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DISTURBANCE REJECTION FOR DISC DRIVES USING ADAPTIVE
ACCELEROMETER FEEDFORWARD SERVO

FIELD OF THE INVENTION

5 The present invention relates generally to disc drive data stSrage
systems. More particularly, the present im‘zention relates to attenuating
the effect of rotaﬁonal vibration on the positioning of a read/write head
relative to a disc surface. ;

BACKGROUND OF THE INVENTION

10 Disc drives read and write information along concentric tracks

formed on discs. To locate a particular track on a disc, disc drives typically
use embedded servo fields on the disc. These embedded fields are utilized
by a servo subsystem to position a head over a particular track. The servo
fields are written onto the disc when the disc drive is manufactured and

15 arethereafter simply read by the disc drive to determine position. A servo
system samples the position of the read / write head relative to a particular
track at a particular sampling rate and adjusts the position of the head.

- Inatypical servo system, the actual position of the read / write head

relative to a given track is sensed and compared to the desired position of

20 thehead. A position error signal (PES) indicative of the difference between
the actual and desired positions is provided to a servo controller. Based on
the value of the position error signal, the servo controller provides a servo
control signal to a power amplifier that amplifies the servo control signal
and provides it to a voice coil motor. The voice coil motor is coupled to an

actuator that moves in response to the application of the amplified control

|6
%2

signal to the voice coil motor. An actuator arm that holds the read /write

head is coupled to the actuator. In this way, the servo controller controls




POSITION (57) Abstract: A system and method for attenuating the effect of rotational vibration on the .
~ positioning of the read/write head (116) ~. in a disc drive (110). The rotatiorjallaBiklef8pn of the
disc drive body (110) is sensed and applied to an adaptive filter (230, 232) that produces a
feedforward B9 8HP{P84) designed to offset the effects of the rotational vibReHsophesadaptive filter
(230, 232) adjusts its parameters based on the rotational acceleration signal (224), the position error
signal of the servo system (212), and a transfer funetion relating the actual position signal (208) to
the feedforward signal (234). The plant estimate of the transfer function relating the actual position
signal to the feedfotward signal is determined off-line_ and stored for use by the adaptive filter (230,
232) in adjusting iFSDRPSRERS A MR EBPAMHIE MR OIYER e il as éEfnated States
(national): CN. DE d{sBsulacKR, SG. of t e PCT Gazette. 218 220 222. EXTERNAL TORQUE
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drive to translational vibrations, a balanced mechanical actuator has
been typically used. However, since the actuator must pivot freely to
access the data, the effects of rotational vibration about the axis parallel
to the pivot axis can be considerable. Such rotational vibrations are

10 commonly caused by vibrational energy produced by another voice coil
motor/actuator assembly in the same drive v’vhen said other actuator
assembly is seeking from one track to another. Such rotational vibrations
can cause non-repeatable runout (NRRO) of the position error.

A number of researchers have investigated the feasibility of using

15 accelerometers for disturbance rejection. Hanks proposed using
accelerometers mounted to the disc-drive assembly to attenuate
disturbances. (U.S. Patent 5,299,075). A single constant gain, which was
determined off-line, was used to feed the accelerometer signal to the
voice coil motor, Abramovitch used the least-mean-square (LMS)

20  adaptation algorithm to estimate the value of the single gain. No plant
estimation of the disc drive was attempted. Abramovitch, Daniel Y.,

- “Rejecting Rotational Disturbances on Small Disk Drives Using

Rotational Accelerometers,” Control Engineering Practice, vol. 5, no. 11,
Nov 1997, p 1517-1524. Kempf used an accelerometer on a compact disc

25 player to control the focus length of the reading lens. The filtered-x LMS

adaptation algorithm was applied to the controller parameters. Kempf,

C.J., Design of Servo Systems for Disturbance Rejection and Applicaﬁons.to




 the effect of rotat ional vibration on the positioning of a read/write head relative to a disc surface:”

