WO 01/ 31655 PCT/ USOQ' 23810 PROCESS FOR DESI GNI NG AN OPTI MAL VI BRATI ON
| SOLATI ON MOUNT FOR A DI SC DRIVE FIELD OF THE I NVENTION 5 Thi s invention
i's dir evderress di sc drives for storing information, ancF'CTﬂéﬁ“P’Pisé? arly to a
process of identifying characteristics of optimal passive danping nounts
for a disc drive to mnimze the effects of disturbances. The invention is
al so applicable to identifying the nount paraneters for servo track
witers to mninmize witten-in-runout. 10 BACKGROUND OF THE | NVENTI ON Ther’e
are two tyPPkOtEES& POR DESIERING AN REBRUTIONISOLARION Ves, |
i nternal disturbances and gg@iiFo IASMEF PREPE Exanples of internal
di sturbances include w ndage encountere y the head/arm assenbly due to
the rotating disc, noise in the position error signal (PES), structural
resonance of the 15 di sc drEIEED OBHTHEINMENTIONact uat or assenbly (i ncl uding
the voice coil gptor,  actuagor arm and,suspensjan),. inbal ance, of the disc
pack assenbly (i Fafipn IS m&tle@cp gtf’k‘,iméeﬁ&ﬁ'als"@n %dntt?f’?%gmrrﬁ?%r),
written-in papitQlailyi @ ahro8&E Ver RRhGSANES chiileristicslioTt Pt CaBsideir i ng wri ting
of the servo patterns, unnpdel ed dynam ¢s _and non:| | nearitieg such as
pi vot bear id3EPng; %P%f°ftapdlﬁ‘éﬁﬁveat°f wipimizethe giiectyof él‘f%’ftﬁ’t“ﬁeéng_ 5 include
envi 1 oNMentidlenfisislapphtdbl i0huitly B REMR patafidfded RASeA wablft 7 1A
di sturbances. Moreover, “environnental “vibrations during servo witing .
adver sel y afritexstto mimimazerwidttepanenont.pl acenent, causing witten-in runout in
t he sel,vo patterns wri %Aeékégoiﬁﬁ) é@ ;E&IQN‘?I@ISC. drive is subjected to
di sturbances, the radia wite head in respect to
t he confronti ng Themareayo hpendf distittnces Gha affyetcopietayion ofidisc dris¢syr bances '
adversely affec ead/ di sc tracking. ,For.this reaso t he._heads and t he
dat a track§m8ﬂ‘a{ h%s?ﬁ §ﬁ°eﬁa9‘é‘{s %efjfsﬂgha‘\ﬁfsdt hES‘ﬁ’éPP{éf’s"PI‘&re&@ enough to
assur e t hatdigvberdes thclidde wiidage endolin@tedt by the RerarfiCRSenitdy dudRithei al |y aff ect
the performance of the disc drive. Consequently, the effect ﬁg 30
L f

di st ur banc &Stafing dise.ingise i the pasition erer signal (k) mEsonpREeoififisi ty of the

disc ys disc drive, motion of the actmator assembly (including the voice coil motor,

actuator arm and suspension), imbalance of the disc pack assembly (including

the disc pack, spindle and drive motor), written-in runout in the servo patterns

due to disturbances duxirig writing of the servo patterns, unmodeled dynamics

and non-linearities such as pivot bearing friction, to name a few. External

20  disturbances include environmental (seismic) vibration and external reactions to

internal disturbances. Moreover, environmental vibrations during servo writing

adversely affect the servo pattern placement, causing ‘written-in runout in the
servo patterns written to the disc.

When a disc drive is subjected to disturbances, the radial position of the

25 read/write head in respect to the confronting disc may be affected.

| Cdﬂsequently, such disturbances adversely affect h_ead/di_sé tracking. For this .

-reason, thé heads and the data tracks on the disc have some defined width that is

large enough to assure that expected motion due to disturbances does not

materially affect the performance of the disc drive. Consequently, the effect of

30 disturbances is a limiting factor on the maximum areal data density of the disc



WO 01/ 31655 PCTI USO0/ 23810 -2 drive. \Wile passive danping nounts are used .
to attenuate these disturbances, they have not been al{oggédapssipuccessf ul
due to VRt e conprom ses in neeting the conpeting requirenments of
“internal and external disturbance attenuation. 5 The present invention
addresses these and ot her problens, and offers other advantages over the
prior art by providing a process for jdentifying optimal danping
-characteristics of a passive danpi ng'zm)unt for a disc drive to mnimze
adverse affects of internal and external disturbances. SUMWARY OF THE

I NVENTI ON 144EhewRii€ pasive 'dEPAﬁBE ipftntsSarél bie@Gb GflerduRie@hRE ARRBarkbs, desi gni ng an
optimal vibration nount for disc drive. The internal and external .

di st ur bancethaydeve nofab@nc@ltoggﬂlat sugcessful due tqnsa,demtwommmnenu nertia
matrix for S r i ned based
on the mer‘%"ggi1 %aﬁx%l géa‘r\ﬁegmgxfegg%r{l& 5Ai|n§e &r nal Sk é?lgiégr@lé%del s, the

st at e est i nstepnationni m zi ng a defined norm 15 such as the 2-norm of t he

state estlnatlo error f the stat Sti or is galculated as a
S0 uti on t ot he Y pigfens yEnih Addipsstiese e phanproms: A 8fifFal - rount
and danpi ngothey adRhAEE Ve e rprioe tarb 35 EftoBling e pectessutort @entiyiage esti mat or
gain. In a preferred, fongof the invention, the aln of .the state

estimat or i 9Ptismal damping Fharpctenistics, phe PAIVE dé@?ﬁ%u’&% fordy qisodrive 195 ¢ he

uni que, 20 S¥{INBlalifered Wifels of RAGhalRAS bkl diGHbastebi nite SO' ution to the
filter algebraic R ccati equation g‘_FARE I n the formof 0 1+T 0 1+ MO_E(1

