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g (57) Abstract: An optimal vibration mount (132) for a disc drive (100) is designed by computing external, Z, and internal, ©,
disturbance models for the disc drive and defining an inertia matrix, M, for the disc drive. A state estimator, such as a Kalman filter,
is defined based on the inertia matrix and external and internal disturbance models, and a covariance matrix, X, is derived based on

B the filter algebraic Riccati equation. The state estimator gain, H, is calculated from £(/ 0)'©"!, and the optimal mount damping, B,
and stiffness, K, parameters are derived from the state estimator gain and inertia matrix, H = (a).



invention is also applicable to identifying the nount parameters qu $EBV 2004
track witers to mnimze witten-in-runout. to BACKGROUND OF THE

| NVENTI ON There are two types of disturbances that affect operation of

di sc drive¥OMB%nal di sturbances and external di st uPGEPRISIOEXanpl es of
I nternal disturbances include wi ndage encountered by the head/arm
assenbly due to the rotating disc, noise in the position error signal
(PES), structural resonance of the 15 disc drive, notion of the actuator
assenbly (incl ydi VOl oi | mptor, actuator armand suspension),

i nbal ance of tﬁgk)gf&g%%g)&c&é%a%ﬁg PEIVLAL VABRATHON ISGLATION, spi ndl e and
drive notor), witten-in ru é@ﬁ?\%ﬂ tterns due to disturbances
during witing of the servo patterns, unnodel ed dynam cs and
non-linearities such as pi vow__;g& to name a few External 20
di st urbanc I ncl vi bratjion and external
reactions ?(S) i nt g?ﬁsaﬁlw né‘?u %%@%ééﬁ ?56"\?5?’ String; ipfoRARiaR.aandvi br at i ons
during servo RRTLEYLlY toqa\msposss| of idefitifing tch@racteistics frabptRiap paisReenent ,

causing writt @Bmpifg i Hor b dist tten to the disc. Wen
a disc drive i.s su %}gt edr olsdlhg‘{eu{ragg%glé%%et%g ﬁsa?gﬁd‘é hﬁB‘?Ft%n of the 25

read/ wite heXTHeR ISP ‘°E‘18"- {oridentifyirtertormouny patarsatersioy sdreo @dck ect ed.

Consequent | y, mathomnﬁﬁxltéb/ﬁﬁaﬁﬁ-nﬁadﬂterse| y affect head/disc tracking. For
this reasgn, t he heads ata trac on the di sc have sone defi ned

width that is |arge enoug=Fytg [d@Ned notion due to
di st ur bances does 'ﬂisltearermeypeabﬂcusn&f)éxﬁ&tthgt agecpglgem“rgp@lgc $hve d he disc

drive. Conseqygiid V4 Df 0.disturbances is a |1 mti ng factor on
t he maxi mum ar eal da{?%b%e% a? SFeh ishyrbaoces. plod of\Nnteyml 31655 - 2
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i nadequat e coglF gm ses.in neeting t of internal
and ext er nal % fRNep IRtQD ofthe actuatari assembly (mcludmg 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



5 The present invention addresses these and ot her problens, and offer
ot her advantages over the prior art by providing a process for ideﬂt]fsﬁﬁ&dﬂol;
opti mal danpi ng characteristics of a passive danping nount for a disc

drive to MMM adverse affects of internal and ext BETES0RHSHX ur bances.
SUMMARY COF THE | NVENTI ON 10 The present invention is directed to a process
of designing an optimal vibration nount for a disc drive. The internal

and external disturbance nodels are calculated for the disc drive, and

the inertia matrix for the disc drive?ts defined. A state estimator is
defined based on the inertia matrix and external and internal disturbance
nodel s, the stdive 38l passive dampirignhaints grecuselinh iafledatd M6 dishGpgish as the
2-norm of th | ' [..The gain of the state estimator is
cal cul at ed asetg&;g%vgtn?g%ée?%%%gl eflg‘{c?e é?ﬁﬂa‘ﬁ]"@égfﬁﬂg&q%&&%m@%m ion, and the
optimal  nount™EHEE dbarEPmRSting reauisereants off éntabeil | me cexRARE diskibahbre cal cul at ed
state estimatgem@asd). In a preferred formof the invention, the gain of

the state sti mat is calculated by calculating a covariance matrix, E

as the uni que, 20 oG tovenHen addresies shesqyaryl athey rablenis, atefdffeist € sol uti on

to the filter alieg@bvaniages dec @Rt priof Gy HBvi ' mof 0 JE +40

0) +( ME M1 (1 &qnélh%g.:# 0%();{9@,?{&.@,3 B &ee%e%%?fléé‘gf’h“é inertia
matrix, e is the i nternar esnfienafrasyivedamping pountfaraidiscarive € i s t he

ext ernal di st unibimizeadyenseaffenits of imenial and.extdfall disnababtdger preferred form of the

