WD 01/ 31655 PCT/ USQ0/ 23810 PROCESS FOR DESI GNI NG AN OPTI MAL VI BRATI ON
| SOLATI ON MOUNT FOR A DI SC DRIVE FIELD OF THE I NVENTI ON 5 Thi s invention

is di re%@‘fll/%ﬁsfi sc drives for storing information, and P iy to a
process of 1dentifying characteristics of optinmal passive anpli ng nmounts
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 mnimze witten-in-runout. 10 BACKGROUND OF THE | NVENTI ON There

are two type f disturbances that affect operation of disc drives,
internal dis MOW%QWIAMOEF&ME&RABQW&MTIOM er nal

di st urbances i ncl ude wi ndagdOdA¥bERRAJINSE/DREEEhead/ ar m assenbl y due to
the rotating disc, noise in the position error signal (PES), structural
resonance of the 15 disc driF’fﬁLD'&Ur ctuator assenbly (including
the voice coil nmotor, actu ion), inbalance of the disc
pack assémbly (i Abisuidvengion tifdiredtad tqaiss, driips MeH Somd ifdbinVRioRDLRS ) .
witten-in LUnout in[ tarlle servo p.%tte ns due to disturbances during witing
of the servE SSPERY N8 & MIPEEL I8 dAeRH¥INE c sharagteaistiosn of jopEimel thassivesuch as

pi vot bear i dgmping Ghount, fot @ din@iva th eMinidst eNdtecdorHishbRA0CAs. | ncl ude
environmental (sei .s\r;kg)apw brati on and external reactions to 1Internal

di st ur bance&ve RiirgPle o iRt Eing, the meaquinb paramieteisfgr seevostrackr i ti ng

adver sel y afki&at t&rhﬁirﬁﬁé%ngmr{.ﬁﬁguﬂo' acenent, causing witten-in runout in
the servo patterns witten to the disc. Wen a disc drive is subjected to

di st urbdfces, the radi al BAGKIGRQIINBIOK HEE INVENEONW i t e head in respect to
the confronting f fect ed. nseguently, s di st ur bances
adversel y affect%ezgéﬁi%gc9?%5’5%‘%6&%8%‘2?@5“ Pgﬁé&’i‘, &fCH%”— #8%8s and the
dat a tracksinmalhdisirbmctsa\and s exerndef disagbaidedlt h Efadpléss of! aii@galenough to

assure that ect ed ion.due to disturhances does not nmaterially affect
t he perfor n%%élgbagfestlﬁ(ggéﬁ iodgge; e\?&‘?m’ﬁfﬁ‘i glﬁ] therepd/arm psserably cue toythe

rotating disc, noise in the position error signal (PES), structural resonance of the

15 disc drive, motion of the actuator 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 during 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.

Consequently, such disturbances adversely affect head/disc tracking. For this

reason, the 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



30 disturbances is a limting factor on the maxi mum areal data density of
the disc WO 01/ 31655 PCT/ US00/ 23810 -2 drive. Wil e passive danpi ng nounts
are useqv{)glglté nuate these disturbances, they have not moﬁﬁpget her
successfu cfue fo i nadequat e conpromi ses in neeting the conpeting

requi renents of internal and external disturbance attenuation. 5 The
present invention addresses these and other problems, and offers other
advant ages over the prior art by providing a process for identifying _
opti mal danping characteristics of a passive danping nount for a disc drive
to mnimze adverse affects of internal and external disturbances. fSUIVIVARY
OF THE | NVENFveN wWilicThesiid @5@ihg MovRRateotkel S0 Mtdnbkt Bksd 8; 0&ESS 0

desi gni ng an_opti mal Ih%i brati ong mount for a disc %ri ve. Llc‘ﬁlg_%lgln't.érnaI and
external di Sh¥lr Basceotnksge (adtogethes swasessfithdes tdf dnadedvetedéasupromisee in and fj hfe_ .
inertia mat rgeeshor | ] ' f.] A.st at e est tor is define
based on them?éﬁggtﬁhgh%nﬁeﬁgg %%Mgeﬂegtrsngf lhtgﬁl ! i’ e%xg%q’aldlalgtuﬂrﬁaﬂ%ce nodel s,
the state edttemmation. mi ninmizing a defined norm 15 such as the 2-norm of

th tate esti matd rrosr. . The in of the state estimtor is calculated

aseassgl ﬁti on to&?‘g}rﬁe’l&t ’él?'en-a[oaeagj?%elssc?s ﬂ’??ﬁa?f‘a 021@%1‘? ¢ms. A8 & opt i el

mount and dather nglvaaageseiver sheapﬁondaﬂil;@e(flfldw&ﬁ@g ao?r_oz;égge fggﬁli@elﬂhgg@fszﬁte estate
i mat in. a.preferred.formof the invention e gain o

OO O e B i St S mo ot e B (b

uni que, 20 syififEbe ddveRBdffadts bAASaPR deterfal ARMbAES Nite solution to the

filter algebraic Riccati equation (FARE) in the formof O +E O I+ 0 HO1

-E(l 0)O'(1 0)E=0, 0O @&MA&M\Q(MQMMis the inertia matrix, E)

is the ipgternal %@'bwsgﬁrlﬁ@enﬁ% gsn?i'réc\/ed M?}ogesg%g Iggsilgfﬁ?%:)agnogﬁﬁlfea{]nal

di sturbance intensity matri Xx. n anot he r re e

i nventi on, tvHsatipngmeuns orj vdisodrives Bhe internal and external disturbance models

are calculated for the disc drive, and the inertia 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

!