0) O'(1-0)E=0, to 0 0 08 YO e inertia mtrix, Ois the

i nt ernal,, di st urbﬁnc ' ' ’ﬁﬁf st urbance

I nt ensi t“)’/ matri X. @r %e%{ g{r?(g){l éeﬁrlspr eygzr{rt%g%ocre%rslsg H{S [ nverg#l on, the state
estimator i sibmtioKalquanfof il diserdriveo Shegatemal #id exsernal ldestirbaned niodeln H = E(1 0)'
o . Th_e OBE'chc'maYéQ %%/tgelggé dlz?i%r,/ atﬂ%o&/e ?ir?iesrgig matrix for the disc drive is

defined. A state estimator is defined based on the inertia matrix and external

and internal disturbance models, the state estimator minimizing a defined norm,

15  such as the 2-norm, of the state estimation error. The gain of the state estimator
is calculated as a solution to the filter algebraic Riccati equation, and the optimal
mount and damping parameters are derived based on the calculated state
estimator gain.In a preferred form of the invention, the gain of the state
estimator is calculated by calculating a covariance matrix, & as the unique,

20 symmetric and at least positive semi-definite solution to the filter algebraic
Riccati equation (FARE) in the form of

(o s ) ) -5 oo omee

with , where M is the inertia matrix, @ is the internal disturbance intensity
matrix and ZE is the external disturbance intensity matrix.

25 In another preferred form of the invention, the state estimator is a

Kalman filter whose gain, H, is calculated from H =Z(/ 0)©®™. The optimal



-3 nount danpi ng paraneter, B, and the optinml nount stiffness paraneter,

K, are derived fromH=1MB M BRI EF DESCRI PTI ON OF TF@{B%\/%H%S FIG |
is a peré"&@f:’il?ﬁé view of a disc drive in which aspects o he pr esent

i nvention may be practiced. FIG 2 is a diagramof a spring danpi ng nodel
illustrating the principles of the present invention. FIG 3 is a Bode
plot illustrating the fundanental tradeoff of passive vibration isolation.
10 FIG 4 is a flow di agramillustrati’%‘n the steps taken in identifying an
opti mal passive nount systemfor a disc drive. FIGS. 5and 6 are graphs

i1 lustrating rﬁ&ﬂt@ﬂ}ﬁﬁ%ﬁﬁﬁﬁét&é‘h, méhymﬁa;ﬁodm&éﬁﬁies@gﬂ%aw Qe process
representation of the torque of a voice coil notor and o éxternal seismc
di sturbances, useful in éapt'g\ning certain aspects of the present 15

i nventi on. FIdGE.Vedff%GVS‘Ii%@ % surface plot and contour plot, respectively,
of disc drive notions a Kdnction of mount paraneters, useful in
explaining certain asp | i DETAI LED DESCRI PTI ON
OF | LLUSTRATI VE EMBODI 3 RO THEVRA 5 vention will be
descri bed i n conn&W@. brs wipetspeating rvistw of di disc drives &s whicheaspedtnof fHees of t he

i nvention_are_appl-i.cabl e opti.ca disc drives, servo track witers and .
spin st ands. %@%@éx}veaﬁ?qrggﬁefrﬁn&%m invention will be described in
connection with dm@mbraimmpbfmﬁngambﬁ@méderilmsmge&d grirdiphe drive, the

i nventi on may &llso be.a‘pgl.i ed to determ ne 25 opti num danpi ng requirenents
for servo trQEReRFSSERILVEnton. n st ands and optical disc drives. FIG 1is a

perspective view BG.23 §§ §Bode iplse il@aiiny WM Sldddhéntdl tRASHH of ipAyRRL I ON 'S
useful. Disc drive 100, includes a housing with a base 102 and a top
vibration isolation. - '
10 FIG. 4 is a flow diagram illustration the steps taken in identifying an
optimal passive mount system for a disc drive.
FIGS.5and 6 are graphs illustrating the power spectral density of a first-
order Markov process representation of the torque of a voice coil motor and of
external seismic disturbances, useful in explaining certain aspects of the present
15 invention.
FIGS. 7 and 8 are a surface plot and contour plot, respectively, of disc
drive motions as a function of mount parameters, useful in explaining certain
aspects of the present invention. _
DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

20 Although the present invention will be described in connection with

magnetic disc drives, the principles of the invention are applicable to optical

disc drives, servo track writers and spin stands. Hence, while the present

invention will be described in connection with determining optimum damping

for a magnetic disc drive, the invention may also be applied to determine

25  optimum damping requirements for servo track writers, spin stands and optical
disc drives.

FIG. 1 is a perspective view of a disc drive 100 in which the present

invention is useful. Disc drive 100 includes a housing with a base 102 and a top

HIIB



x: 111 WO 01/ 31655 PCTI USO0/ 23810 -4 cover (not shown). Disc drive 100

further_i fé&gfs a disc pack 106, which is nounted on gcEossgkgonot or (not
shown) ,WBQ sc clanp 108. Disc pack 106 includes a plurality of

" individual discs, which are nounted spindle 109 for co- rotation about the
central axis of the spindle. Each disc surface has an associated 5 disc
head-slider 110 that is nounted to disc drive 100 for comuni cation with
-the confronting disc surface. Head-%ri der 110 i.ncludes a slider structure
arranged to fly above the associated disc surface of an individual disc of

di sc pack 1Qfver ﬁﬂﬂsl_ﬁ:wn?.r it RRHerAhEIaNE0 disO pidld 105, ddich &0, and read
data from concentric tracks on the confronting disc surface. In the

exanmpl e shomaunted e mspindle moser-(aph thewm), Py diseclampd@pdiseprokyi08uspensi ons