I nvention, the state esti M F Ler whose gain, H, is
calculated fromH = E(1 0)0-"" N3 2004 WO 01/ 31655 -3
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PCT/ US00/ 24810 nmouFhe R1esessiinvsmiinaris disectad to B,prazesd of haigailgiaf@pt@UNt St i f f ness
parameter, K vigrftion motft foriedlsc drite) Theint¥naBind external disturbance models

are calculated for the disc drive, and the inertia matrix for the disc drive is

Al

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

’

(g {)]z*z(g 9 *(;—1)5(;4)'4(1 0)e’(r ox=o,

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 =2(I 0)®. The optimal



1MK BRI EF DESCRI PTION OF THE DRAWNGS FIG | is a perspective view of a
disc drive in which aspects of the 5 present invention may be pradtf{clEEB 2004
FIG 2 is a diagramof a spring danping nodel illustrating the principles
of the presemerdigssention. FIG 3 is a Bode plot ill ust rpdrjysshkdie
fundanmental tradeoff of passive vibration isolation. 10 FIG 4 is a flow
diagramillustration the steps taken in identifying an optinmal passive
nount systemfor a disc drive. FIGS. 5and 6 are graphs illustrating the
power spectral density of a first- oreler Markov process representation of
the torque of a voice coil notor and of external seismc disturbances,
useful in expl addhiWmeRg batiretd . resent 15 jnvention. FIGS. 7
and 8 are a surface plpo%band c’?r%’?{;)%trﬁe%%tﬁa?%?gnstﬁ% FPPaTPeteL K e dri ve
notions as a f Weh% 011‘,_ i) parameters, useful in explaining certain
aspects of the presen'f1 I nygptg pn. DETAI LED DESCRI PTI ON OF | LLUSTRATI VE
EMBODI MENTS 20 Al t hough the priesent invention will be described in
connection with magneti GRIBFDESORIREION QHTFHDDRAWIRGSS of the invention are
applicable to opticgag, 14 | . vq. track. witers and spin stands.
Hence, while the r,eseilfilé §??\%ﬁ%"?§?ﬁ vmgtlréfgﬁ‘édﬂ‘éesﬁ‘rwﬂ‘é}ﬂaﬁp?ﬁ%ﬁfnﬁ%t ion with
det er mi ni ng >opPiCTFIHP¥ERHIR TRy beprpticed. nagnet i ¢ disc drive, the invention may
al so be applied to RI6!I%®kddiagramd df ® 'ingrygn.,gl,;agrm' | rements for servo
track writers, spin stands. and opﬁncal | scédégilnvﬁsg%&ngﬁﬁ'(fmﬂpﬁe% a
perspective view of a dt &%y ive 100 in which the present invention is
useful . Disc drive FIGO3 isncBodigsotallid@atimk 8 Hin pd.a top 11
FEB 2004 VO 01185534, PCT/ US00/ 236108 Aol Bfott OF pRAYe

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 DIMENT.

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




cover (not shown). Disc drive 100 further includes a disc pack 106, w?m
Is mounted on a spindle notor (not shown), by a disc clanp 108. D éc 2004
106 incl qu& 1?3 &%ural ity of individual discs, which are nounted spindle

109 for co- P8 on about the central axis of the spi REFES00R3/Y di sc

surface has an associated 5 disc head-slider 110 that is nounted to disc
drive 100 for communication with the confronting disc surface.

Head-slider 110 includes a slider structure arranged to fly above the

associ ated disc surface of an individual disc of disc pack 106, and a
transduci ng head arranged to wite data to, and read data from concentric
tracks on the“¥Eh@PlofieYmg Riscslrive UOF fuether included e diex pdeR 166, s i n FI G 1,

pdeR
head- sl i ders 1&QuridddnkGpidl ensi ons ich are in turn
attached to track acé;?sgj ﬂgﬁgﬁo}éﬁt %ﬁgﬁ’pggs&@?ﬂgg’é& BepackdPat or 116 is
driven by a vol"&RIeE 3inlurality ofrindivjug) discsgwhihoare groattel tpivdlealod Yatear, and its

attached headsrolation abatt ahetcemraPixisQs th%*%ﬂfx U %@agh diﬁi%?f@!eq,gs %“ﬁafgmﬁgtt ator 116
0 position s over a

nmoves the head a cuate path 122

desi red dat & t?5‘?1?%%9%‘3&@"%%%&%daveawetf@ucommﬁaﬁm\a'udhsc outer 15
di aneter 126. qurox@nmisc|smfm.a{ea4-b{ﬁwudﬂa&uaéaQlfdlaxvs?rﬂcn*i}xar?aﬁ%p‘é?o ectroni cs
i ncluded on CigoGdind &@#]engsi%g ased an_signals generated by 't he heads of
head-sliders 110 _and a host . compute Pyt H‘&/\ﬂ‘?‘!‘s"ﬂé‘éﬁl‘&n@dveri te

el ect roni cs ar&nsiuging hepdemangedtoonite datarte, hd reddaiata Groth3dndettrio bRl o Si gnal s to