(8 é)mz(g (1)] +(A;—|JE(A;-IJ'-Z(1 0)e (I 0)z=o0,

with , where M is the inertia matrix, © is the internal disturbance intensity
matrix and Z 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 =%(/ 0)®~. The optimal



Kal man filter whose gain, H is calculated fromH = E(I 0)'E)-'. The
optimal WO 01/31655 PCT/USOQ 23810 -3 mount danpi ng paraneter, B, andlthe
opti mal welAkigki ffness paraneter, K, are i derived froﬁbﬁuﬁodﬂ??ﬁ MK
BRI EF DESCRI PTI ON OF THE DRAWNGS FIG 1 is a perspective view of a di sc
drive in which aspects of the 5 present invention may be practiced. FIG 2
is a diagramof a spring danping nodel illustrating the principles of the
present invention. FIG 3 is a Bode pl_£t illustrating the fundanmental
tradeoff of passive vibration isolation. 10 FIG 4 is a flow diagram
illustration the steps taken in identifying an optinmal passive nmount
system for ambuscdahpivgeparithéss, B, @iddhSoptirtal GhARb stifflds SdrhRbib) & hise power
spectral density of a first- order Markov process representation of the
torque of a voice .coi IH__ M7Band of external sei sm ¢ di sturbances, useful
in expl ai ni n§SREMHR s gpig|of the present 15 invention. FIGS. 7 and 8
are a surface plot and contouf plot, respectively, of disc drive notions

. . O : ¢
as a function of nount ERIEITTBE%RIPW@FE‘CG#TH'EMMN@%:Q certain aspects o
t he present invengjon. DETAILED DES N O TLLUS Tl VE_ EI\/BO_DI MENTS 20
Al t hough the pr estlrﬁ- I v BerseRstivg viewpef dedissr dbesdlin whichraspets ofithei t h

magnetic ¢is ! ati I pgkiples of the invention are applicable to
op?i cal gi sgregiditggg?uingﬁly?etﬂr?%g%ﬁﬁi ters and spin stands. Hence, while the

present inventi oflGa2lis a diegraesefia dpedg Hampinp mexie] dostwiting tsbesrkipiddi ng opt i num
danpi ng foroﬂhgﬁﬁg&ttin%eﬂio%c drive, the invention may al so be applied to
det er mi ne ’ :

FIG. 3 is a Bode plot illustrating the fundamental tradeoff of passive

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



25 optimum danpi ng requirenments for servo track witers, spin stands and
optical disc drives. FIG 1 is a perspective view of a disc drive 100 in

whi ch thggyigs@et 1nvention is useful. Disc drive 100 ipgelpdfnsgiohousi ng
with a base 102 and a top WD 01/ 31655 PCTI USOQ 23810 -4 cover (not shown).
Disc drive 100 further includes a disc pack 106, which is nounted on a

spi ndl e notor (not shown), by a disc clanp 108. Disc pack 106 includes a
plurality of individual discs, which agre nmounted spindle 109 for co-
rotation about the central axis of the spindle. Each disc surface has an
associ ated 5 disc head-slider 110 that is nmounted to disc drive 100 for

communi cat i ocovet {rot slivavn).c Mifc kel I Lirthér BULARCEL disEpadk 806 IcnliL0 1 ncl udes
a slider struct L{%(f arranged to fl above the associ ated di sc surface of an

i ndi vi dual df"SEMet O SR a&@‘%(e?fy sy} byta dips lampri§8hdiet packdfged to wite
data to, andinclae dphalify %di@ﬁl’ﬁ&lﬁclﬁ_gs,i ei‘vmfcﬁ%&gﬁé}a% %@Sﬁgaé ronting disc

surface. In the exanpl e shown in . ead are 10 supported
by suspensi offéatien sbaphthgsenfrabaxisof e wpindle aEhadisosurfaeciasanaewsiareg ar ms 114

of an actqat gkc Hed8slidie r; Lg. drlven voice col.l mptor (VCM 118
to rotate the actuat pr,%@lfﬁéﬁrgﬁ&#@dﬁ Vggég?offﬁ?m’é‘%ﬁ‘l‘o“a%@%t shaf t
120. Rot at i otpnitofitingdisg atréace. IHédnslidersl 10 e lhiesdisidat dmgtuirnahgddas gy pat h 122 to