- BACKGROUND OF THE INVENTION 10 Disc drives read and write informatibral¢ff@® ¢Bggentric
tracks formed on discs. To locate a particular track on a disc, disc drives typically use embedded
servo fields oW @&/8iE®8. These embedded fields are utilized by a servo subgygiggidpupgsition a head °
over a particular track. The servo fields are written onto the disc when the disc drive is manufactured :
and 15 are thereafter simply read by the disc drive todetermine position. A servo system samples -
the position of the read/write head relative to a particular track at a particular sampling rate and
adjusts the position of the head. In a typical servo system, the actual position of the read/write head
relative to a given t36k fdlestzagr sudesmaiedhesihd lusresitp ofifietifofrda she head. A position
error signal (PES) iBditative pddhe difference between the actual and desired positions is provided to
a servo controller. Based on the value of the position error signal, the servo controller provides a

servo control signal to a go\REr aisRMventianRrpTicles teokeion toHsesigaartherd provides it to a
voice coil motor. TherybliemsRHATsIeHsiISEeHIRARR: BB 27 actHalgr daat moves in response to the
application of the amplified control signal to the voice coil motor. An actuator arm that holds the
read/write head is coupled to the actaSSMARKOE IABINSEDITEON oller controls -10 DEC 2003

WO 01/08138 PCT/US00/2837dbst ResiiaBinGadbp Rcluile dieas sl aR RRTicUlar track on

the disc surface. As the areal density of magnetic disc drives increases, so does the need for more
precise position coniFRRRRAERSTERMRE ekpaerduyvEiln kradreletiveddrealitsmal vibrations. In
order to desensitizega¢ehisc drive to translational vibrations, a balanced mechanical actuator has
been typically used. However, since the actfuator must pivot freely to_access the data, the effects of
rotational vibration about %emﬁg%\ﬁgr of the present invention’is directed a method of

10 attenuating the effect of rotational vibration on the positioning of the

read/ write head. Pursuant to the method; the rotational acceleration of
the disc drive body is measured. A rotational acceleration signal
indicative of the measured rotational acceleration is provided to an
adaptive filter. The adaptive filter is adapted to further receive the

15 position error signal and to produce a feedforward signal calculated to
offset the disturbance to the read/ write head position caused by
rqtational vibration. The adaptive filter further adjusts its parameters
based upon the rotational acceleration signal, the position error signal
and a transfer function relating an actual position signal, indicative of the

20 actual position of the read/write head relative to the disc surface, to the
feedforward signal. The feedforward signal is provided to the servo
loop. The transfer function relating the actual position signal to the
feedforward signal is estimated off-line and stored in rf\emory for access
by the adaptive filter during operation.

25 Another embodiment of the present invention is directed to a disc

drive servo system that includes an actuator assembly, a servo controller,

a rotational acceleration sensor, an adaptive filter and a computer




~ to the pivot axis can be considerable. Such rotational vibrations are 1o commonly caused by« . .-
. vibrational energy produced by another voice coil motor/actuator assembl;l in tbgp‘.aﬁ@drive when
said other actuator assembly is seeking from one track to another. Such rotational vibtations can
cause non-repéagaiiafunout (NRRO) of the position error. A number of reseesghsiGbsve
investigated the feasibility of using 15 accelerometers for disturbance rejection. Hanks proposed
using accelerometers mounted to the disc-drive assembly to attenuate disturbances. (U.S. Patent
5,299,075). A single constant gain, which was determined off-line, was used to feed the
accelerometer signal to the voice coil motor. Abramovitch used the least-mean-square (LMS) 20
adaptation algorithnTteFagtimatitat g actrater argmijiinonboanteadimatiemerdhe disc drive

was attempted. Abragiyiteho RanielracReiertingRlationab DS RRNCES:Abn WallDisk Drives

Using Rotational Accelerometers,” Control Engineering Practice, vol. 5, no. 11, Nov 1997, p :
1517-1524. Kempf (i8phindicadisr st difisrercedraiesnimrastplapsitionshths! the focus length of

the reading lens. Theflfgiedrx kMS radapiationalgeritimsasipied iedhesapirelienparameters.
Kempf, C.j., Design of Servo Systems for Disturbance Rejection and Applications. to 10 DEC 203
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California at Berkeleynbh98henR fERSE AL IBNHITI R RUPBIH 8% SAMIEOH seagather problems
and offers other advantaﬁes over the prior art. SUMMARY OF THE INVENTION The present

invention serves too® udRe fdelinBel Brs eXAbRRISSABPATBRASH ¢h NSISIARR of a read/write head

relative to a disc  acceleration of the disc drive body and produces a rotational acceleration
signal indicative of the measured rotational :acceleration. The adaptive
10 filter receives the rotational acceleration signal and the position error
signal and provides a feedforward signal‘ t<’) the actuator assembly. The
feedforwardsignal is adapted to offset the disturbance to the read/write
head position caused by rotational vibration. The adaptive filter adjusts
its parameters based upon the rotational acceleration signal, the position
15 error signal and a transfer function relating an actual position signal,
indicative of the actual position of the read/write head relative to the
disc surface, to the feedforward signal. The computer storage medium
holds a predetermined plant estimate of the transfer function relating the
actual position signal to the feedforward, the plant estimate being
20  determined off-line.
These and various other features as well as advantages which
characterize the present invention will be apparent upon reading of the
following detailed description and review of the associated drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