the host conpuhééonbamitgdiQ ARl om di ck 106 by the read heads
of head-sliders 110 a%‘la to sﬁgﬁpﬁ%g'&“{??%”m%mgf%q%“ Bhe &% ite head of

head- sl i def® 1SPBPOFES! Ry tnensient Bl2rwliichives iditgn sttacRelss irok aviekinglai@n nount s 132
support base 102 opdn &iusér 16.] X&ual&qwism%tbigis’xge @%ﬁ%‘?\é@%}ﬁ“ ve from

seismc vibratjons, il ust%@t,ed bﬁ/ arr ows ] ess of nounts

132 is decreased HatFEPONL A atachodheads | prboutaipivet shaft 120b Refianns i s

obt ai ned. For ofqetwatird]6 mevevmemeaaeklowanta@du&eem1%%?&?&*19&&&59 often 25
,S0] ati On nat ura requenci es as | ow

he " o, R Pl T etk BN A, WS inhtr dBnten 190t s paen | orvs due o
seisnic dPst angice28. Heiceseil metve(WCNHAWS Iskiftepn & Sereselectréied iefudedS Of
gener at od i St b soi® e b e B b BesofBebiiraiiad by vor ce
coi | notor 118043k CHPYHagot thewn). Read-@mg vaikCelechfiad ireAlk6 Bioluded 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 1 10, 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



-5 PCT/ US00/ 23810 reaction forces 138 generated by inbal ance of Spi1nf”FEB 2004
109. Usually error notions due to these disturbances are attenuated by
hard nount %&?%1?3 Fence, the external and internal vibration sources have
conflicting elfa¥s on error notions of the disc dri v@CTASMBHNat
attenuati on of one source by passive nmounts 5 |leads to anplification of
the other source. FIG 2 is a spring danper nodel illustrating the
principles of isolating a nass M such as disc drive 100. The external

di sturbances 134 such as seismc notions, collectively represented by xo,
are applied to the platformP supporting mass M and the internal

di sturbances 158°top3igroes b8 gaverntod by imbplares @fitspifldib}109.0, Ushallyadrr act i Ng
directly on thenotGsdublo &6 disiudbast h’g{.}@ | sturbance force vector fd
nodel s the int Lna rﬂcglrstur banceggdsetﬂﬁ%as E“eg’!dﬁﬂé%mﬁ‘é{&ﬁz ¢hce 138 and
the VOM torqué®1F8marae Wiemal vibetion sovdes dRvecrontlibtingi ffects bane@r vect or X0

nodel s the senwtions oﬂihbdiaddrﬁs,ssu&ﬁﬂa_tfaﬁenwioﬁ'Bf&ﬁ‘im.?éeg;?’ drive is subjected.
e

The equations @f Lan for rigid body suppor t??ssgfglc?f"&fe i sol ators

can be witten ag" é\l}gfg%rulgligr@%‘ﬁi}egi%*fd, (1) where x is the six

di mensi onal vect or Fé@ripis a spring dahyger sroel ill\Giralink 8 Yrifl@RESR Ssofdfing { F €€dOM Mi's
' [ Kis't

the mass/inert pnassMRtshdies ¢k lirfvel anpj ng natri x and (e stiffness
matrix, Xo is the Six. |ne?1gl;ﬁ'8r%§' \ﬂheec “F“gbﬁr'S‘%‘gz%?SHéfswhs!mmCes and fd

is the six-di nEAYNSsaliectivelyrenresaited bytsa anadppliddatd tie PREGESP sdppédligy M ng Lapl ace

20 transforns aad MBS the 3SR 4R “@%%'ﬂ%%@i@%ﬁfﬁéﬁﬁwé ; E?(I\:/Lizon,

I (s), can lpe re r.esg,nt d by .Y(s

+Bs+K) - (Bs+K) %%&‘)“g @cgj(%'ﬁ fimessid; The pix-dimentional distiubince (idde vembeer €,

consi stent i {  roddsitha rkern@Oaibtubhnck £ B palk bathife y BRI L1 VI LY 25
unct

function and St onplenmentary sensitivity . a_l'hese
transfer fungg ;é%lr%& Bt llrglg'clglg g’gﬂmeﬁﬁmiai)g"[‘%l fligfurbprice yecton ke nsdelsithe so P(s) +

Qs) = | . (3)seismicPHiRatiRad 1340 vaich3thé dfsc drive is subjected. The equations of
motion for a rigid body supported by discrete isolators can be written as

S

15 Mt‘+BJ&+Kx=BJ‘c°+Kxo+fd, a
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 distﬁrbances and fy
is the six-dimensional vector of internal disturbances, Performing Laplace

20  transforms and other algebraic manipulations, the transfer function, ¥ (s), can
be represented by

X(s) = (Ms® + Bs + k)™ Ms* (M7F,(s))+(Ms® + Bs + K)™ (Bs + K)X,(s)
= P(s)M™'F (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)