position the v a.desired data track between a disc inner dianeter
124 and a di%bgs%‘g}%eafc&fgegidéﬁ‘cresf"g%cel n iy, at‘é}r“l ohBsoPag kSt andi8 i s driven
by servo el ecinsdringheiduciabghddo wiite data't6 Uintl rda@ard b3l chreRfc Bicksbgnal s

generated by, the heads.of head-sliders 110 and a host conputer knot
shown) . Rea&%ﬁ‘ﬁ‘ﬁ?;?ﬁ“i@‘%l%’%ﬁ*oﬁl@% exaneple showniip E1G de eadrsliders t ldre board 130

to suppl y sisgpRired b shdpendtRst 12 WHRKLE iPASEH oM, di sc pack
106 by the read headsﬁégf head-sliders 110, an%dgggﬁﬁ%?%gﬁr Bre Si ghals to
20 the writ e IA@han atuaterddos Aicatos 1165 drivemby & soidatail motot RECH) $¢%. Passi ve

B T
the stiffness aghatablihimoves the teadedpemareatcubepite122td poitivhithdhafis t he sei snic
over a desired data track between a disc inner diameter 124 and a disc outer

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 low 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



vibrations is obtained. For exanple, servo track witers and spin stands
are often 25 isolated by pneumatic nounts having isol ation natural

frequenc{y@s1A36s50W as 2 Hz. Such soft isolation nmounts g?&%gh@ﬁgmexternal
vi brati ons ollue to seismc disturbances at extrenely | ow frequencl es.

However, soft isolation nounts cannot attenuate error notions due to
internally generated di sturbances, such as reaction forces 136 generated
by voice coil notor 118 (VCMtorque) d WO 01/ 31655 PCT/ USCQO 23810 -5
reaction forces 138 generated by inbalance of spindle 109. Usually error
notions due to these disturbances are attenuated by hard nounts 132. Hence,

the external rewton fidressnEd8 wérerardd 6 iBBHIERS ol 3MBAIEOID! | ehsidly &fdects on
error noti onst.of 1tihe dSLLscddrive, such that attenuation of oOne source by
passi ve nounf®UOBS fuetglngsg distpances arej aggnusted; hychasd mauntsold2c denkt,G. 2 is a

spring danpethen®dérhali ddduteied i vigtatible s&&&é@cﬁﬁrke&nﬁﬂ: g%%h%&%}%% BrorM@SS M
such as disc drive 100. The external disturbances E such as seismc
noti ons, col MOPRSRf|the disgdricestich ghay pttswatien of enepsbureciby passive mpluatsf or m P

supporting ER&sStoMnpRRchiiohering j sturbances 136, 138, collectively
represented by fg, fg arle acthl tr??%?‘%“é% y on the mass M The

si x- di nensi onal dFit dribanpring damyper wedtlatlustfadngradedimciphs of MoRkiRgkh

di st ur bances C . di.sc i mbal ance 138 and the VCM torque 136.
The si x- di ne‘n’é%o’ﬁa?ﬁgia?%ﬁ%gﬁ%?@%@a ) St Panges hdsch 2 FiSmisei s ¢

vi brations 18Wtioms, vdilectivelyneptseateddsy ¥eark Spsliddi t6 HeSslatfobREP SHakingNS Of
notion for a rig%c(l bd?@lg.su glo% by discrete isolators can be itten as
15 M +BX+Kx=BItr+Kx 8% o “(ti‘gl Sesils0t 8, splectvele meriresanted b €1, or

conpri si ng t e asting ditegilfob B nde I GBS sﬁa‘-ditrﬂ‘ﬁhs&%?_ dnge FiG JRRE/ I nertia

matrix, Bis_the garrp_i ng matrix and Kis e stitfness matriX,” Xo is the
si x- di mensi odPodsdhointenal distusbarges wick as talicsamcliaimbaahce 138 tritethe

si x- di mensi ogeM MegkaB6.0fhel st &AL o5 . _Performng,lLaplace 20
transforns and ot ﬁg% al'gebrai c naﬁ?%&?%?f‘lgﬁ@g Eiéﬁlelcet‘?e tﬁ‘éi“b’?’g‘?%n ion, X(s),
can be repr¥¥En¢ araipns 134 to which the disc drive is subjected. The equations of

motion for a rigid body supported by discrete isolators can be written as
15 M + Bi + Kx = Bk, + Kx, + 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, X, is the six-dimensional vector of external disturbances and fj
is the six-dimensional vector of internal disturbances. Performing Laplace
20  transforms and other algebraic manipulations, the transfer function, X(s), can

be represented by
X(s)=(Ms® + Bs + K)™ Ms? (M7 F,(s))+(Ms® + Bs + K)™ (Bs + K).X, (s5)

= P(S)M™'F,(5))+ 0(s) 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)+Q(s)=1. (3)