112 which ' : : . | : 1 _.an actuator
TT6. "Act yar e # PRAB! ORRGHbPataoGkicR SRERBLIG Bl 19 foPlo2n REL L3 0L
act uat or, arothtion sbout theckmithl ds dfthe spindlab &ach dispsurface basahtassbeatedRot at i on  of

actuator_11 ves:.th ds_al ong, an_arcu ath 122 t.o tion the
heads o§/er‘§l cn% s"lsp%ea?hd;'tg%lf?lé’gﬂtegg’tﬁéce Vga}hﬁg%‘ﬁoﬁ’ﬁ‘éurmcafl%nﬁ&ﬂi €124 and a

di sc outer JddnfidntiigRlisesurfate. HAd-slidecl10lindlidesi slidétductiitartangelito flgn by servo
el ectronics ,included .o ircupt bpard 13 sed.qn sign nerated by
the heads o?W&&&-%‘Fqclféﬁr&s‘ﬁﬁ a‘é‘?‘lﬂpg‘ H@é‘?g‘@gg}_ﬁ%f’ga‘sfﬁa g‘#ﬁz\ﬁﬂ‘?? Read and
wite el ect #QRHEcIngesd AHahfed 16 Writcl@ith 8 andGédddatalfrdd0 bAbeARR ttabksMPP! Y signal s
to the host conmputer based on _data read from disc pack 106 by the read

heads of hetgcenfrantipgdiscisyriages dn ths example shaym ind1G; L headssliders 13Qarehe write

head of ;heags)h ' 19004 . oSk aBrsSh i bration
nmount s i32 sSgp%%?;ygsgbspgﬁ%%%qo?ﬁwﬁ%cg’gﬁ?#all%%se #\%untsﬁl %\%2 %/?gféate t he
drive from bk efranactutor b6 dintyatar] 1165 dristep dby layvoinercoilanot@{VCM)sl 18he st i f f ness
of nounts ' e . t ati t | s, G Vi brations

i s obtai neéti% ?rﬁ%ﬁé %x%%?%’%g% letg%acﬁérda%%&ﬁwt a‘ebro gpﬁgmssgﬁjg({' 3‘@&% Bre often 25
i sol at ed byofpavtuanetl 1 € mopesths hénds ialogg iag alcatite gathnk22(to posifiorethedwadses as | ow as

ei s c i SRErLiTekat YBsK Peer | O Pruquentrel mihavEr S8t | sol ati on
mounts 15 diameter 126. Voice coil motor (VCM) 118 is driven by servo electronics included
on circuit board 130 based on signals generated by the heads of head-sliders 110
and a host computer (not shown). Read and write electronics are also included on
circuit board 130 to supply signals to the host computer based on data read from
disc pack 106 by the read heads of head-sliders 110, and to supply write signals to
20  the write head of head-sliders 110 to write data to the discs.
Passive vibration mounts 132 support base 102 of disc drive 100.
Mounts 132 isolate the drive from seismic vibrations, illustrated by arrows 134,
As the stiffness of mounts 132 is decreased, better attenuation of the seismic
vibrations is obtained. For example, servo track writers and spin stands are often
25  isolated by pneumatic mounts having isolation natural frequencies as low as 2
Hz. Such soft isolation mounts attenuate external vibrations due to seismic
disturbances at extremely lovsf frequencies. However, soft isolation mounts
cannot attenuate error motions due to internally generated disturbances, such as

reaction forces 136 generated by voice coil motor 118 (VCM torque) and



cannot attenuate error notions due to internally generat ed di st ur bances,

such as reaction forces 136 generated by voice coil not g @"%hﬁw torque)

and WO OYWONEEESSPCT/ USO0/ 23810 -5 reaction forces 138 genera

i mbal ance of spindle 109. Usually error notions due to these disturbances
are attenuated by hard nounts 132. Hence, the external and internal

vi bration sources have conflicting effects on error notions of the disc
drive, such that attenuation of one sodrce by passive nounts 5 leads to
anplification of the other source. FIG 2 is a spring danper nodel

il lustrating fbraéd R uc drive 100:
The external rg#g?ﬂrf%rgﬁdcgﬁ?e&; sttf%?sﬂb?gfugemoc rr(ti)l%!: 1odr?s b}séﬂ ecrt'%élivel y
represent ed imotions dug to thess|distarbanses hes attenuatesk by h’ﬂ-l‘éu!ppmtsuﬁg Hms,s M and

t he internal c e fd 10 are
acting direct t?éyg’tgn Fﬁ&ffﬁt&ﬁ%vﬂ}%ﬁm %&L: rrfézlr}'}séi%&r(\lgf gé ance "orce vect or
fd nodel s thmomneof&édﬂeémvmhmhahatananiatxamofmsdumebppaﬂswblmmhance 138 and

the VCM tor [ nS|onaI ext ernal disturbance vector xo
model s t hé g%ﬁ%é%ﬁ RHH%;‘&PE ?lgceflml ch the disc drive is subjected.
The equations of FI®t2 g spifig aampalnibdbpﬂMstﬁdﬁagﬂiéﬁﬁxcﬁYesdifWa@mg al sol ators
can be witten as 15 A +Bx+Kx=Bxo+KXx where x is the six

di nensi onal a8t M sechasdissidrye 1AQ @%e’f‘?‘@i’ldhﬁb@?“'ﬁééﬁde%h@? sqisrgidom Mis
the mass/i neﬁd@msluecﬁvelﬁrep&s&m@d Brept afihp d toth@Rehedind B sigporing! | T f ness

matri x, Xo i s the six-di nenSi onal Vvector external disturbancés and fd
i s the six-dimashd,gndtheiatemst disturbancesr 136 1@§,w0¢®aﬂﬁé@wmﬁ6d(bb’rfu,ng Lapl ace

i(s), ""QZW paring ity Sh 3 Rlsh TR i Rhdnglity ool B eadt 1\ 0"
+Bs+K) - ' (Bs+Kj mbde(lsghe internglgdigtivbances] sych)ay the dbscspaxk gmbaljnce 182 pnd thiser e,