[ [ [ tal tradeoff

- 23810 This rel ationship denonstrates the fundanen
-6i FCT/SUEg;)/ pgssi ble to have perfect attenuation of both external {ahdEB 2004
i nternal disturbances. FIG 3 is a Bode plot of the P(s) andssé)(%s) Cates
transfer fOREUPERR for a si ngl e degree of freedom sysPERUSNE3SHENDNS
that inproved attenuation of external disturbances 5 comes at the expense
of attenuation of internal disturbances and vice-versa. This is a

tal tradeoff due to passive vibration isolation. The present
Tlrjnr)gﬁ??gnai s directed to a process of'6bpti m zing the tradeoff to identify
Ithe optimal stjffness and danpi ng of the passive darrpl ng mounts. The
present inventi ﬂ’%ﬁ?ﬂ!‘s&?sde'm@mse@eﬁmdmmtuamh.iﬁsn@tMima,zf Inl)';(ranrbf he
EURED et ot o e 85 B i) Gl i) L

[ [ rr r S ] . ( (
:teﬁtsgr eﬁé: ;rgt | %deeﬁ’?tﬂgé%{)gb"r“g%ﬁgH&‘H&éﬁwmnhfﬁrsemsbtdemf;médoms vmhl tet n?;se
processes, thesyamrmd deinbriseites BitOMipERS hbduih IoF kel #et{ugglg%sgnt 01? tshg

\ \ '
cSL it 100 b okl ol BLSTE AL 97, 200 S8 AE AT of
D Lot i ng. pr obb aikovenehgedeofr tnead pasile QRkdo AhoiadhS! HDAOERS Can be
e g |y nfeniidH 8 iSO 650 Beesd O oARorE me oot foridemiy et o1 |
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Torgbl Ie?ncby r efPE@al§tiffacss and damping of the gassive dampirey rdd@s. as a doubl e integrator

in the form 20The prefenkinVentiéh empidyt k e e}tin{ator,i &b as Pga?manobﬁliez, w-lflicli\xﬂ - Jav)

i ~ t 4
Y(t) _ (1 9(? J ig( anot}pﬁ;lalﬁ?ate(est)lma(tor)used to minimize the 2-norm of the state estimation

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
0] _(0 N(xn) (o
20 {f(r)}"(o 0){:&(1)}+{M"}fd ®
_ x()
Y= o){x(t)}uo ® “

where M is the inertia matrix of the disc drive mass and both f(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(1) = Ax()+ Lf, (1),



where Mis the inertia matrix of the disc drive nmass and both fd(ti EE
xo(t) are assuned to be independent, Gaussian, zero-nmean white no defFEB 2004
processes. ﬁrgienti ng the above equati ons (4) in the formof a generic
Kal man fil 8 25 problem x(t) = Ax(t) + Lfd (t) , PCT/UPBR38004 WO
01/ 31655 -7 PCT/USOO/23810 y(t) = &X(t) + x0 (t), (5 wth A being the
matrix ~ 0) , L being the matrix (AJ' (and C being the J matrix (1. 0)
Thus, the Kalman filter requirenents that [A L] be stabilizable (or
control | able) and [A C] be detectable" (or observable) are net. 5 The
covariance of the external disturbances is the product of the ext er nal

di sturbance intensity matriy(=an@{hg)Drac delta functiop 8(t- and
the covariance of the |nternal di stur?)ances is the produc ) of the

i nternal distughg aq% |ﬂQet nns' tLr 0 and tgg rac delta function
Tf i i

6(t-T): E{fe (t)f ( oTo the matrix GndCxlpingtthexo' (t) = Oa(t
-T ), where 0 = 0 & In a almanfllterl obl em the cost
functional J, %Pff‘(:t(’ t'ﬂ’és ¢herKalrhan fillee regtifcirente SHat [PBE]'&Q'taSﬁMBL variances

e

E{x 2 (t)), IS(om(ﬂ{rinagl@%dmé dééct% le@g?%mﬁbﬁﬁ; e pI ying t Kal man

filtering algorithmto the pr Iemo 15 optimal nount
paraneters for a dil8¢coyirages of the extemnal distuntmhies s tﬁdlﬁbcﬁct\&%Qﬁtemﬁld' spl acement

and vel ocity ofistirBcéTatensiff skh,%c: S Jm ni ed. If E denotes the
stationary covarlancg)f{Ilitélt?l?lI;(1 of %d ﬁ\% I%Qa ktfcg‘l‘f’cg?“r -7), apd ghe | -

E{z(t)z' (t)}, THKERE Wéﬁ'&t al;lPet tsdmxﬂthettqfdm irftoPhal QRActageeXpr essed  as

J = tr[E. 20 iltessitmbtiR® shil thk Diraddael %He, m ni mal 2-norm of the state
notion error, Xx (t), for a system su jec ?) external disturbances xo and

"nternal disturbance B/ 0= S0(t-t), where E=E'>0
10 E{x,(x,"(1) =©(t -t), where®=0"'>0 (6)
In a Kalman filtering problem, the cost functional J, which is the sum of
the state estimation error variances E{Z?(f)}, is minimized.