X(s) = (Ms2 +Bs+K)-' Msz(MIF d(s))+(Msz +Bs+K)-'(Bs +K)X0(s) = P(s)(M' Fd
(s)) + Qs) 20 (S), (2) where, consistent with feedback control

term nol We¥esfss) is the sensitivity 25 function and Qspci/BsdolSsio

conpl ementary sensitivity function. These transfer function matrices sum
up to the identity matrix, |, so P(s) + Qs) = 1. (3) WO 01/31655

PCT/ US00/ 23810 -6 This relationship denonstrates the fundanental tradeoff
- it is not possible to have perfect ,attenuation of both external and
internal disturbances. FIG 3 is a BSde plot of the P(s) and Qs) transfer
functions for a single degree of freedom system and denonstrates that

i nproved at t Brsiatlatomstop dembrestramh thl fihddhaid afadoff QMBS Rt dobgriexpense of
attenuati on }(1)1‘v [ n%ernéll di stogj b%ces and vice-versa. This is a fundanental
tradeof f due 18 PEATE AU A bohexterptl and drternphdisiyrtagess: FIGndémaion i s
directed to Boderpdetes sheotf(s) i Qb Ziddfet Rfctis AASPE kinbR degﬁgto'fffr%eéohe _opti mal
stiffness and danpi ng of the passive danping nounts. e present invention
enpl oys a styFEMe g‘ﬁ{*%’ls?a%%éﬁt ARprpveh |afremafipn tof rextewal alisturbances an opt i nal

state ests Miofes Weeletdindtit ifirk fudd 6t iFrehAl BLRlph DS Sh31E ool ifalion error

for a system subject to process disturbances an SKCES& et Mmen t hese
di st ur bance larfd fingrsentalouadseff dust toapasatviet eibratips eisglaees B, prefear Kal man

filter provjdssehe kil ,selution to the state estimati on problem The
present inventi on 1aggr eésdrsTFebsatpﬁ%ceasegf]ﬁﬂmf}fml%a’ep%%f’ O iEeHHY ﬁ‘g@r amet er s
(i.e., stiffoptims! dBfnasscind dapping pf hs passkeldampinkihdudis Ng probl em when t he
i nt er nal an%%xtn%r nal  disturbances can be nodel ed as white noise
processes. The Yop If,}lé‘[eﬂB%{ggrpQ}gyS hifeitesEPFPRSYshsastpKalms fdies ovideti ve i s cast
i nto t helof orisrméptianay sk resEmitad weed to ididSeithd2 RoRRLE Q%tere%&%gt?o nting the
pl ant (disc dl’l}le 100) as .a double integrator in the form z(t) _ 01"
x(t) 0 error for a system subject to process disturbances and sensor noise. 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 external
disturbances can be modeled as white noise processes. The optimal 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

2 x(t)} _ (o N(x(@)) (o
{x‘(t) 0 o)\x)| " ar- Ja®)
x(1)
¥y = 0){)&@} + X (1) @
where M is the inertia matrix of the disc drive mass and both fa(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,

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



z(t) 0 0 x(t) + Mfd (t) Y(t) = (1 0 x(t) + xo (t) (4) where Mis the
inertia matrix of the disc drive mass and both fd(t) and xo(t) are assuned
to be i t, Gaussian, zero-mean white noi se proce resenting
t he abo%gggﬁf;??ons (4) in the formof a generic Kal man ?éﬁéero{zgﬁg

problem x(t) Ax(t) + Lfd (t) , WO 01/31655 PCT/ US00/ 23810 -7 Y(t) =
Cx(t) + xO0 (t) , (5 wth Abeing the matrix 0 O, L being the matrix 0 M_
, and C being the matrix (1 0) . Thus the Kalman filter requirements that
[A L] be stabilizable (or cont r ol | abi’ e) and [A C] be detectable (or
observable) are nmet. 5 The covari ance of the external disturbances is the
product of the external di tenS|ty matrix E and the Dirac delta
function 8(t--r), and the yggvarl ncé f the internal disturBances is the
product of the internal distupbgnce intensity r x 0 and the Dirac delta
function 8(tW1rﬂ)A®{ing‘die(ma)mf§ (t)j L bei{g the Tnakrix } Bt €'befdg ke E{ x0 (t)xo0’
(t) = CGa(t -T ), where O o\0 (6) In a Kal Iterlng problem t he

t f t tat t t
vari ances EC] zﬁb P G e ?%F%B%uepw&%?m%fm%?s&a&i‘mfbiqz‘;{y. ng the
Kal man fi | t dof evgrallga bR CObs BRI BHQvARY SThg! N9 the 15 optimal

nount parameters&_thg disc drive, the error Ion state vector

(dl spl acenent andh§&PwERRSE %ﬁhqqafeerwéﬁssnabarmm thlirprv@cmﬂtﬁe IeStelﬂibhl mzed. |f
denot es t hfstsbaick c i a&n i X st at n error,

i.e., E= Ez(t)X (???Httyh@\ég%st | or{%‘f 5“? ?‘H}ﬁt‘%@ztﬂ ﬁ“ e can be

expr es sed covariance of the internal dlsturbancec is the product of the internal disturbance
intensity matrix © and the Dirac delta function 5(t-1):
E{f,(0f,' (1) =Z8(t-1), where=E=Z'>0
10 E{xy()x,'(t)=O0(t —1), where®=0’>0 6)
In a Kalman filtering problem, the cost functional J, which is the sum of

. - . ~2 . L) -
the state estimation error variances £ {x;" ()}, is minimized.