Funot] on and V04 )T PR THE i BhensBul MR Nontiable s AP mREEece ¢ 7 anst er
function nat séism& dbtions 134 tbhﬂucldﬂmtdxwdﬁﬁt fslwbjebtgd SThe equations of

motion for a rigid body supported by discrete isolators can be written as

15 Mz + Bi + Kx = Biy + Kxy + f), (1)

where x is the six dimensional vector comprising the six rigid body degrees of
freedom, M is the mass/inertia matrix, B is the damping matrix and K is the
stiffness matrix, Xp is the six-dimensional vector of external disturbances and fy

is the six-dimensional vector of internal disturbances. Performing Laplace
20 transforms and other algebraic manipulaﬁons, the transfer function, X(s), can
be represented by
X(s)=(Ms + Bs + K)" Ms* (M F;(s)) + (M5 + Bs + K) "' (Bs + K) X, (s)
= P(s)(M ' Fy(s) + Q() X, (s), @
where, consistent with feedback control terminology, P(s) is the sensitivity

25 function and Q(s) is the complementary sensitivity function. These transfer

function matrices sum up to the identity matrix, I, so

P(s)+0(s)=1. 3

4T



P(s) + Qs) =1. (3) :;1111 WO 01/ 31655 PCTI US00123810 -6 This relationship
dem)nstrghfﬁ1 %J’ue fundarrent al tradeoff - it is not possigguswrsfiave perfect
att enud? 8%° both external and internal disturbances. FIG 3 is a Bode

" plot of the P(s) and QQs) transfer functions for a single degree of freedom
system and denonstrates that inproved attenuation of external disturbances
5 comes at the expense of attenuatlog of internal disturbances and
-vice-versa. This is a fundanmental tradeoff due t:o passive vibration

i solation. The present invention is directed to a process of optim zing

t he tradeofThis @elitﬂﬁﬂﬁj: idymbriverates dic mnﬂaxﬁédtélftnﬂaa’faridxsdmmombleftot he passive

darrpl ng no nts resent jnventio state e tor, such as a
Kal man filt ﬁg %"q“sc’fei’ﬁﬂb‘fi‘t?"ﬂg mgp ’é‘ab&s ﬁ‘@@n?e-‘oa m nimze the
2-nor m of tﬂ&iesﬁl&tcﬂﬂfbslﬁ(b)r&ﬂ@(@ uﬁrsfeefmfcﬁansafosx%i@m &gmeefftfre&&rmr ocess

di sturbances and sensor noi se.” When these disturbance and noi se sources
act as whi t¥steey and permensiates; that improxpdraficnuation of gxtesmal qigubarees pt | nal

S0l U1 O | Ocoll 61866l MRk A0S ARIeRN alPoaBEESElvice BTN addr esses
(0] ers l.

t he design S|ve nount par anet , Sti Fness i's and danpi ng)
as a Kal manisfa Ifurdammg}alptradﬁlogndwm passivei mibeatioal isakatiors xt Bhenptesentli st ur bances

can be nodel ed_ as . roce The ..o assi v nount

synt hesi s FIGYeHRE lEll sc&ffp vg qt “2He OPﬁ{nb l?%éhelf[)%?%g‘ 04! I&Hﬁr?‘% Kal man
filtering pcﬁpniﬁlaemfmcssramrdempingloﬁgmetﬁafsnmdaﬂipl rghmewntsr i ve 100) as a doubl e
i nt egrator

n the formz2 00 x(t) M'
X Y(t) ’*‘he@rﬁem ‘PYS““Q“ ﬁ’é‘ @'ﬁ a staje es%’égév SHF‘? as ?I%gh{‘%%lﬁr \‘)ﬁlﬂrl X 01S %he
di sc driye gandpans st dtifriof Lsednd mifidide RE 8-nodn oI MRt edtitnatiogependent ,
Gaussi.an, zero-nrean white noi se processes. Representing the above

equat i ons (ZOTeF a Fatemsmbieesto Arogeselistarbracesand SoRFarapiseg When these

disturbance and noise sources act as white noise processes, the Kalman filter

provides the optimal solution to the state estimation problem. The present
invention addresses the design of the passive mount parameters (i.e., stiffness
| 15 and damping) as a Kalman filtering problem when the internal and exteral
| disturbances can be modeled as white noise processes. The optirhal passive
mount synthesis for the disc drive is cast into the form of a generic Kalman
filtering problem by representing the plant (disc drive 100) as a double

integrator in the form

x(¢) o 7 x(t)
20 . = -1 f d( )
() 00 (t) M
x(f)
yy=(1 0){. }+xo ® )
x(f)
where M is the inertia matrix of the disc drive mass and both fy(t) and xo(t) are
assumed to be independent, Gaussian, zero-mean white noise processes.

Representing the above equations (4) in the form of a generic Kalman filtering

25  problem,

() = Ax(t)+ Lf, (1),



25 problem x(t) = Ax(t) + Lid (t) ,- WD 01/31655 PCT/ US00/ 23810 -7 y(t)
—Cx(t)+x08t(%y3!ﬁ(55) wth A being the matrix 0 1 , L bei ngPé.Bﬁdm dbx 0 and C

bei ng t h¥ M matri x (1 0 . Thus, the Kalman filter reqU|renents t hat
[A L] be stabilizable (or controllable) and [A C] be detectable (or
observable) are nmet. 5 The covari ance of the external disturbances is the
product of the external disturbance intensity matrix ' and the Dirac delta
function 8(t-t), and the covariance df the internal disturbances is the
product of the internal disturbance intensity matrix O and the Dirac delta
function 8(t-t): E fd (t) fd'( (t -t ), where==="> 0 E{ xo

(t)xo' (t) = 03(t -t ), V\/neré8 éQQf*%bUg (6) I'n a Kal man f||t |ng pr obl em

t he cost functional J, mhlchlb gDhe sum of the ?a e estimation error

vari ances E{with@ being thethathix Z I belag-taéimgdtéix |( 7) |, hrdlCARRIMRAT the
Kal man filtering al gorlthmt probl em of detél ni ng the 15 opti mal

nount parameterso{‘l a disc drive, the error notion state vector

(di spl acenen®aEdly &) o, the Kaknan fites requiraments gat (411 bo stabilizahleri ni zed. 1
E denot es th@, § !l??]?féﬂd? @'Bbﬁgt‘éﬁaﬁ@t(&'o’ﬁsﬁﬂ;w%re% te notion error,

I.e = E{x he “cost ftunctiona rom Equation (7) can be
expressed5 as J ﬂw@ﬁnmwﬁmemmmrbhnoes isph@;tiodmsofﬁle ertemiahml 2-norm™

o 1 1 ol Sy b = o S e YRS St eI s
are given bycovhfiance of e linterhaltdistinbinces ht ploduct of the mtemal disturbance
intensity matrix © and the Dirac delté function 8(t-t):
E{f,0f,'¢)=Z0(t-t), whereE=Z">0
10 E{x,(0)%,'1)=©3(t 1), where ® =@ >0 6)
In a Kalman filtering problem, the cost functional J, which is the sum of
the state estimation error variances E{%2(f)}, is minimized.

