! G aREReIET L b bRk RBER Sk R BT 110
act uat or 10Qccé§se°cﬁrﬁ49eéiﬂ>‘?1%é§tlec%ﬁ%x%HBs ], Gk ﬁ)rﬁ}cﬂiér%o g%\ﬁaej Ilter

140. The discs 106 are"capable of storin ata. The data heads 110 are

‘capabl e of weadiRBLdapRCEsDITADitMA tigng] dali@ting whithdiss beddB10 iFhe
actuator 116 is coupled to the data heads 110 for positi oni% the data
heads 110 r étlactiedéon wading favmay viing to dissddAs Brive apnitvalleg 12helsgy. The

Ser v cOnt o BIGEERsL Lo A EUPL 8 LB LG Sk iy caetl e
140 redyges ﬁtapt% %Mﬁﬂ@%’o&é?%@ﬁ E\Et}a%r idﬂﬁs d hééiﬁgnﬁﬂ%gya NAgsh1@re_cl ose
ant e dil sC rrve Cc

to the reso requenci es ofr t ani cal structure. The

servo cont r Seryy @2@ss ofockssbradp ushertdiheqmititigsighaldnt®fin bhdlogidgiviigd  not ch
filter 140 according to which data head 110 is selected. 20 One enbodi ment
of a disc denegrgysignaaduehlismyovisledte gsteateni 16. inamt illowtriative embsdinenit a

storage device 142 that is accessib] e t he servo..confrol, processor 132
and stores d'GRUXMEFSCER F&1 ?a’a?ﬁlét YsPANEE A ‘ieﬁgé‘%wggﬁﬁfbncy
response of -l gl t i o]
Cont ol pr oBsaaitt SR RON Bilig ity 8L QaSATR. PR RRRE 0 HORIAEALY

correspandi rgetgy, actueik 116 gloves gk datachdadad 0 diallyovet Hee slataest theage
device 142 when the data head 110 is selected for reading or witing and

provi des t heligh iPoder tradesenk bperasionsansthaids thexatadeafd dilf dlirealdy evera | ¢ er

140. WO 0Ql 00966. - 16 DEC 2002 PCTNS99/ 14305, Yet .anaot her enbodi nent of
the present Q{%@@H&PSﬁ#?“éf?fé&?%%?ﬁswymef%el%alﬁ'ﬁ%ﬁa Vel udesf an
actuat or 11Qnihirleis dhé HARIRY el (BRI BEicAPRRS hOIvHidH Cr I NG the
driving energy to reduce e ?reqiency ctonponents I ch are substantially

equal to thgupphedahesicé cellnemet ¢3800ricbehe s HHaldvid 05s BppispHatell o
structure. It is to be understood that even though nunerous characteriscics

and adva&nt agesitishedahe duveeohtdleeenesutds a desiypdesad or wrniteripeatidrave been
f h i he f i i pti h ith i | f
:te J; uc? LJ; e Iazdt ¢ Sexq\;oego?{tpoq pq'gcszecsrscl)rp ﬁZO sna’mia?e%eti'me %ros%lt\-nic;[n ofd geadatg héad 11{](?

and compares the actual position of the data head 110 with the desired

U

position requested by drive controller 130. Based upon the difference
between the actual position and the desired position of the data head 110,

25  servo control processor 132 then generates a corrective driving energy signal
which is provided to the actuator 116. In an illustrative embodiment, the
driving energy signal is amplified by power amplifier 134, which then provides



function of various enbodi nents of the invention, this disclosure is 1 o
illustrative only, and changes may be nade in details, especial IQ/Zi BEC 2002
matters of structure and arrangenment of parts within the principles of the
present iwoaop®s to the full extent indicated by the broaechgeswriatlosneani ng
of the terns in which the appended clains are expressed. For exanple, with
reference to FIGS. 3 and 4, notch filter 140 can be inplenented as a 15
conponent that is separate from servo control processor 132. Also, with
reference to FIG 3, notch filter 140 can be positioned between power anp
134 and actuator 116 . Qther nodificatidhs can al so be nmade. 0 ~ 0~C z00S
1~ WHAT IS CLAIMED IS: 1. In a disc drive having an actuator driven by
driving energy for positioning a plurality of -data heads relative to at