J= EZl X2 (). (7

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 = denotes the stationary covariance matrix of the state motion error,
e, Z=E{X()X'(1)}, the cost functional J from Equation (7) can be expressed
as J =r[x].
20 The Kalman filter predicts the minimal 2-norm of the state motion error,

X(t), for a system subject to external disturbances Xo and internal disturbance

fa. The Kalman filter equations are given by
5(t) = AR() + H[y(0) - Ci(0)]

y(0) = C(r), ®)
25 where H is the gain of the Kalman filter



as J = tr[E]. 20 The Kalman filter predicts the mniml 2-normof the state
notion error, x (t), for a system subject to external disturbances xO and
i nt ernal bance fd. The Kal man filter equations ar ¥y xX(t) =
Al (t) + H?yo? - C(t)] Y(t) =cCC(t), (8) 25 where H |sﬁc’ﬁ{ejg(g’2|3n of the
Kal man filter V\D 01/ 31655 PCT/ US00/ 23810 -8 H= EC O (9) The covariance
matrix E i s obtained as the unique, symmetric, and at |east positive

sem -definite solution to the filter algebraic Riccati equation (FARE).
AE+EA' +LEL' -EC O ' CE=0. (10) 5 For t it passwe nmount synthesis problem the
Kal man gain H can be paraneterized as H= M'B M_,K (11) where B and K
are the optinum nount danmppngsaighistiffness matrices. The pr&gess of the
present invention is carried out in accordance with the ow di agr am of
FIG 4. The Thaeovirancrmairik Misfobdiised alf iheeurddlR, ispmMbirid] BRH a@leastSt €p 200. At

step 202, thg 1knt er n? dj stur bances xO are nodel ed as a white noise
process wit R mi-pefinitespl u?mHtO f fltenpdechraieRisaati egion(BARERs fd are

nodel ed as an independent 4 rig s%épégg.gss W|t intensity matrix O,
where E and O are represen ed as {~f T } nd O=Exo x0} . 15
At step 204Fom thalpassivel imdut i SRAthpsio QyreBeinS tg@meﬁgnb au;hg CAI; [bgr equati on

E:lg ?s(iggt%mgte}l;edxagt) 0 x(t) 00 x(t) + M’ Y(t) 0 x(t) + xo
M™B
H—[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 x, are modeled as a white noise
process with intensity matrix =, and the external disturbances fy are modeled as

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

represented as = = E{fd -fd'}, and © = E{x0 - X, ’}.

15 At step 204, a Kalman filtering problem is defined by the iiiter equation
(4) as
x| (0 I[x(0) 0
{f(f)} (o OJ{xm} +{M" } 4
x(1)
=(/
y()=( 0){“{)} +x,(0). (12)

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

20 from

0 I 0o (0 0 '
(o O)z+>:(0 o) +(M_IJE(M_,) -2(1 0)©'(1 0)z=0. (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



variance matrix E for the Kalman filter is calculated at step 206 20
;I'Pgmclo E+tEOI + MO OOO" yM-" _E(I 0)OL (I 0)E=0. (13) The gain H of
t he Kal EJIM& gr is calculated at step 208 using Equati PET/{J%%W@%% 1'; 2?655
val ues o anc? O defined at steps 202 and 206, in the formof WO O
PCT/US00/ 23810 -9 H=E(10)'G" . At step 210, Equation (11) is solved
for the values of the nount danping matrix B and stiffness matrix K, §

t hereby defining the optimal vi bratl_gp i solation nmount systemfor the disc
drive. EXAMPLE 5 The process of the present invention was applied to a
Model x15 Cheetah(r) 9LP disc drive from Seagat edTechgoL};)gé, sz mg

i | ; -ith L I . asur a : .