J=ESR(). )

i=l
Applying the Kalman filtering algorithm to the problem of determining the
15 optimal mount parameters for a disc drive, the error motion state vector
(displacement and velocity of the mass of disc drive 100) is minimized.
If X denotes the stationary covariance matrix of the state motion error,
"i.e., Z=E{X(t)X"'(£)}, the cost functional J from Equation (7) can be expressed
as J =1r[X].
20 The Kalman filter predicts the minimal 2-norm of the state motion error,
x(¢), for a system subject to external disturbances xo and internal disturbance

fs. The Kalman filter equations are given by
2() = 45() + HIy(t) - Ci(9)]

() =C3(t), : @®
25  where H is the gain of the Kalman filter



,y(t) = Cz(t) (8): 25 where His the gain of the Kalman filter “11 T WO

01/ 31655 Pg‘lﬁ#SOOI 23810 if = EC O' (9) The covari ancepdiigoo)s3groi S
obt ai nd¥P Y e unique, synmetric, and at-least positive sem -definite

“solution to the filter algebraic Riccati equation (FARE). AZ+EA + L:-:L'-
ECO'CE=0. (10) 5 For the passive nmount synthesis problem the Kal man
gain H can be paraneterized as HMB (11) M 'IC where B and K are the

- opti num nmount danpi ng and stiffness™tmtrices. The process of the present
invention is carried out in accordance with the 10 flow diagramof FIG 4.
The inertia matrix Mof dyscredg-ve 100 is obtained at stepeg00. At step
202, the internal disturbances xo are nodeled as a white no$ e process

wi t h i nt enThe ovaalantex matrx, X ds dbtdiveedeast thenaliquéj symmbwics esd hdleaste nodel ed as

an i ndependent, whlt Qi S rocess Wth intepsity matri where . and O
are repre®eHitEFeRL %é] hﬁ?’ﬂm ‘?‘? g\ﬁn?’ al@h %{ a“‘ché}“R.E)iS At step 204,
a Kalman filtering probl 4 HE quation (4) as x(t) _
O Ix(t) + TO jfd (t) x(t‘?’}gf‘{)q;('fl? %{P@ J Ie(rl x(t) x(t) + Xo (t)

(12) The c@sarthansssivainiduwat Syhtesis h,ﬁolﬁaincr&nefkhlhﬁh painCH| ead &eed at step
206 20 fromO | E+E 0 + 0" O _E(l 0'O" (I O)E=0. (13) OOOO M M) (

)4 1) parameterized as
M™'B |
=(M_,K), (1)

where B and K are the optimum mount damping and stiffness matrices.
The process of the present invention is carried out in accordance with the
10 flow diagram of FIG. 4. The inertia matrix M of disc drive 100 is obtained at
step 200. At step 202, the internal disturbances xq are modeled as a white noise
process with intensity matrix =, and the external disturbances f4 are modeled as

an independent white noise process with intensity matrix ©, where = and © are

represented as E=E{f, - f,'},and © = Efx, -x,'}.

15 At step 204, a Kalman filtering problem is defined by the iiter equation
4)as
@) (0 I[x(@)
oo offiof {0
_ x()
y=(1 0){i(t)}+xo ). (12)

The covariance matrix Z for the Kalman filter is calculated at step 206

20 from

0 I o N (oY)(o0)Y ' _
(0 0)2”3(0 0) +[M_,) M_,) -3(r 0)e’(r o=o0. (13)

The gain H of the Kalman filter is calculated at step 208 using Equation (9) and
the values of £ and © defined at steps 202 and 206, in the form of



The gain H of the Kalman filter is calculated at step 208 usi ng Equati on
(9) and the values of E and O defined at steps 202 and §§@US@% tae form of
WO 01/ 31¥450138685US00/ 23810 -9 H= E(1 0)'O-' . At step 33 on (11) .
is solved for the values of the nount danmping matrix B and stiffness

matri x K, thereby defining the optimal wvibration isolation nmount system
for the disc drive. EXAMPLE 5 The process of the present invention was )
applied to a Mbdel x15 Cheetah(r) 9LP-disc drive from Seagate Technol ogy,
Inc. The rotational inertia of the disc drive was rreasured at 2.47 gmin2.

{he spindl'e B GnOE8xcr AF HERETLPRALTH K N RvebL S5, FoRecafte “The
external di shisaRodi@sing \RESixIP Bh® ifRES fhatix re,bdheﬁb} a&m&g&n@@#naﬁt andar ds

Organi zation (1SO .standards for seismc vibrations and ot her notions of
conput er equi"'gf?é'ﬁt‘ISOWQHWP@rSﬁ&FmJW@WI%W due to inbal ance of spindle
109 (FIG 1) EX%@{I I?ponds to a single frequency wth higher order harnonics
and can be ed directly fromdrive design and performance. Wile the
nmoti on of5voice 1'Eh€l:oi'dcesamfothelmﬁseakdm\tee&orautascm;dﬁed lttaranglf:l ki®quenci es,

f th 0 itatiqn resultin from
vglrce goPFrg@ﬁ?%wg gipgﬁﬁgfl JB 81“{’]?%"3 ’E°{ﬁt Iﬂé mfﬂrbiange
gener at ed byof fhe disoideiee %as ineagmwt 2% &ni-fn? nmiqhefslml @isﬁ?baﬁcés'du@ o Or der