| east one disc and a digital notch filter adapted to mnim ze specified
frequency cBiepeqeied doivingenergyuarotuatiniitbnin Bspnesetp, thaideivang energynance
frequencies of th i.sc driv chani cal structyre are known . for each data
head, a net %%atﬁr%#fgrimfﬁ?H&fﬁg‘i@ﬁﬂﬁ&tfﬁ#@ﬂrﬁ Pé’ﬁ‘éﬁoé‘ylf’f‘énrlgliﬁ?%n‘f%e
frequency c | 1.t hi t P f . the
resonance f‘?‘g%gg’@%@%% 8?%?@?@5&5@\7@”%%%glnﬁ?%éaalgég ru Eg}gsﬁﬁicgg‘ﬁpri si ng
steps of: (gjpfsleécpgai,age@mnq;to}mp&pl urality of data heads for reading or
writing; and 10 (b) adapting the configuration of the digital notch filter
accordi rig to whi EXG.dfisalsemplifiedbidck ddgrdai af dezacsontsolgmbeetsed13dr readi ng
or witing. 2. %_he ”Etgﬁd of claiml wherein digital notch filter constants
defini ng a #OELERELY apdkiperatyesmbedimangpf Hie presard inventan. HemRaraaiiced t he

f ' desi.red ex f h.d head,
wher o thol e gea i tensrel ESn ity F tba e BOsPr Py R H g e
di gi tal not ghsitdd ﬁiﬁ&?@ﬁ&&ﬁ%&aﬁ%ﬁ?@ Rr1% %1%‘? be dé'%a*“f%@&béék menory,

(b)(ii) when a particular data head Is selected reading or witing,

retrieving figaa faemieadtlne cdigbpandingts thd adthdliposhitat eiead2q 0c Bases pondi ng
to the selected data head; and (b)(iri) filtering the actuator driving
energy By iopthadiifarerretbetvaenythedesired positiansignal epdrthe agrurbpesiodi gi t al
notch filter. constants retyieved fromnenory. 3. ncel led .25 4. The net hod
of cllai m 2 VBB LR PREAGE L SRS eE 854 POTEON Cipraiamabe B¢ BPFHGMEROTdi gi t o
notch filtegopans ; ’%,}9"] [ l e menory.
5. The met holgﬁof Iai%e‘%@%g?ei toE%s&%%@ﬁ?}@éﬁ?%@fﬁ%ggéggaﬁ@%Ode, stored
by a first deribigerdeyy signal Wwhidoiscomlposedopfsdlérfyicoghminenfewtidtarahgads and
wherein the storing step (b)(i) conprises storing the digital notch filter
const ants 30opbAirecisyment P tematitiplgkiohertd or hxgiwes/e&"bﬁdnwn@ﬂyer@vi ce,

th b itt]. . t.0 . i,gLt al teh filt t ant i t hout
access Wyt HEnebP Psoraa o dite ety a0 3 fitrgetvits BRIRBASHY ¢1 ai m 2

e eSO LA e b o sl Smang e o (e
of the fornmeBhafical strefdizi2. The digital notch filter 140 then provides the filtered
driving energy signal to actuator 116, either directly or via power amp 134.
Thus, the actuator 116 can position the data head 110 at the desired location
20 withreduced risk of exciting the disc drive mechanical structure into oscillation.
The effect of notch filter 140 can be seen in the Bode plot of FIG. 5, which
for clarity’s sake does not show the phase response and is not shown to scale.
The x-axis 180 represents the frequency of the driving energy, while the y-axis
190 represents the system gain in decibels (dB). FIG. 5 shows a mechanical
25 resonance 202 centered at center frequency 204. Also shown is the frequency