J=EY 0. @)

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 Z denotes the stationary covariance matrix of the state motion error,
“ie., Z=E{X(1)T'(r)}, the cost functional J from Equation (7) can be expressed
as J =#[3].

20 The Kalman filter predicts the minimal 2-norm of the state motion error,

X(1), for a system subject to external disturbances x¢ and internal disturbance
fa. The Kalman filter equations are given by
%) = 43() + H[Y(1) - Ci(1)]

() = Ci(r), : ®
25  where H is the gain of the Kalman filter



fd. The Kal man filter equations are given by x(t) = Al(t) + H[y(t) Lg ggg]mﬂ,‘
y(t) = Cz(t), (8) 25 where His the gain of the Kal man filter F

WO 01/ 31655 -8 PCT/US00/23810 H= EC O' (9) The covariance rratrl Xx Eis

obt ai ned ag"({"ﬂ@ &hi que, symetric, and at |east posit PEEUSWAIIGES i nite
solution to the filter algebraic R ccati equation (FARE). AE+ EA"' + L
"L' - EC O-'" CE=0. (10) 5 For the passive nount synthesis problem
the Kal man gain H can be paraneterized as HH(M'B M'K (11) where B and

K are the optimum nount danpi ng and s¥iffness matrices. The process of the
present invention is carried out in accordance with the 10 flow di agram

of FIG 4. The |nert| a mat rmezM'@f' disc drive 100 is obtai @zd at step

200. At step Q2. Efxt sturbances X0 are nodel edas a white

noi se process Wi ?‘ﬁ‘" n’ga/'srr& tpiped gs the yeiquen symemetsio; mad adllest ur bances fd

are nodel ed agpositwe semdh&ﬁmddﬁﬁon%th&ﬁlt&m &ﬁﬁ? 3”5' ty matrix

O where -E and O are represented as Eg%lﬁm@f{ﬁ %%E&Akg = E{xo x0'}

. 15 At step 204, a Kal man 4¥Ederisl- Eﬁ'@bl@n@s q®hi ned by the Liter
equation (s4) Faﬁthé(1éss10e Imd@ﬁtt t 0){ x + M~ Y(t)
(1 0){ x(t)} + %;L xxfﬁ’ék 'Egpé“?%“ané’é M‘f“?"iﬂ i‘lof"’("t }I% Kal man
filter is calé’ﬁrf‘“a? daﬂsstep 206 20 fromCo 1),;+ 0 1) 0 M_

_(MB
o ot (11)

where B and K are the optimum mount damping and stiffness matrices.

(D

" =g

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 Xo are modeled as a white noise
process with intensity matrix =, and the external disturbances fs are modeled as

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

represented as E = E{f,, -f,'},and @ = Efx, %'}

15 At step 204, a Kalman filtering problem is defined by the iliter equation
4 as '
0] _(0 N[
{f(o} '(o OJ{xm} {M“’ } J®
_ x()
@)y =(1 0){Je ( t)} +X5(0). (12)

The covariance matrix I for the Kalman filter is calculated at step 206
20 from

(g (I,]’J*Z(g (I,)"“(;-:)" ,;-.J'—E(I 0)e’( o)x=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



00 EOO +(M')~M" -Y(10)0'(1 0)E=0. (13) The gain H of the Ifag:%rmw‘
filter is calculated at step 208 using Equation (9) and the val ues of

and O defined at steps 202 and 206, in the formof 11 FEB 2004 WO 01/ 31655
-9 PCT/ uso&f‘&%’@lﬁsH = E(1 0)'U-' . At step 210, Equati SRTUSOIR3RE 5o ved
for the values of the nount danping matrix B and stiffness matrix K,
thereby defining the optimal vibration isolation nount systemfor the
disc drive. EXAMPLE 5 The process of ,the present invention was applied to
a Mbdel x15 Cheetah(r) 9LP disc drivé from Seagate Technol ogy, Inc. The
rotational inertia of the disc drive was neasured at 2.47 gmin2. The

i nternal di st udbaBded)Ode Awnsteptte, Bautican1 Dfis bdied el &€ vRlsl of Rt O and the
spi ndl e i nbal a el ed using white noise processes. The external
di st urbances mgg&éwg%%?%@%?eﬁdfﬁ%ﬁﬁgﬁ TGTF Kt ensbat definiag te optivialr ds

Or gani zat i on ( Yiajiondsolatidmmawnt §ystemsferithendise drivé, br at i ons and ot her noti ons of
conput er equi ppRAfpLENhe i nternal di sturbance due to inbal ance of spindle
109 (FIG 1% corresponds to a single frequency with higher order

har moni cs and can BBE PrASess|of the] present inyerftion rwasl rapplizd 464 Babdangisper f or mance.