Mar kov pr oceél?e gi ven b% z. Ta(w) =~2R+ (14) 20 More particularly, the
power spectr f, the vajop °8¥l moter g% the spudie imhalpnee Wereomopelediuri ng a

typi cal Seekush t@rd&s@eﬁo&%sa Tie %eﬁéldﬁﬁﬁumﬁgéng%oﬁﬁagﬁnmﬁk@sel y

mat ching the P rofile’is found. FIG ustrates t was. f ound
t hat t helWar wsng d};mﬂﬂﬁwsstﬁd&pﬂt Ouganiggtionn (ISQ) =staadands |fer] sesmic good fit of

e, 70 RSBt b Tl st o1 7 benceS (1., solr
The internal disturbance due to imbalance of spindle 109 (FIG. 1)
corresponds to a single frequency with higher order harmonics and can be
modeled directly from drive design and performance. While the motion of voice
15 coil motor 118 excites a broader range of frequencies, for the purposes of the
present example only the excitation resulting from voice coil motion is
considered. The profile of the torque disturbance generated by the voice coil
motor 118 is modeled to be a first-order Markov process given by,
2pc?

ol +p? (9

@)=

20 More partiéularly, the power spectral density (PSD) of the voice coil torque
profile during a typical seek is determined and a first-order Markov process
closely matching the PSD profile is found. FIG. 5 illustrates this. It was found
that the Markov parameters of B =200 Hz and o = 10 nm led to a good fit of
the PSD of the seek profile.

25 The external disturbances (i.e., seismic vibrations and motions of other
components in the chassis) were modeled by approximating the ISO standards

for computer equipment. The power spectral density of a first-order Markov



conponents in the chassis) were nodel ed by approximating the | SO st andards
for cwu&lﬁé %gui prment. The power spectral density of apdrwsibrssider Markov
RN ¢ $¥55 PCT/ US00I 23810 - 10 process is matched to the power

" spectral density plot of the external disturbances, as showmn in FIG 6.
The Markov paraneters 10 Hz and a = 1500e-9 rads were selected to achi eve
a good fit to the I1SOcriterion. Fo_rlo'ghe pur poses of this exanple, the

- frequency shaping of the power 5 spectral density representation of the
voi ce coil notor torque disturbance and the external vibrations were

i gnor ed. | rprguessctis aratcHede tpiathe ypostea pspegralagierisity  plonsifdéreedxtemiaing shapi ng

filters on fhe white noise processes jn the derivatiqon of the Kal man
filter equdliftyhanceypas showp lﬁrﬂﬁb% WMF@‘GY_W@HGW%@ T‘ﬁg I'Ezr*’é‘&l}én:cy shapi ng
of Lhe POWeisoRRE cldk derciRIRel 1o dBRNVER BOEPA Bhd 180 drirbn®xanl e does not 10

cause significant [oss 1 n accuracy cause both have simlar frequency
profiles (band¥or tietmupasks oEthimoexzsiple, Thee freqieneyn shppingsofathe powrput ed for the

di sc drive (ste - Fl A nd the results are derived.n a nmass

or mal | S SPRPR 4Ry fepieiomich of P ole ol ERtpr \Grafl BolRsha'dh 3" ve 1
the 9.. di rexteinabnvitxitionst aieteoignobddG. In7pratiives fieqaernchasiaping plagt bof t he

vari ance of th& g@t i.oniﬁof Flsc dr.ive .100.,in the 9; tghiu:aecti.on nd

i | I'ust r at eSO PHEFTELIRASG TR ‘t?rﬁgngﬁ‘?"l‘ﬁez‘}i’ﬁe(ﬂﬁ“ﬁfsﬁﬁf BFEUOROY | | ustrat es
the cont ouhe RiaRhanf il efliations,! d1&h&Piraf b iBRo+Ed. PHOARR RS FreqiRcype _
identified. From FIG 8, is can be seen that the_center of the gradient
defi nes t hesheping ahthepawgr spectral degsitynrepresmtation fea ghissgiamplredespmdhral  danpi ng
of 0.704 (|dadse)sienlfi@nCiRkd 84 ' ShRsRERTA! fbubdd Li Nng because
it is tlfpi cgl eosfgrft he Kal man °?‘%P?’g?§£ﬁ%£q’8ﬁ%es§ﬁﬁmﬂ§r eéﬁ?f]eslg%?%sé lie in a

But t er wor t Hbgnatlinaited Whitetripéseonpl ex S-pl ane. The contour plot of FIG 8
denonstrates th Ci?ﬁm . LG, f J e | 1 iRl z{ Ng the error
motions due to f[?)l'?a |o$ritggm€4| %%Fﬁlgﬁggqugg%%%l%g (gf%ggﬁna?el@fia i dl'y nounted
t o chassi s god tidburesilts aghleria¢duin almdss soruatieedeforrh dad inatprdl dregéenpy ettd ens Wit h

track regisfiration, 11l e, the danpj.ng.i s negligible. The
g ampEng or} thevg;'sc drive in the Or:pduegtxon of rotgtlong.] FIG. 7 shows a surface

15 ' plot of the variance of the motions of disc drive 100 in the 0. direction and
illustrates the convexity of the optimization problem. FIG. 8 illustrates the
contour plot from which the optimum mount parameters can be identified. From

FIG. 8, is can be seen that the center of the gradient defines the optimal natural

frequency of 325 KHz and the optimal damping of 0.707 (1/ 2 ). The optimal
20 damping is especially interesting because it is typical of the Kalman filtering
process where the poles lie in a Butterworth pattern in the complex S-plane.