response 208 of notch filter 140. It can be seen that notch filter 140 appreciably

attenuates the driving energy about the mechanical resonance 202, with the



5 §z) _ 1-A zl-Azz2 where Gis the gain of the filter, z is tﬂeZsaE;gl"lZ%)Z
rate of the servo system and A, Az, Bo, B, and Bz are digital notch
filter constants describing the frequency, depth and width of the frequency
response ofwoheoodécgi tal notch filter. 10 7. Cancelled 8. CaRCBUB¥A48S A
disc drive conprising: At |east one disc adapted to stored data; A
plurality of data heads, each adapted to read data fromand wite data to
the at 15 | east one disc; an actuator coupled to the plurality of data
heads and adapted to controllably positiqn the plurality of data heads
relative to the at | east one disc in rés]&)'nse to actuator driving energy; a
digital notch filter adapted to reduce the frequency conponents of the
actuator 20 driving energy which are substantially equal to resonant
frequencies of the disc drive; and a servo control pr ce? or caoupled to the
act uat or and"HEHPHEHRENUSGRNOSIIEBRRt HRerander Femency vOhg éﬁéﬂﬁ&‘%%cac he

, wh i h | dj h i i f
o o B G HeGRTh A Y QAR RB AE sl Be Rl R o0
is 25 sel ect ﬂgtci'\?ﬂteﬁ'?@@b&gv@rwg%% g-iegit?i%irt%i%otah%_a@'ti%ﬁté?ﬂrligyﬁ\e;%@r\% &rRdl,

further conprising a conputer ge device accessible by the servo

control prock&gothe dyﬁeﬂ@b? rédponsORpELeimation agthedaygioal @Eg@m adidghtal notch
filter constants which define the frequency response of the digital notch
filter for enetchddiea résponsand canbe ssien thatthe geek amplitndk 2p2 akbesder 30

relrieves the b ool noteh (LSt SRSt Ak corresponi e dapneily |
5 oL ected Lo e R AR AR IR e
Cancel l ed filter response 208 be precisely centered about the center frequency 204 at which
the peak amplitude 206 of the mechanical resonance 202 occurs. When the
10 notch filter response 208 is properly centered, as in FIG. 5, the driving force
energy at tile center frequency 204 of the mechanical resonance 202 can be
reduced so that there will be little or no energy made available to excite the
mechanical structure. However, if the center frequency 204 of the mechanical
resonance 202 does not align with the center frequency of the notch filter
15 response 208, the attenuation of the driving current may not be enough to keep
the structure from going into oscillation.
Various methods of implementinga digital notch filter 140 are known in
theart. In an illustrative embodiment, the digital notch filter 140 implementsa
bilinear transfer function of the form:

20 G(z) =Bo + B1 21 + Boz2,
1- Az - Azz2

where G is the gain of the filter, z is the sampling rate of the servo system, and
Ay, Ay, Bo, By and B; are digital notch filter constants describing the frequency,
depth and width of the notch. In the preferred embodiment, the digital notch
25 filter constants are determined experimentally during the manufacture of the
disc drive 100.
According to an illustrative embodiment of the present invention, a

separate set of digital notch filter constants is determined for each data head



12. The disc drive of claim10 wherein the conputer data storage qq&d}E(:ZUOZ
conprises an 5 erasabl e data storage device. 13. The disc drive of claim10
wherein the digital notch filter is inplenented according to a bilinear
transfer WORePPO8h of the form Bo+B, z~+BZZ2 ((z) _ 10 1_AIPATYP?343fere G
is the gain of the filter, z is the sanpling rate of the servo system and
A, A2, Bo, B, and BZ are digital notch filter constants describing the
frequency, depth and width of the frequency response of the digital notch
filter. 14. Cancelled 15 15. Cancelled 16. Cancelled 17. Cancelled 18.
Cancel l ed 19. A disc drive conprising: “20 An actuator adapted to be driven
by a driving energy; and Means for filtering the driving energy to mnimze
t he frequency conmponents which are substantiatly equal to the resonance