T e onne ot | Oite@he yop e dive 5l solll-eubdBe 1) 02 SuBrdTitar, " 2N0° Of

frequenci es, fOfI’ the dgiurposes 0 rese yefBe excitation
resul ting frorfiVhs 4% du8s Vasrarasused 4t 2.47 gurie ierintemal Biseurfunedsidbetoof t he t or que
di st urbance gethematigtofie Vbiee oA HooCld! I .S rmdeég: to be a

i ven by, TA“Z"V\?B:EH"gp‘g‘]"%'ﬁ“\ﬁE+ 5 199920 More

first-order Ivarlﬁov rocess&g :
articularly, tHE BERCSE PECESS Hieraxtamal dismripncss weteeappoixintedoi | t or que
parti y, U . . . .
profile dutd ngsagt iinmeibnal cSadires (O @AAHGHE QSBH O E:h]{_sfg Oséﬂrﬁ{c Mar kov
process cl Oswiﬁatgﬁéﬁlgioﬂgrrgom%ns% R r(t)fi o oung. ! "Tustrates
this. It was foun ) i OFIPULer 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
f,,(m)=52?“f—ﬁ?. (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. S illustrates this. It was found
that the Markov parameters of B =200 Hzand ¢ = 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



- = imled to a goo '
he Markov paraneters off = 200 Hz and a = 10 rim . R FEB 204
gpatt}]eePSD of tﬁe seek profile. 25 The external disturbances (i .e.,ji ‘If

ismc vi e} and notions of other conponents in the chassis) were
?rgleImegl by%ﬁﬁ”d%?rmti ng the |1 SO standards for conput é’fCTétﬁﬂﬂ%t)i?/ng.wgge_ 0
power spectral density of a first-order Markov 11 FEB 2004 WO 31655
PCT/ US00/ 23810 process is matched to the power spectral density ptgrs o
the external disturbances, as shown lé& FIG 6. The Mar ko:c/_ pa{an}[ehe o
Hz and a = 1500e-9 rads were selected to achi eve a good |th 0 150
criterion. For the purposes of this exanple, t.he frequency shapi ntg o] ;-
power 5 spect PEFESHEhJpaiched doyrthe cnawer ispeatradf density plot G 06 dxtefaf OF t OF

' i ' e i.gnqre In practice, _
r euensy Shap, e ol dhoiein Y. b MNP B 30 P t he. whi t e

' be consider :

o aacney Zgggggblgﬁg?%éwﬂéi*qlﬁ‘iﬁﬂmqhi@feagpbdaﬁtlﬁathmocfritdﬁoﬁ.r equations, or they
noi se proc a1 it 5es bf 84 LG, &L he power spectral
Constty Do oy Sror e guibhs of G ke, ARy Haghng 56 88 Retven T+ ot 1 05
density repg EZ Q%Q;%L‘ieﬂ% REPFegntation pf thesyoice ceitmetortyrape distirbeme aridhignd- | i mi t ed
Uhi acc‘”?gﬁ) eRtrenak afitnmions) aeres igabred. CRRESRE hQfue ?esh%lixzé diiwe (step 208 -

L€ no d re derived in- amass nof mafi zed fofm i.e.,
natural frequenBashg e e onffe wiic slscmerises n tedrtionot ect | on’ of
nat ur a _ !
oLt on PGkt cumor ges ot ot atipfcaufdre ot o o
disc drive 10051@65? e‘yni?h%%&g} %’gﬁ“f g‘[slkfigg'te%’gsle?‘ﬁu“‘%’o‘&ﬂs&ﬁ?“%? ges potom whi ch t he
SBH ?uﬁ]a%ﬁjﬂt pc%xgs,:ai,ggipgqnyoésaiﬁ apguracy beaisk beth haversiritar Ee@en&prdtﬁesfcan be seen
that the cent qbangflinfit@whiteddis§nt defines the optimal natural frequency

' ' . ). The optimal 20 danping is
325 KHz and the optjnal damping of 0.707 (1/. ) _ _
especially inter eshe%dtﬂﬁbMé‘q Gompuyteq {onitheadiscalive tseep RS FEANGS4)l t eri ng

process wher e abdite pobln areldedvel ih B hdrREIYRA foln R 3L bR feBudhiangOP! €X

of FIG 8 denonstrates that danping plays a
?I- SL?Pleca-rl;Pe %lex}nggu of tﬁ)eI 1s:[c drive in the @, direction of rotation. FIG. 7 shows a surface

15 plot of the variance of the motions of disc drive 100 in the 6, 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



role in mnimzing the error notions due to rotational vibrations. Disc

drives that are rigidly nounted to chassis produce high natural 1 1 FEB 2004

frequencies leading to 25 problens with track registration, while th

danmpi ng i sBPIE bl e. The operating point for such aPrdiwseodssiove woul d 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 danping

mechani smto achi eve the high danping ratios WO 01/ 31655 -11

PCT/ US00/ 23810 prescri bed by the pr esbnt invention would Iikel y involve

nonl i near danping principles such as Coulonb friction. The present

i nventi on t husPigictbddchysthe present ewentioh wabaldi 1gdeiyNigvahre mi},ergphmgp\{,gpr ation nount
ut'e