25 FIG. 1is a plan view of a disc drive suitable for use with the

present invention.




surface. One embodiment of the present invention is directed a method of attenuating the effect of -
_ rotational vibration on the positioning of tk]e read/ write head. Pursuant to th¢ meﬂE‘gd, the rotational
- acceleration oivmﬁlgu%sdrive body is measured. A rotational acceleration signal indiczti¥® of the

' measured rotational acceleration is provided to an adaptive filter. The adaptiveritiggimagapted to
further receive the 15 position error signal and to produce a feedforward signal calculated to offset
the disturbance to the read/ write head position caused-by ratational vibration. The adaptive filter
further adjusts its parameters based upon the rotational acceleration signal, the position error signal

and a transfer function relgtigg @ggcgy?gglpgsition Si nzg;IJ indicative of the 20 actual position of the
. read/write head relative to the disc surface, to°the. ?%8 vagé?‘éeﬁwm%fé%w%m signal is

. provided to the ser3Ii65 eTRe Ealieractandiigtociaiihgsthaiactabpasiian signal to the

- feed-forward signal js@stingted,gffzline and stored in memory for access by the adaptive filter during
- operation. 25 Another embodiment of the present invention is directed to a disc drive servo system

that includes an actuator afs,]&r%ﬂ'ﬂ)ﬁ} %i%@%eéﬂﬂﬂdﬂéiamntaﬂ@a&m%mmnﬁgﬂsor, an adaptive

filter and a computesde PHIE fe2f83, VYR 0L/QRHIGRCT/USOQ/1 9814 storage medium. The actuator
assembly positions a read/write head relative to a 5&8 Ut a‘?:lé?.glI REBENSTEFoller receives a

position error signaefrfhtﬁﬁéé‘ﬁ\?é‘fo?fa‘m@é ipepBen.an actual position of the read/write head
relative to the disc surfacerandiadesitea pesiian of {%fgg@ﬁj‘/}%ta Jlead. The servo controller then
on the

provides a servo con&g)l signal to the actuator assembly base RAIS Hethe position error
signal. The rotationai &¢B&leration sensor measures the rotational acceleration of the disc drive body

Zggpp;ir\cl)guces a rOtatiOﬂa'HG?%'@sf%tWQQﬂlxj%qjgéetli\\{'?ng fatrrrlm%tlygc? %%I2%%1285%}Logn&1eacceleration. The
- 10 effect of rotational vibration on the positioning of a read/ write head
according to an illustrative embodiment of the present invention.
DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

FIG.11is a plan view of a typical disc drive 110. Disc drive 110

includes a disc pack 112, which is mounted on a spindle motor (not shown)
15 byadiscclamp 114. Disc pack 112, in one preferred embodiment, includes
a plurality of individual discs which are mounted for co-rotation about a
cipfral axis 115. Each disc surface on which data is stored has an
associated head-gimbal assembly (HGA) 116 which is mounted to an
actuator 118 in disc drive 110. The actuator assembly shown in FIG. 1 is 6f
20 thetype kfnown as a rotary moving coil actuator and includes a voice coil
motor shown genefally at 120. Voice coil motor 120 rotates actuator 118
~ withits attached head-gimbal assemblies 116 about a pivot axis 121 to
position head-gimbal assemblies 116 over desired data tracks on the
associated disc surfaces, under the control of electronic circuitry housed

25 withindisc drive 110.