frequenci es_of Ele dj sc dri}/ rrec%?ni_c%l structure. 2Q, %)nc |1 ed '
.Af.As_.As.lAﬁrAi: OXgR MIINSL Hpe IRepnaifal Ketone@separegimilar sepmahgadity 14k9u; 6|
RN | gb .
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ca] ca] ca] ca] ca] ca] ca] ca{ca] cag\:a] cal ca] ca] ca] ca] ca] ca! $V$$$0WORU& " $(r (( ((
3) P) ) +k }y+ Wil vary fram datg heafl to ptpdigpda]lduain airaapealte i) @ spoatienjea) ca cal

et b o e B T
]DES]EEE]EE (akoah g@(ﬁ@@%@@@@@ﬁﬁ&%ém 6f Bletliatdgial6akgel ca! DLD
U] UV wr ntigécKhhiza] stad et adspaneeisaadasiined edrcatk dhesher] r@lisahe djsea] ca] c, a]

ca] ca] ca] ca] ca] ca] c(a] ca] ca] ca] ca] ca] ca] cal UYW3V| VXDYZZ[ E\\\' ] y] ]
rn=ncef ) fi Oﬂ#ﬁgrisdg; doRre by vhibjetdng eack] data head 110 to driving energies

cal cal 03] cHYbA CSANl HES QTS GBS EDBO U DI SR R BT ER 2555 . 7] ¢
Jea] ca] ca] SATee] Cha R b SR AR bR LR St Cal ca
] ca] ca] ca] epd eafiend LBy aalrrdtedvaldadtaaingad s phealssal vl Grldigislalnrahc, al cal 7

Ov&Zj sGr} xsni d_Z] ca] ca] ca] ca] ca] ca] ca] cal]ca] ca] ca]ca] ca] ca]ca] calca]ca]calc
a] ca] ca] cajfidia} cerlstarts afeedlcalptesl togeoémte tieadigitklonteh bich that the center

oaovr () i BisieSiiovar Oy Heak sembigs 206 dbihe fraarppes boiaserelyreds oo () -
T T AR 0 e s v ()
1€ {: ekl (12 SpmeainEl o SR g S
| YY0%&' () ShowadiodgG, B- Becauspoagdisyreteget of digital notch filter constants is
10% () - "D ded Poreddh duta head 1o, nd Sack dita heda 1o Potentially has
multiple resonances, this technique can result in a large number of subsets of
20  digital notch filter constants. For example, if there are two resonances per
data head 110 that have to be minimized and there are ten data heads 110 in
the disc drive 100, then twenty individual subsets of notch filter constants
would be required to reduce the excitation energy of the two resonances.
This is not a problem with the amount of code memory available to disc
25  drives.
FIG. 6 is a flow chart representing a method of filtering the actuator

driving energy according to the present invention. At step 150, the drive
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controller 130 sends a signal to servo control processor 132 indicating that a
new data head 110 is selected for performing a read, write or seek operation.
Then, at step 152, servo control processor 132 retrieves the digital notch filter
constants corresponding to the selected data head 110 from memory 142. At

5  step 154, servo control processor 132 provides the digital notch filter
constants to digital notch filter 140. Ther,, at step 156, digital notch filter 140
is implemented according to the provided digital notch filter constants. This
ensures that a high degree of attenuation takes place at the mechanical
resonant frequencies.

10 * Inanillustrative embodiment of the present invention, the digital
notch filter constants are stored in erasable memory. This allows the digital
notch filter constants to be easily changed if one or more mechanical
resonances shift due to the replacement of a component of the disc drive or
due to the replacement of the disc drive itself. Also, in an illustrative

15 embodiment, the digital notch filter constants are stored in a memory location
that is separate from the memory device used to store the servo control code.
This embodiment has the advantage that no changes to the actual servo
control code would be required should a mechanical resonance shift in
frequency perhaps due to a change in component vendor.