[t er nal i stur bunc ok due o b TR TROR IR ies b and ¢ he
spi ndl e i nbainawselamping mutdelBednd stiffiegs miatrixeK, N@EEBy Béﬁ}ﬁgﬁﬁsopﬁm? ext er nal

i Wer. .oxi mated 1o .usjng | nternational andar ds _
8;;%?:??3?‘?@@%} %ggg%??% S?’%"rmg‘gidéen‘?lﬁ" dipepr at | ons and other notions of
conmput er eqUEXABMMPLE The internal disturbance due to inbalance of spindle
109 (FIG, 1) corgesponds to a single frequency with higher order harnonics
and can be rmdel-[&l? E‘lOFeé&tquthFrRSﬁﬁeatr ivEntEs Weh aapliedper faoMueleicelS Whi | e t he
motion of vatiReuhd AIB ks B okl BeBXEI H&A A, BT ORdep r ange gf [requencies,
for the purposes of the present exanple o_n%y e cit resul ting
voi ce coil rRftthadis¢ drivecwrssiehsned at THE gpr-iof i The istbrmbh@stfbanets ade & ur bance

ated b ol coi.l mtor 118 is nodeled to be a first-order
%gpﬁ(r)v pr oc%a/ﬂslés p‘gﬁt‘égﬁ’?g{‘/‘? V%‘f%ﬁg‘? mloé?rwﬂ’%&e 2.1?-’(’312 impalanceyrergomedgled t i cul arl y,
t he power spsulgrwahital@oisé pyoctsed)) THe édiemalOdisiBroaiel WQE HpBroximated

10 using International Standards Organization (ISO) standards for seismic

vibrations and other motions of computer equipment.

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,
2
(@) =m—25fT (14)
20 More particularly, 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 6 = 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
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rofile during a typical seek is determned and a first-order

Brocess cl osgl y matching the PSD profile is fouPd. 3FI_G2 5ill us'gllr 2’; ei 10

hm i ed 5OV O the PSD of [he seek profile, 25'rRESWERNTL

gimstﬁr bancesg(i .e., seismc vibrations and notions of other conponents in

equi pront . The power Spect 2l densi ty of & first-order Narkov VO 01/ 31655

equi prent. The power spectral den 1P - (

PCT/ USO0/ 23810 -10 process is matchehd)t_o therO\gerTﬁpeK/; Elovdegf;%t glrgt(3

of the external disturbances, as shown in Fl - 6. e ,ﬁP't reter s

= 10 Hz and proesss 1i50@atcBed a_alsthwep@vae_lspyétrgd d&,fgl@c lr?ev(?" Zheﬁggfg als hap ng. o

| SO criterlol. For the urp,oseIs of this eéanp e,t @e dir()d?izmg#mtor g of |

t he power Ipbangesas 0 1Bepr EheMasgkavaaraptetarn Z I rlacti ot q

Fr ocuenoy. shapt g e e 1B 1 bl a5 Bl R ifioner s on thewhi t e

frequency shapi ng nmay ( . . .

noi se processes iﬁrﬁhﬁepldmswafth:ne};a’rr]r::pldz,hiﬁ%m%?hip%%r%ﬁg&g?ﬁgggarglr t hey
: ; .

32%5?? yI ?sgg;sggcérﬁ% ‘gét?llg@n&? rc():%‘l’]nt?ar%og © ﬁ‘ﬁ%& ca‘éggt‘?{g?rq%d‘é%{@éces@ﬁﬁhq i cant | oss

i 3briaty ighiore e fi :limted

Whi fo 1m0y Se) The Kalmmn aal e ar . conbat oq radueied. dafibe  PAPEE (1 0L 508 -

FIG 4) R s BiEbed e B pG e e noisspsiserrey indhe detvafioref . e.,

atat on. FLG 2 enou a et ace e el b® g LB b S L ons of

rotation. FIG .7 shows a surfac > ) . .

di sc drive fb@“?%nofmé POWeritReetEal idepsitirrgpresantation ifart this dxbmlpteodveOt ffmr)rf \Xh :n; ht Pﬁe

opti m zabi ORaRe PnfAMantbEZ inGictdrhdySEdAlE Dot Eive SUM QW qfendy pro

optimum nount paraneters can be r'dentiftied. = = Y P be seen

that the ceﬁ?aﬁﬁ'liﬂiiteﬂﬁ@itgglaﬂﬁ)gnt d](cafi)nes7t hi/ﬁp';i n'li'lhengt'tjirﬁwlal ;Beg;ﬁg%gors

325 KHz and the mi , _ .. mal _

especial ly inter (eﬂs?% F@%‘e glgt}sz{e}glcé)mf’%te‘{goﬁltﬁ%fhs‘éﬂr‘f’%éﬁ‘?@af n @1 Pering

and the results are derived in a'hass normalized form, i.e., natural frequency and

damping of the disc drive in the 8, direction of rotation. 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/ V2 ). 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



process where the poles lie in a Butterworth pattern in the conpl ex
S-plane. The contour plot of FIG 8 denonstrates that danping plays a
signifi c&gtm/a@%e in mnimzing the error notions due to_rotatiaonal

vi brati ons. drives that are rigidly nounted to chaggT’gS?Wzaﬁﬂce hi gh
natural frequencies leading to 25 problens with track registration, while
the danping 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
evi denced by the close lines in the cbhtour plot. An efficient danping
mechani smto achi eve the high danmping rati os WO 01/ 31655 PCT/ US00/ 23810