132 for a di sSCpfleinkessulh ' 202 a nodel, ,, is conp 5 of the
external di stulr)bgr?ceg 1%4&@{3'“[%%%0%8?‘% drive, and a nodel, E, is conputed

of internal disturJiheEsnuinentiocdus protides adfirec@ssHTidedigniny anSdpBiga1200 an

inertia matri XvibratMn rhéunBb it @ Gisk Qivel I SC I ve. step 204, the state
estimator is defjned based on SE: e lﬁg'rﬂfgqu{zﬁlﬁ?de‘%ﬂéﬁﬂ“@%der nal and

internal di 3t uMssfciemabdistarkanassda4 on the disc difve, dida médel, €, BebhsHdg0r i s chosen

to mnimze 2-4Miéhal intudaied 13885 Lor. 10 At ep. 208, the gain of the
state esti mat a‘légl at ega%zggﬁe}ghg#ca‘{"f%r tsff'ﬁtzw%ﬁ“%’??’ﬁ?m’(’step 206). At

rris.c ed |
step 210, the%’p‘fﬁ‘?ﬁ&f’ e discrsivgi AltepR04, sirechtaget dstirha@ S defilfed bafar anet er s ar e

derived from tdaaheindraanaii€ M, Gad St ol B i RESF € T ed
enbodi nent s, thg g%_ihn, H, of the st a?dgqg%%’%l?rdé ora"fesmﬁ%ﬂ"g‘é’g" =first by
cal cul ating a ®9arlbestete esimator is chasen tgminimize 23106 liats edimatiorder®e! Ut i On to t he

15 filter a gekirsepQodRieGahior i E+E(0 0) +(M')EM '
“E(0 1) 0-1(0 2P o &gg@&egﬂ?%%}ﬂﬂgﬁggﬁ’%gﬂ? * PAYXst at e

) E=0 5) and at ste
esti mator gai rf"érg(éttgﬁzé?}r f‘héepc%\()’a‘?‘? mpmmldmi@,&misﬁﬁhm,ml di st ur bance
matrix nodel pawmets aiedtrbed Aom die SAILIAY o and Bk faffRdE! O - The opti mal

nount danpi ng, B, I, T f s, . K _ par ters 20 are derived at step 210
fromthe rel ati onsﬁ&%ﬁegfmgﬁvwwopﬁéﬁn%mw estimator is derived
first by calculating a covariance matrix, £, at step 206 based on a solution to the

15 filter algebraic Riceati equation (FARE)

(0 oo o) (i) =0 6 e, a9

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

20  are derived at step 210 from the relationship H =[
M7K

J. In other preferred

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



enbodi nents the state estimator is a Kalman filter. Al though the Py es FER 2004
i nvention has been described with reference to designing the passive

vi bration %%}u?fs&son nount system for a magnetic disc dri e, t hose skilled
inthe art ™w F'ecogni ze that the present invention nﬁ?f"ﬁ%’ ’?gmpr acticed

in other environnents where passive vibration isolation nounts systens

are required. Mre particularly, the present invention nay be used to 11
FEB 2004 WO 01/31655 -12 PCT/ US00/ 23§40 design the optimal danping and
stiffness parameters of an optical disc drive. Mreover, while the

i nvention hasdlle)sgzent descri gaeno‘l An association with a disc drive having a
plurality of dre® B¢, Ppigal gz pingoand,idhess prsamateys pbanorticl idisedrivhier e only a
single disc cdvidredviaywhile the ikvefionHa® b&da! destriBddUinMRRERTon witd b ol
under st ood t hgh,eN&h th?'#gp nfulgergrlijs characteristics and advant ages of
vari ous enbodi ments Bf Xt he pPelEfiriaces, t invanfion max bp meticsdwhert orth in t he
f or egoi ng des@plygtsingla dis¢ engtribhwes towietimerake Hidfutbance$, t he function of various

embodi ments of the invegnt .G, ' | sclosure is illustrative only, and
changes rmay be. mmde in det aiuflé%?gmzogpeagf‘gﬁ%hf“ghnmuéf engics uct ure and

arrangenent of%4 ¥viasesof arions gmbediments of therpresent divention havectwemiet i Nvent i on to
the full ext erdrthiifnthe €réeBing Bdseridtib . j.ng of .the terns in
whi ch the appen edd cl aigresg_ar g“f;“e%@é@gﬂg@%@gWéeﬁfﬁ@w| ter

al gebrai c Ri c&RPIOmeEsAfithsinyepiignsthis discloswre issillustrativeembly; ami thanges addi t i onal

terms for a nimay be mmtd mrdefls, @spaiibifyan Gdkterd OF Sucrufd 28", Guoptimators
he 15 erm nation of the