20 In an alternative embodiment of the present invention, the digital
notch servo constants are determined not on a head-to-head basis, but ona
drive-to-drive basis. In this embodiment, a unique set of digital notch filter
constants is determined for each particular disc drive 100 during the
manufacture of the drives. Subtle differences in the frequency, gain, phase,

25 and the width of the frequency band typically exist even when the drives 100
are manufactured in a substantially identical manner. These differences arise

due to the tolerances of the various components of the disc drive 100. These
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differences result in a variation of the optimal digital notch filter constants
from disc drive to disc drive. Thus, the optimal digital notch filter constants
are determined and stored in memory 142. The servo control processor
retrieves the digital notch filter constants and implements a digital notch filter
5 140 according to the digital notch filter constants. This alternative
embodiment allows more precise attenuation of the resonant frequencies than
is possible when all drives that are manufactured in substantially the same
manner employ notch filters having identical frequency responses.
Illustratively, in this alternative embodiment of the present invention,

10 the digital natch filter constants are stored in erasable memory. This allows
the digital notch filter constants to be easily changed if one or more
mechanical resonances shift due to the replacement of a component of the
disc drive or due to the replacement of the disc drive itself. Also, the digital
notch filter constants are illustratively stored in a memory location that is

15 separate from the memory device used to store the servo control code. This
embodiment has the advantage that no changes to the actual servo control
code would be required should a mechanical resonance shift in frequency
perhaps due to a change in component vendor.

In summary, one embodiment of the present invention is directed to a

20 method of filtering the actuator driving energy to reduce the frequency
components which are approximately equal to the resonance frequencies of
the disc drive mechanical structure. The method involves selecting one of the
data heads 110 for reading or writing and adapting the configuration of a
digital notch filter 140 according to which data head 110 is selected.

25 In one embodiment of the present invention, digital notch filter
constants for each data head 110 are stored in memory 142. The digital notch
filter constants define the frequency response of a digital notch filter 140 such
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109 () - 47 tha@t@fﬁ%‘?%& reduces the resonance frequencies. When a particular data
head 110 is selected for reading or writing, the digital notch filter constants
corresponding to the selected data head 110 are retrieved from memory 142.
Then, the actuator driving energy is filtered by implementing the digital
5 notch filter 140 according to the digital notch filter constants retrieved from
memory 142.
Another embodiment of the present invention is directed to a
computer disc drive 100 that includes at least one disc 106, multiple data
heads 110, an actuator 106, a servo control processor 132, and a digital notch
10 filter 140. The discs 106 are capable of storing data. The data heads 110 are
capable of reading data from and writing data to the discs 106. The actuator
116 is coupled to the data heads 110 for positioning the data heads 110
relative to the discs 106 in response to driving energy. The servo control
processor 132 is coupled to the actuator 116 and is capable of providing
15 driving energy to the actuatorl16. The digital notch filter 140 reduces the
frequency components of the driving energy which are close to the resonant
frequencies of the disc drive mechanical structure. The servo control
processor 132 adjusts the configuration of the digital notch filter 140
according to which data head 110 is selected.
20 One embodiment of a disc drive 100 according to the present invention
includes a data storage device 142 that is accessible by the servo control
processor 132 and stores digital notch filter constants which define the
frequency response of the digital notch filter 140 for each data head. The
servo control processor 132 retrieves the digital notch filter constants
25 corresponding to a newly selected data head 110 from the data storage device

142 when the data head 110 is selected for reading or writing and provides
the digital notch filter constants to the digital notch filter 140.
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Yet another embodiment of the present invention is directed to a disc
drive 100 that includes an actuator 116 that is driven by driving energy, and
means for filtering the driving energy to reduce the frequency components
which are substantially equal to the resonance frequencies of the disc drive

5  mechanical structure.