More specifically, actuator 118 pivots about axis 121 to rotate

head-gimbal assemblies 116 generally along an arc 119 which causes




10 filter receives the rotational acceleration signal and the position error signal and providesa .
feedforward signal to the actuator assem,bly. The feedforward signal is adaptﬁcﬂt@@ﬁs%fﬂléue

disturbance to the read/write head position caused by rotational vibration. The adaptive filter adjusts
its parametersW98é88pon the rotational acceleration signal, the position 15remosaigpakand a
transfer function relating an actual position signal, indicative of the actual position of the read/write
head relative to the -disc surface, to the feedforward_gignal. The computer storage medium holds a -
predetermined plant estimate of the transfer function relating the actual position signal to the
feedforward, the plant estimate being 20 determined off-line. These and various other features as

well as advantages G egf=s1ekat 2esamabbrdde ioibs enttirinn B spaseied 8o8 Péading of the

following detailed dasertpitas aﬁd}{@y{ﬁyﬁ@fstaaja@gqgiaigtd@r@mimsH&lalgﬁf@gsCRIPTION- OF THE
DRAWINGS 25 FIG.1 is‘é%?_lan view of a disc drive suitable for use with the present invention. 1 0
DEL, L.Jd3 WL) U1AT&¥38 e 16y SnPsgBaYes 0™ 154515608y R ORer Mgkt drrivs,

servomechanism with aackoppiy®senéelaraceordifigdefandtistatvermbadipentpf the present

invention. FIG. 3 is a simplified glock diag%am f.g servo system with an 5 adaptive feedforward -
control scheme écc@?ﬁﬁ{ﬁpti&é' AR St PARTRPA ] %H?é‘me hheumeeEsAinlidRtisHat¥RE% is a block
diagram of the typicalibMiSedapivedilter sehens, bllenbtiadfaraphkt HERHRWERINY: method of
attenuating the 10 eﬁﬁct of rotatign bration on the positioning of a read/wri'te\hez?d according to

| Vi C
an illustrative embodiEHt TR PRSSRSI K08 S SROB ETRIL RS DEEER PR ONEE fof USTRATIVE

EMBODIMENTS  encoding flux reversals on, and reading flux reversals from, the surface
of the disc over which it is flying. ‘

10 The present invention presents an adaptive feedforward control
scheme that utilizes an accelerometer sign\ai to improve the capability of
external disturbance rejection in the track-following servomechanism
when operating under vibrational environments. By matching the
unknown disturbance dynamics with a filtered-x LMS (least mean

15 square) adaptation algorithm, the feedforward controller is able to cancel
the external disturbances. This results in a significant reduction of the

-Jpon-repeatable runout induced by rotational vibration.
The present invention will be discussed with respect to a single-
input, single-output (SISO) discrete time stochastic system. It will be

20  appreciated that the invention is also applicable to other systems. All
transfer functions and signals are expressed ir: the discrete time domain
by using the sampling time index, k, and the unit delay operator 4.

FIG. 2 is a block diagram of a disc drive servomechanism in track-

following mode with an additional adaptive controller according to an

[
(*0

illustrative embodiment of the present invention. An actuator assembly

model includes digital-to-analog converter (DAC) and power amplifier

200 (B), voice coil motor 120 ( A,), actuator 118 ( £,) and actuator arm




CRIG.lisa plan view of a typical disc drive 110. Disc drive 110 includes a disc pjackgs;il‘zf.Whi’:éhfié};j,ﬁ
~ mounted on a spindle motor (not shown) 15 by a disc clamp 114. Disc pack 1%@ £ one preferred
embodiment, includes a plurality of individual discs which are mounted for cotr&t o 20egit a

© central axis 118/&4@81dsc surface on which data is stored has an associatedcjry%adé{?émbal assembly :
(HGA) 116 which is mounted to an actuator 118 in disc drive 110. The actuator 358 Bk} shownin

* FIG.1is of 20 the type known as a rotary moving coil actuator and includes a voice coil motor shown
generally at 120. Voice coil motor 120 rotates actuator 118 with its attached head-gimbal assemblies -

116 about a pivot axig 121 to position head-gimbal assemblies 116 over desired data tracks on the
“associated disc surfat%(%,(&”)de%’tﬁécébﬁ‘tmsﬁf@e@tiﬁ&bfdf@téH&/h@Hﬁﬁ%a%@é@QW@ figc drive 110.