besi des thg Kg{rg?g‘h i%eter. e enpl oyed for the et
opti mal nountS§, epIéln i B °’g§¥?tﬁlée Pﬁ%?"(‘i"%’ﬁﬂ“&? tothefull extent dndicatgl bhout departi ng
from the scoptedmerdsgsherilt mephing fof ther BN WHIVIE el Pendéd Bigims 4#0di T i cati ons
can al so be ngq,eesggh_tmgmgg ' O,‘ir m tslge cope. a irit of the
present invention. 11 FEB 8(%&&%9 %egrf'@ cqa§§q&txon QEAE"% heretn
scribed can have additional terms for a minimization of a different norm.
Other state estimators besides the Kalman filter may be employed for the
IS 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.

§tobe




PCT/ US00/ 23810 WHAT IS CLAIMED IS: 1. A process of designing an opti mal
vibration nount for a disc drive conprising steps of. 5a) conpuji n
1 o EEB" 2004

ext er nal ce nodel for the disc drive; b)conmputing an in
di st ur bancﬁrr‘géie)??f or the disc drive; defining an merf?'ﬂg BI% for the

disc drive; c) defining a state estinmator based on the inertia matrix and
external 0d) and internal disturbance nodels to mnimze a defined e)norm
of a state estimation error; calculaygng the gain of the state estinmator
as a solution to a filter algebraic R ccati equation; and f)defining

opti mal nount dﬁﬁgﬁ%@i ffness parameters based on the cal cul ated
state esti nat process of claim1l, wherein step (e) includes,
15el ) cal cul at ilng aAqmcemloﬁmﬂgnﬁlgtm ¥ptin@b Ofbrafibn MdfntSfel Wik ul© the filter
e2) al gebraic Igb,ﬁ tglgw,@.t ion, and calculating the state estinmator gain

based on the covar| nce matrix. 3.The process of claim1, wherein step (e)
is perforned by 20el )cmmaapxtngalahsnmbmmmdel&bﬂm&dﬂ%nﬁe froma sol ution

of the filtser al gegfrai &"Bhe'&()%vﬂ% %ceﬁlodggor%rd?% 01)'0(0 1) =o,
ere e 1ne

0a)E+E(I)OS+C)I\/Il) tix, ais the
i nternal disturbarfée ‘Pﬁn&m’&?maﬂamsquﬂ@dmﬂmenal di sturbance matri x, and

25 (e2) calcul atingy t hefifiiagh Sta® SitintHedk BisedldH e Herkit Ay &l O 1-

and internal disturbance models to minimize a defined
norm of a state estimation error;

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

f) 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 () is performed by
20 (el) calculating a covariance matrix from a solution of the filter

algebraic Riccati equation in the form

0 7 07 ' 0 0 ' N |
(0 0)>:+>:[0 0) +(M_,).={M_,J -2(0 1e'o nNz=o,
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 = (7 oye™.



11 FEB 2004 WD 01/ 31655 -14 PCT/ US00/ 23810 4. The process of claim 3,
wherein step (f) is perforned by fl) solving H= MK for B and K hrﬂdFEB)Zﬂﬂ‘l

setting the optinmal nmount danping nmatrix to B and the optinmal nount
stiffness M¥PPI3N6PBo K. 5 5. The process of claim1l wherriTsoinasiot at e
estimator is a Kalman filter. 6. The process of claimb5, wherein step e)
i ncludes, el) calculating a covariance matrix based on the solution to the
filter algebraic R ccati equation, ar\g e2) calculating the Kalman filter
gain based on the covariance matrix 10 and the inertia matrix. 7. The
process of claim6, wherein step (e) is perforned by (el) calculating a
covari ance matrtx EThemseress ofejaimt3, wherai stefn@ i§ pdrfortfied b3l gebraic Riccati
equation in the form (E +ECf +(M,.)~(0 1) e-"(0 1)E=0, ) | 15 where Mis
the inertia matrix, fi§ isolbihgfjgg% ﬁ'fox‘ﬁ?ﬁdﬁflﬂ@d‘ce matrix and ? is the
culat’

external disturbance matrix, an ng the Kalman filter gain H

;
(&) ca
fromH = E(1 0)0-'. 8. The pbrocess of claim7, wherein step (f) is
perforned by fl) sofRi n§® 8:“&)‘1\%’5‘“‘%W%PtdemaﬁaWXManMemmzn f2) setting
the optimal nount danpi myuntetffiiess miatrixBo &Nd t he optimal nount stiffness

matrix to Ks 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 |
€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 = from a solution of the filter

algebraic Riccati equation in the form

(o el o) (L2 R{2) 50 i e

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

and Z is the external disturbance matrix, and

(€2)  calculating the Kalman filter gain H from H=3(/ 0)o~.
8. The process of claim 7, wherein step (f) is performed by
-1

MK

. M™B
f1)  solving H =( J for B and K, and

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