It is to be understood that even though numerous characteriscdcs and
advantages of various embodiments of the present invention have been set
forth in the foregoing description, together with details of the structure and
function of various embodiments of the invention, this disclosure is

10 illustrative only, and changes may be made in details, especially in matters of
structure and arrangement of parts within the principles of the present
invention to the full extent indicated by the broad general meaning of the
terms in which the appended claims are expressed. For example, with
reference to FIGS. 3 and 4, notch filter 140 can be implemented as a

15 component that is separate from servo control processor 132. Also, with

reference to FIG. 3, notch filter 140 can be positioned between power amp 134

and actuator 116 . Other modifications can also be made.
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adapted to minimize specified frequency components of the actuator driving
5 energy, wherein resonance frequencies of the disc drive mechanical structure are
known for each data head, a method of filtering the actuator driving energy to
reduce the frequency components which are within a predetermined range of the
resonance frequencies of the disc drive mechanical structure, comprising steps of:
(a) selecting one of the plurality of data heads for reading or writing; and
10 (b) adapting the configuration of the digital notch filter according to which of
the plurality of data heads is selected for reading or writing.

2. The method of claim 1 wherein digital notch filter constants defining a frequency
response of the digital notch filter which reduced the resonance frequencies to a
desired extent are known for each data head, wherein the adapting step (b)

15 comprises steps of:
(b)(1) storing the digital notch filter constants corresponding to each data
head in memory;
(b)(il) when a particular data head is selected for reading or writing,
retrieving from memory the digital notch filter constants
20 corresponding to the selected data head; and
(b)(iii) filtering the actuator driving energy by implementing the digital
notch filter according to the digital notch filter constants retrieved
from memory.

3. Cancelled

25 4. The method of claim 2 wherein the storing step (b)(i) comprises storing the digital
notch filter constants corresponding to each data head in erasable memory.

5. The method of claim 4 wherein the disc drive includes servo code, stored by a
first memory device, the controlling positioning of the data heads and wherein the
storing step (b)(i) comprises storing the digital notch filter constants

30 corresponding to each data head in a second memory device, thereby permitting

access to the digital notch filter constants without accessing the servo code.
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By + Biz' + B,z?
5 G(z2) =
1- A.z'1 - Azz'2
where G is the gain of the filter, z is the sampling rate of the servo system, and A;,
A;, By, B and B; are digital notch filter constants describing the frequency, depth and
width of the frequency response of the digital notch filter.
10 7. Cancelled
8. Cancelled
9. A disc drive comprising:
At least one disc adapted to stored data;
A plurality of data heads, each adapted to read data from and write data to the at
15 least one disc;
an actuator coupled to the plurality of data heads and adapted to controllably
position the plurality of data heads relative to the at least one disc in
response to actuator driving energy;
a digital notch filter adapted to reduce the frequency components of the actuator
20 driving energy which are substantially equal to resonant frequencies of the

25

30

disc drive; and
a servo control processor coupled to the actuator and adapted to controllably
provide the driving energy to the actuator, wherein the servo control processor adjusts the
configuration of the digital notch filter according to which of the plurality of data heads is
selected for reading or writing,

10. The disc drive of claim 9, further comprising a computer data storage device
accessible by the servo control processor, wherein the computer storage device
stores digital notch filter constants which define the frequency response of the
digital notch filter for each data head and wherein the servo control processor
retrieves the digital notch filter constants corresponding to a newly selected data

head from the computer data storage device when the data head is selected for
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By + B,z'] + BzZ.2
G(z) =
10 1- A1Z-1 - AQZ-Z

where G is the gain of the filter, z is the sampling rate of the servo system, and A,
A;, By, B and B, are digital notch filter constants describing the frequency, depth and
width of the frequency response of the digital notch filter.
14. Cancelled
15 15. Cancelled
16. Cancelled
17. Cancelled
18. Cancelled
19. A disc drive comprising:
20 An actuator adapted to be driven by a driving energy; and
Means for filtering the driving energy to minimize the frequency components
which are substantially equal to the resonance frequencies of the disc drive
mechanical structure.
20. Cancelled