-11 prescri bpdsdiped B¢ thE PE8sH: ihvBRBHL WY1 4] i.nvol ve nonli near

danpi ng princi pl es suchgas Coul onb fvﬁac%glﬁl.g l#k(gs%))rég%lgﬁ?r %{?W%‘ﬁ%i on thus
provi des a pPrytcEss sysh asquipminfgicien.opt i mal  vi bration mount 132 for a disc
drive 100. At stejye2Qesefk 1 j uted 5 of.the external disturbances
134 on the disc _drie\z/@, “an %%h% e"'f:s,pcr%,%?ssaQﬁmﬁt@o&eﬁﬁn’iﬂﬁta&%mabi st ur bances
136, 138 i n vihtion moutirlig dor Miscsdibe 200 Ay RN Aodl £ comiilied S _def i ned
for the di sc(#g{llve. @}d’StEBE,ZOA' the state estimator is defThed based on
the inertia § pRtemgy di 5§ b4nen ths siscidriverandla moddl ¥, ianarepured ri x nodel s,
E and O TheisbabedifebhdRs P6. 158 GRS & m ni m 2-norm state estination
error. 10 At step_ 208, the gain o?‘ tig{s}%@g % A&ssﬁp@{)(ﬁlfl"?eé“ac‘&?@?ﬁ ated based
on a zero maYlrisyefigad ey the disedriwo6)t.stept2091 p satklstimber Brlefifdd basgunt danpi ng,

B, and stiffessSineks ters . are derived fromthe cal cul ated gain and
inertia matri )%ﬁ §1“ﬁ%’6r%43‘3’%’?‘g’§a“e%§maﬁé?ﬁ‘}eﬂe disgirbance ppatryg models, &t at e

estimat or i snd€ri Tedtatd estistatddys Edk&Ho3hinRiz2 2 SB4ALI trix. E at step
206 based on a solution to the 15 fil tler gl gglb%ég%%?e%%g%lg?‘?n?qdﬁ‘ati on (FARE)

01 Ol B OstEPP0§-thgain pf the. state estimapr ig Galt)lEed baged Bn omeh afatrkd ep 208,

cal cul ati ng etBe(s&dnaloB). €Al & I . d the covariapce matrix E, the
external di seturg)sgér}:ce )ma';ritﬁgﬁ%{ié%ag&npagﬁuflﬁgaq%?%%aﬁndm’ Rance matrix
model O . TRaEpstersate derbiga fromethpealeplat®] gandndinefihmessk. K, paraneters

In preferred embodiments, the gain, H, of the state estimator is derived

first by calculating a covariance matrix, Z, at step 206 based on a solution to the

15 filter algebraic Riccati equation (FARE)

[0 Dl ) {A;_,)E(A;_l)'-z(o (60 N5z, 1)

and at step 208, calculating the state estimator gain based on the covariance

matrix X, the external disturbance matrix model =, and the internal disturbance

matrix model ® . The optimal mount damping, B, and stiffness, K, parameters

-1
20 are derived at step 210 from the relationship H = (M IBJ. In other preferred
M™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



20 are derived at step 210 fromthe relationship H= MB . In other
preferred M K enbodinents the state estimator is a Kalman filter.

Al t houghyblhgsReesent invention has been described with redppensssiot 0
designing the passive vibration isolation nmount systemfor a magnetic disc
drive, those skilled in the art will recognize that the present invention
may be 25 practiced in other environnents where passive vibration isolation
nounts systens are required. More p_gr'gi cularly, the present invention nmay
be used to WD 01/ 31655 PCT/ US00/ 23810~ -12 design the optimal danping and
stiffness paraneters of an optical disc drive. Mreover, while the

i nvention hassipedre el idaeging rnd st fitésstpafimetdrd bf an Spadal diicb'dfﬁe having a

plurality ofy, acge t he invention nmay be practiced where only a
singl e disc c%ln rl’bu@l &Fo‘hYWgoi‘ rli‘F%ﬁ?Fé‘l drdhedr Bagssesaatiog with adlisco pe

under st ood tdhiae hewegwatphmmiloﬂu@%meéim%ﬁ%rﬁfoh%é;ﬁﬁe r&&fée&‘@%ﬁ glt ages of
vari ous enbodiélmentg?% f the_present invention have set orth in the

f or egoi ng d&8 s ‘Eoé‘ﬁﬁuFFér‘OWFtlfﬁelﬁéltfhmlrbamSthe functl on of various
ool of the nnuemwund@mo%d%aﬁ%bgf%ﬁ%ﬁ RuhboiS AN v, and

changes may be nmade in details, especia TPt ure and
ar r angenent 26 2dgnigaest of varipws mhddaneprts nf:uhp |p&$elﬂfm12dﬁﬁotp h&&chden isgvention to

the full exgghf; t%dﬂo I ng of. the ternms in

whi ch t he appenlge fegﬁﬁgdgérégpﬁ torg efe‘éigﬁa‘?}?? géﬁﬁ)g@ 9 e VESIQUSer  al gebr ai ¢