The contour plot of FIG. 8 demonstrates that damping plays a significant
role in minimizing the error motions due to rotational vibrations. Disc drives
that are rigidly mounted to chassis produce high natural frequencies leading to

25  problems with track registration, while the damping is negligible.  The
operating point for such a disc drive would be in the upper-left corner of FIG. 8
where the gradient is quite high as evidenced by the close lines in the contour

plot. An efficient damping mechanism to achieve the high damping ratios



operating point for such a disc drive would be in the upper-left corner of
FIG 8 where the gradient is quite high as evidenced by the close lines in
t he contwx013pés8t. An efficient danping mechani smto achPe/ESEOR3814; gh
danping rati os WO 01/ 31655 PCT/ USOQ 23810 -11 prescribed by the present

I nvention would likely involve nonlinear danping principles such as

Coul onb friction. The present invention thus provides a process of )
designing an optimal vibration nount-132 for a disc drive 100. At step 202
a nodel, E, is conputed 5 of the external disturbances 134 on the disc

drive, and a_nodel ., .E .is conputed of internal, di.sturbanceg 136, 138 in the
di sc drive. B&es%‘{%éﬁ By oG° PrESFIPYS °?ra‘1’?‘ﬁl‘§< ‘,?‘E(&V/l m %lv?i&f’\%m?ﬁr YrPiRde di sc
drive. At st pfinciflés suchas Gouddmab fictibiat or i s defined based on the inertia

matri x, M and external and internal djsturbance trix nodels, E and O
The state esti mat 07 PESRhLEVeRion hyy proyidss 2 Progsssnofcdesienngan opiimabn error. |
0 At step 20@ibrdidf nibdht 32 fof HEisS HATLIRSTA i cHl ed on a
zero matrix !errlor (step 286). sAt stedgszléi{(;,%t Oez%gglaér%’a'r’%ﬁﬁ?&ginpi ng, B,
and sti f f fiessf th extemal distotbences 434 onl ¢hei disddrivepandt dvmodel) Euik @bmputedi n and
inertia matrix. In. preferre di pent s, .t he, gai H, .of .the state

esti mat or is°€‘8}emgisqua¥‘%:f qﬁ)grrggl"b'&FglsF dgve ‘é&‘)%?rn?agr?é‘én%‘l‘ PRI E  at step
206 based onM issddfidéd foR thedist deive. 1At $tép 20, thid! s@@désBindtoRiCdefihbd Baedt i on ( FARE)
O1E+01 +0 0Q1-EQ I&!;(O | ) E=Q, élS) 000M M and at step 208, .
cal cul ati ng Phthedpestiamatzix; Myand extans| and interna) disturbancs matioamedels, &t ri x Z, the
external dis a ' - t ' disturbance matrix .
nodel O . Th]'.é&&(’)(%’t ?ﬁngf%n%&%rﬁatgga%rgrgiﬁsé&os‘,%ﬂgﬁ‘#?féo?#‘%éage??m%aﬁ%%‘?%%t ers i 20
are derived At stsp 208, HieOgairr ofithe kteterestilahton issdalcplatdd-baked or #1zérb heatrizpr ef er r ed

M' K enbodi ments t t gt i pat or. i Ka| filter.. Al thgugh th
or esent |1 mueHTEGRoh AL e ien Aty P BtmpLmov: Fappech, and sifness &, 0" 1°

parameters are derived from the calculated gain and inertia matrix.

In preferred embodiments, the gain, H, of the state estimator is derived
first by calculating a covariance matrix, 2,' at step 206 based on a solution to the
15 filter algebraic Riccati equation (FARE)

’

[g 3}‘3”{3 (IJ +(;-:)E(A:.;J'-Z(0 Nei Nz=o0, (15)

and at step 208, calculating the state estimator gain based on the covariance
matrix Z, the external disturbance matrix model =, and the internal disturbance
matrix model © . The optimal mount damping, B, and stiffness, K, parameters

20  are derived at step 210 from the relationship H =[ J In other preferred

—]K

embodiments the state estimator is a Kalman filter.

Although the present invention has been described with reference
to designing the passive vibration isolation mount system for a magnetic disc
drive, those skilled in the art will recognize that the present invention may be

25 practiced in other environments where passive vibration isolation mounts

systems are required. More particularly, the present invention may be used to



to desi gning the passive vibration isolation nount systemfor a magnetic

di sc cu,b“ﬁné%ose skilled in the art will recognize thatt/oserzmesent

i nventioh nmay be 25 practiced in other environments where passive vibration
“isolation nmounts systens are required. Mire particularly, the present
invention may be used to I Il WD 01/31655 PCT/ US00/ 23810 -12 design the
optimal danping and stiffness paranghers of an optical disc drive.

- Moreover, while the invention has been described .in association with a disc
drive having a plurality of  disc surfaces, the invention may be practiced
wher e onl ydesigs thegbptinghl slemping tand Istiffaess tparatreters of en oaticallidisculrlyances. 5 It is
to be undengtood th ven though nunerou har act er.i st nd advant ages
of various ?’Fﬁ%‘fff’n’gﬁiﬁesﬁﬁfmi’%%?’@‘ggﬁn flgseR 'Wn”ﬁ%%oﬂe‘@ﬁﬁge‘ﬁsc forth in the
foregoi ng digive havihg @plurilivg et BRE siivfdchs, dkd MiveitioAfmdshbe praciidel Gvhetf vari ous
enmbodi nent s f’f Lﬁ?ﬁg ihvention, this disclosure is illustrative only, and
changes mnAsiRgieidiss contrihutgsta the Jatermal distpshances.npt t er s of structure and

arrangesent of 10 paplistobd fderstdda tRatl ¥en RloBigh AhmbdR8s Bhfagdstiénvention to
the full extent indicated by the broad general neaning of the terns in

whi ch the &ppedvntegey of yasions embedipents obthe presentainyension havehbeeniset er al gebrai c

Ri ccati equati L e ' iti erns for a
i i i zat 1 Ak it fflolng Y ioflon, 658l WA opAls BANE RAM SRR S TE
Kal man fi | teerbodimentseofethe inypmibri this tlisclogfe deillastrativatontyyn and chdngesopt i mal

mounts, dependin n. the.particular application wthout departing fromthe

scope and %ﬁy(rjl?et 9’8‘%’ Yh(ge%ﬁgegsgﬁ?’g}‘yn ’H&Peé?'n .‘)?ﬁ"ﬁ’ ¢ aﬂé&f’ﬁ‘%&i"?@ﬂé can al so be

made W iohopartslefthintthepridcipden dftiee repeinaditios e thetfuld Extedtindipnalignt i nventi on.