~ More specifically, actglﬁ,tg(,}gg(ggv%% out.axis 121 to rotate head-gimbal assemblies 116 generally
© alang an arc 119 which causes 10 DI%%%BB?W O3 tdevred psiienglU(shasah head-gimbal ;

- assembly 116 to be ps8fioreRrsiterecdesisanmaiBRSs) eitarks Abihgsudapgs of discs in disc pack

112. Head-gimbal agsemblieg,d 16581 aved from tracks lying on the innermagst radius, to tracks ;.
lyihng on the outermost radius of the §sc€$é%’é Y hBSY IS PEOX: BEFIVEE- s Aleimbal which '

resiliently supports a’dtfdiarsdinvethe vallozef pesitivsertiatsiprastiderseaniQliqustie sppography of the

disc. The slider, in tygy. g l;@e%sag@ggr re tran ers, which are utilized for encoding flux
reversals on, and reaglyn%glux reversalscfénS%nSt%én saﬁudrj;la%cteO %ﬁtﬂéﬂﬂ%’@ﬁf@?lﬁ?ﬁéﬁ%is flying. 10 The

present invention pré&ais Qv erttphealighaforvarcboaotiapstens éh%ﬁi&gg%ﬁg accelerometer
k-tollowi

Snalto mprove gyl AL et ssiapin e tpct oo
motor 120 is coupled to actuator 118 that moves in response to the

10 applicatiop of the amplified control signal to voice coil motor 120. An
actuator arm 204 that holds the read/ write head is coupled tb the actuator.
In this way, servo controller 214 controls the positioning of the read / write
head relative to a particular track on the disc surface.

The external torque disturbance w, 218 generafes botfx the torque
15 disturbance d, to actuator 118 and the disturbance d, to head position
through the unknown dynamics G, 220 and G, 222 respectively. It also
‘generates the angglar acceleration signal w_ 224 through the deck G,

226 and the accelerometer S 228 which are also unknown. In an
illustrative embodiment, accelerometef 228 is mounted on the disc drive
20 body in brder to rmeasure acceleration signal 224 caused by rotational
vibrations. Illustratively, accelerometer 228 is mounted on the base
casting of the disc drive. The external vibrations can only be observed

by the angular acceleration signal w,_ 224 through the accelerometer 228.
The rotational vibration measurement signal w,, 224 is hence correlated

25 with the external disturbances d, and d,. Adaptive FIR filter F 232

generates a feedforward signal u , 234 from the rotational vibration




* unknown disturbance dynamics with a filtered-x LMS (least mean 15 square) adaptation algorithm,

the feedforward controller is able to cancel the external disturbances. This qeguﬁf(p igpnificant
reduction of the won-repeatable runout induced by rotational vibration. The present invention will be
discussed wit? BB&BEBt to a single- input, single-output (SISO) discrete timectatsvaatigsystem. It will
be 20 appreciated that the invention is also applicable to other systems. All transfer functions and
signals are expressed in the discrete time domain by using the sampling time index, k, and the unit .
delay operator g-1. FIG. 2 is a block diagram of a disc drive servomechanism in track following mode
with an additional adaptive controller according to an 25 illustrative embodiment of the present

invention. An actudRSPSRISERSBE *m bt RILE driitsl tefdrsg shivierbrnesac) aRd power .
amplifier 200 (P.), yqi%omwggséggyoe%5@%}1@1@%&%@%@%&%&%&&%@ WO 01/08138 -7 1

0 DE 2003 PCT/US(G0/19814 2 The actual position J208 of the read/ write head relative to a -
given track is sense¢znderoenp siggtht 32 erd esird dopddRiparah@etey vhtieg hedd: A position error =

signal (PES) 212 indicatiye of the (ﬁffer e‘lg‘etw the actu Ia}{}d desired positions,is provided to
servo controller 52 %@é@%&%ﬁr{ ijen'\’/g%fe 0 %Sgeﬁ?gﬁ%?régtr% é?ig%% Qﬁa g%rm c?gnlffo er 214 (K)

provides a seryo canti ehsighab2bareIARIPawes abmlifiere20lentvhichocaniesifeiim digital servo
control signal 216 to an analog signal, amplifies the signal ang provides it to voice coil motor 120.
Voice coil motor 1?(9@‘8&51)?(36‘10%’(?)?6 1@%&%‘#%\\/%5391 BSySASEBIHE 7§%pplication of the
amplified control signal t¢1oicaLobimpitied 2oddiaghiai @t arsedsybriholsh the read/write head is

coupled to the actuator. . Inr{his ay, servo cogt%)ger 214 cgéltrols the positioning of the read/write
head relative to a SRS ﬁ‘if&?%f e OMECSBITRSERS 3958% f&ﬁglafbfgﬁ?etﬁgﬁﬁbance w 218

generates both theetab@dement of the present invention. The external torque disturbance
10w, 218 of FIG. 2is substitutéd with the rotdtjonal vibration measurement
w,, 224, which is used as the source of both the feedforward signal 234
and the external disturbance d(k) in FIG. 2. The actﬁator assembly model
P 300 includes digital-to-analog converter and power amplifier 200 (R,
voice coil motor 120 (7, ), actuator 118 ( £,) and actuator arm 206 ( 7, ).