Ri ccati equamb@hm(:ﬁtARE)hmmwaltmn nhmmsaldmeb Baludtavee 8aigi hidarhgdser ms for a
O her state estinmators beS| des the

mnimzatio f t norm
Kal man fil tHla? beangde 8 r%ﬁrb]?ee&pefcb"fnytlﬁé“%rsd%ﬁt iR eI AR mEE dpt i mal

nount s, ldeppard;lWllgumﬂlet;iﬂﬁmp&&bfﬂwp?d’sexﬁﬁmehﬁ@r{ iOQHe flf &Ry ingfleRa, ng from the
scope and S Irltgff th resent invention. Gther nodifications can also be

made wi t hout?®d%B lgF’FF eAmRE, af éf@o}ﬁén%rlﬂéi véycly the efpendddeclpinssamt i nventi on.
WO 01/ 31655exdpeeskddSEOk %?(&ﬁﬂe, 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 determination 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.



-13- WHAT IS CLAIMED I'S: 1. A process of designing an optimal vibration
mount for a disc drive conprising steps of a) conputing an externa

di st ur bagemiAn@e! for the disc drive; 5 b) conputing anpéfitEdondsio

di sturbance nodel for the disc drive; c¢) defining an inertia matrix for
the disc drive; d) defining a state estimator based on the inertia matrix
and external and internal disturbance nodels to mnimze a defined norm
of a state estimation error; 10 e) cghculating the gain of the state
estimator as a solution to a filter algebralc Ri ccati equation; and f)
defining optinal nDunt daqplng and stiffness paraneters based on the

cal cul at ed ain. 2. The process of claim1, wherein step

(e) includeg, 15 I ing a covariance matrix _based op the solution

to the filter gl)g?{aé?é)? e%%}élgg eqﬁ%f’?% vIoration é%“mcg‘?rcﬁldéffl‘ﬂb'et he state

est i mat or ga@nmﬁw&eﬁqmnfthe covariance matrix. 3. The process of claiml,
cal cul ating a covariance matrix E

wherein step (e)_Js perfo ned @ﬁ

froma sol ution Sf thé’mfpul?%?ne’%‘frgg styrpange mogel fopthg disF dFivein the form 0 |

BAE O 1430, 0 )=B) O ~dobulie & infdhul bfchhancmbliel W ApOURERRM [ 5 the inertia
e’

matrix, Ois the |nt§k di sturbance matrix and E 1Is ext er nal
d| st urbance mat rfx nipg ap inertiampteiy fenthadise drivest at e estimator gain H from

= E(1 0)8-1. V) 01/R#kkBg a'ggé 480X 7 B84 on the inertia matrix 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

) defining optimal 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 gain based on the covariance

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

algebraic Riccati equation in the form

(g (I)sz(g é)'{;_,)s(ﬁj_l],—z(o e Iz=o,

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

and Z is the external disturbance matrix, and

25 (e2)  calculating the state estimator gain H from H = (1 O)'@".



-14 4. The process of claim 3, wherein step (f) is perfornmed by fl)
solving H= MB for B and K, and (M'K f2) setting the optinal m)unt
danping nmatrix to B and the optimal rnount stiffness matrix to K 5 5. The
process OO 1 wherein the state estimator is a Kal neffHViPR@3810 6. The
process of claimb5, wherein step e) includes, el) calculating a covariance
matri x based on the solution to the filter aI gebraic Riccati equation, and
e2) calculating the Kalman filter gain based on the covariance matrix 10
and the inertia matrix. 7. The process 1%t claim 6, wherein step (e) is
performed by (e 1) calculating a covariance matrix E froma solution of the

filter algebtaic Riequedehs FQlitth30Whdrbins Q oo (0 +M, =_,
_E(o I'j o-"(0 1)E=0, 15 vvhere Mis tr g %ﬁéﬁt%g&%ﬁ%ﬁﬁg; Ois the internal

di sturbance matrix., and E is eMebg rnal di sturbance matrix, and (e2)
cal cul ating the Kaﬂ?mn S?i\qngeﬁl for BranfiKsag{ 1 0)' E)-'. 8. The process
of claim?7, wherein step (f) ormed by fl ) solving H= MB for B and

g,pt Iag | Mm)luﬁt th thZ% nZ géstﬁl?%;t{ﬂ? PQ&Q%MBMHBHQ '%nagla)‘(ntgldq %dr{ﬁé g;‘)ténaﬁ 0 Band the
mount stiffness matrix to K.
5 5. 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

€2)  calculating the Kalman filter gain based on the covariance matrix

10 and the inertia matrix.
7. The process of claim 6, wherein step (e) is performed by
(e1) calculating a covariance matrix T from a solution of the filter

algebraic Riccati equation in the form

(g g)"*z[g 3’*(;—1}5(;-.]'*2(0 ne'(o ne=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 = Z([ O)'@".
8. The process of claim 7, wherein step (f) is performed by
-1

-1

fl1)  solving H =( ] for B and K, and

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

mount stiffness matrix to K.