WO 01/ 31655, PCT/ USOQ 23810 . -13- WHAT | S DIS: | .process of

desi gni ng & g’-ﬁrﬂahjrﬁﬁper% H}cé'flp%r?%ﬁhﬁﬁ?m‘lso‘ln ‘:%‘Igi‘gge dppapded 6%? i ng steps of
expressed. For example, the filter algebraic Riccati equation (FARE) herein

described can have additional terms for a minimization of a different norm.
Other state estimators besides the Kalman filter may be employed for the
15  detérmination of the optimal mounts, depending on the particular application
without departing from the scope and spirit of the present invention. Other
modifications can also be made without departing from the scope and spirit of

the present invention.



a) conputing an external disturbance nodel for the disc drive; 5 b)
conputing an internal disturbance nodel for the disc driye, fining an
inertia WltOB365for the disc drive; d) defining a state el;s/(terlmnsa“tﬁ%)z?ﬂgased on
the inertia matrix and external and internal disturbance nodels to
mnimze a defined normof a state estimation error; 10 e) calculating the
gain of the state estinmator as a sol th on to a filter algebraic Riccati
equation; and f) defining optimal nount danping and stiffness paraneters
based on the calculated state estimator gain. 2. The process of claiml1,
wher ei n st epWwHAT ISCLAINED IS:s el ) calculating a covariance matrix based on

the solution to the filter - algebraic, Riccati, equatign, and e2) cal culating
the state edti nmafoProgess offlesigning Ay pptieal\Mbration: aoupk for & disg drivBe process of
claiml1, V\h%{)ﬁbﬂsﬁéﬁgbs@%) is performed by 20 (el) calculating a covariance
matrix Z froma solfution of the filter algebraic R ccati equation in the
form() ( MyM -B ol )emputing ®oexterod distgbancesmodel fivt the dishdrivejertia matrix, e
is the internal ¢{stu ' na di st ur bance

matri x, gnd 25 (g ) C%P@Sﬁlg%%&%@%@%@??ﬁ?ﬁﬁé%%%ﬁfrom H=EI O
(07 ...~ L, i M) ||defininglah imertia matrix\f6d thd disd 65¥e; PCT/ USO0/ 23810 -14 4. The

process of clai md)?” V\c@e%;u%lg 3 state Qstigalor Ibzslseaeornftger nggia%atl‘ix and external

and internal disturbance models to minimize a defined

norm of a state estimation error;

10 e) calculating the gain of the state estimator as a solution to a filter
algebraic Riccati equation; and

f) deﬁnixig opﬁmal mount damping and stiffness parameters based
on the calculated state estimator gain.
2. The process of claim 1, wherein step (e) includes,

15 el) calculating a covariance matrix based on the solution to the filter

algebraic Riccati equation, and

€2) calculating the state estimator zain based on the covariance

matrix.
3. The process of claim 1, wherein step () is performed by
20 (el) calculating a covariance matrix  from a solution of the filter

algebraic Riccati equation in the form

!

0 Do (e H) 0 e e,

where M is the inertia matrix, © is the internal disturbance matrix

and E is the external disturbance matrix, and

25 (¢2) calculating the state estimator gain H from H =2(I 0}©™.



fl) solving H=M" B for Band K, and M K f2) setting the optinal nount
danping matrix to B and the optiml nount stiffness mké’ﬁﬁﬁsi’ﬁﬁ“ 5 5. The
processwef181&@Fm | wherein the state estimator is a Kal 6. The
process of claimb5, wherein step e) includes, el) calculating a covariance
matri x based on the solution to the filter algebraic Riccati equation, and
e2) calculating the Kalman filter gain based on the covariance matrix 10
~and the inertia matrix. 7. The proce¥S of claim6, wherein step (e) is
perfornmed by (el) calculating a covariance matrix E froma solution of the

filter —algeprai %Bbﬁié@s’sbfélﬂfr@i 'Vﬁﬁréxﬂs&ﬁﬁ)iscﬁe%ﬂnéd@o E+ 00+ M "M

-E(or) o-'"(o IE where Mis the Tnertia matri'x, Ois the internal
di sturbance matrix and E is thg'giternal disturbance matrix, and (e2)

cal cul ating the Ifb]rraPPIYlFiEtIéF(g? jl—fOTB@-miﬁ end(| 0)'O' . 8. The process
of claim7, wherein step (f) formed by fl) solving H= MB for B and

K, and M’ K20)2

optimal rmount stif fngss #t%ﬂ%%%wg%%ﬁg?l%%@;{tﬁ@} 0I B1zﬂdl t Ihe

Il MS mount stxffness matrix to K.
s S The process of claim 1 wherein the state estimator is a Kalman filter.
6. The process of claim 5, wherein step e) includes,

el) calculating a covariance matrix based on the solution to the filter
algebraic Riccati equation, and
e2) calculating the Kalman filter gain based on the covariance matrix
10 and the inertia métrix.
| 7. The process of claim 6, wherein step (€) is performed by
(el) calculating a covariance matrix £ from a solution of the filter

algebraic Riccati equation in the form

[g g)zn:(g (I)]’J'(A;-l)s(;-.j—?(o e’ nz=o,

15 where M is the inertia matrix, ©® is the internal disturbance matrix

and = is the external disturbance matrix, and

(¢2) calculating the Kalman filter gain H from H=%(I 0)@™'.
8. The process of claim 7, wherein step (f) is performed by

M™B
f1) solving H = for B and K, and
MK

20 f2)  setting the optimal mount damping matrix to B and the optimal

mount stiffness matrix to K.
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