15 Actuator assembly P 300 in FIG. 3 can be expressed as

L.

P=PPPP, Eq. (1)

Unknown dynamics G 302 can be expreésed as
20

_APG,+G,

G
SG,

Eq. (2)

Position error signal 212 is denoted by e(k). The disturbance term d(k)

is the total effect of external vibrations to head position, which is

25  equivalent to




15 disturbance d, to actuator 118 and the disturbance d, to head position through the unknown. = =

- dynamics G, 220 and G3 222 respectively. It also M.: generates the angular,acceleration signal w,.
224 through th(;:'vdeck G, 226 and the accelerometer S 228 which are also U}liﬁl 1B illustrative

embodiment, accelEf8hfeter 228 is mounted on the disc drive 20 body in order to measure .
acceleration signal 224 caused by rotational vibrations. lllustratively, acceler8f®tspa228is mounted
on the base casting of the disc drive. The external vibrations can only be observed by the angular
acceleration signal w,y 224 through the accelerometer228. The rotational vibration measurement
signal w,, 224 is hence correlated 25 with the external disturbances d, and d2. Adaptive FIR filter F
232 generates a feedforward signal u, 234 from the rotational vibration 1 0 DEC 2003 WO 01/08138
-8 PCTNS00%19814 measurement w, 224 I g?fg to cancel the external disturbances d, and d,.
Both the position error signal 212 and the r(o oA Pt kneasurement signatg?(g)are used for
FIR parameter tuning in the adaptation algorithm 230. The addition of the feedforward signal ii,,. 234
5 and the servo confisigRaly 216 f%n the existent servo controller 214 is dengted by u, which is
fed into the DAC and power arﬁplﬁlenr ffeﬁfé?@@&%pﬁﬁédeﬂlwwﬂa@%g a servo system with
an adaptive feedforteft) Ehentisbhemernatenrdingyoap yg trative embodiment of the present
invention. The extepal torgue disturbance 10 w; 218 of FIG.2 IS’ SUbSHbtersarignetiog tional |

vibration measurement W,,?ﬁﬁ,’sﬁ}?ﬁﬁ‘h%edﬂéllﬂ@@o%@&ﬁ%hg}ggg(gg; rward signal 234 and
- the external disturbamizeglgs) in FIG. 2. The actuator assembly model P 300 m%iﬁdes
digital-to-analog converter and power. amplifier 200 (P,) , voice coil motor 120 (P, ), actuator 118
(P3) and actuator arm 206 (P,). 15 Actuator assembly P 300 in FIG. 3 can be expressed as

4 ()=F (kg™ ), (k) Eq.(4)

Eq. (5)

10 d(k)gc(k,q" (k)

From FIG. 2, for the reference in

N put r(k)=0, the position error
signat e(k) 212 can be derived as .

s 1 P |
D= -
¢(k) 1+ &7 70 17 xp '~ £q-6)

Substituti i '
ubstituting équations (4) and (5) into equation (6), e(k) becomes

’ G PF
e(k)z(-— R —
1+KP 17 KP)W" ® 5 ()
20
The first term at the right hand side of equation (7) is the net effect of
external disturbance to the position error signal 212, and the second term

Is the disturbance cancellation from the adaptive feedforward scheme

The objective of the adaptive filter F(k,g™) in the second term is to




‘ P::P;P‘,PBPa.Unkhown dynamics G 302 can be é'iy'("pfre‘ssed as 20 GP3P4G +G3. SG, Eq (1)Eq @
. Position error signal 212 is denoted by e(k). The disturbance term d(k) is thzsﬁﬁgﬁmﬁ external
vibrations to head position, which is 25 equivalent to 1 0 GEC 1tiU3 WO 01/ S00/19814

-9 d(k)=P3P YA Eq. (3) 5 u M23/1d F From IG. 3, it can be seen thagthaasiigry feed
forward signal an the external disturbance d(k) can be treated as originatin g with the same source

input w", (k) 224. Their relationships can be written a%r' (k)=F(k,q(k) Eq (4) IV d(k)G(k,g-W",(K) EqQ. |
(5) From FIG. 2, for the reference input r(k) =0, the position error signal e(k) 212 can be derived as -

approximate the unknown disturbance dynamics in the first term by

adjusting its parameters, and to then cancel the unknown disturbance

dynarnics for minimum error level. The filtered-x least-mean-square

(LMS) adaptive algorithm is hence apphed for parameter adaptation of
5  F(k,g7") and w1ll be discussed in the followmg section.

In an illustrative embodiment of the present invention, the LMS
adaptive filter is a tapped delay line with variable coefficients or tap
weights driven by the LMS algorithm of Widrow and Hoff. This
algorithm is described in Adaptive Inverse Control, Bernard Widrow and

10 Eugene Wallach, Prentice Hall, Inc. 1996, which is hereby incorporated
by reference. The LMSis a gradiént algorithm based on the method of
steepest decent. FIG. 4 is a block diagram of the typical LMS adaptive
filter scheme where x(k) 404 is the input signal and e(k) 406 is the
modeled error signal. The unknown dynamics 402;re denoted by

15 R(k,q™"). The transfer function for an N-tap adaptive FIR filter F(k, q")
takes the form

oy

F(k,g™')y= f,()+ f,(K)g™ ot (k)g~» Eq. (8)

20 where the paraméters f;(k), or tap weights, at time k are adjusted on-

line via the LMS algorithm.
From FIG. 4, the relationship between the input signal x(k)404

and the modeled error signal e(k) 406 is derived as

25 e(ky=[R(k,g™) - Fk,a™) (k) Eq. (9)




s e(k) 1 +KP d (k) 1+ KP u (k) Eq- (6) Substituting equations (4) and (5) into equation (6),e(k) .-+
becomes 20 e(k)= _ G _ PF 1+KP 1+KP)w"(k) Eq-(7) The first term at the right hand side of equation

(7) is the net effect of external disturbance to the position error signal 212, 4nfl ib‘[d;sqggpd term is

the disturbancE &M étion from the a":aptive feedforward scheme. The olieghigoabihs adaptive

filter F(k,g-") in the second term is to 1 0 DEC 2003 WO 01/08138 PCT/US00/19814 -10 approximate

the unknown disturbance dynamics in the first term by, adjusting its parameters,-and to then cancel

the unknown disturbance dynamics for minimum error level. The filtered-x least-mean-square (LMS)
adaptive algorithm is hence applied for parameter adaptation of 5 F(k, g-') and will be discussed in

 the following section. In arf figaakRitberstmHKatB: it nimghoidrthmpMS adaptive filter is
atapped delay line withovarebieicoRfisiaBiz 0L AR NSigNiBeiver.RY tweeﬁ%%'ﬂ?%m of Widrow
Widr

and Hoff. This algorithm is described in Adaptive Inverse Control, Bernar W and 10 Eugene
Wallach, Prentice HAM SO T¢@! thsismkanwr Bynaaies o andiresy kol reimmuPheneAdS is a gradient

algorithm based onsipeareeihod ofhstappast BeFsntaf WRighs & diagram of the typical LMS
adaptive filter scheme where x(k) 404 is the input signal and e(k) 406 is the modeled error signal.

~ The unknown dynamics 402 are denoted by 15 R(k, g-) . The transfer function for an N-tap adaptive

FIR filter F(k,g-") takes thefformirtksgiy= e é@)*xf( (K)gz' ,+f0’ ;r___f@r,,. _(If}g;(i\l-l)E%q (1@)

where p is a constant gain which determines the convergence rate and
minimum error level.

10 For fitting the block diagram showri in FIG. 4 in order to reach the
minimum error level in the adaptive accelerometer feedforWard scheme-
of Figures 2 and 3, the modified scheme, filtered-x LMS adaptive
algorithm, is necessary. This scheme is described generally in the
Widrow and Wallach work mentioned previously, thbugh that work

15 does not discuss the scheme in relation to disc drives nor rotational
accelerometers. From FIG. 3, the transfer function H between the actual
Position measurement y,, (k) and the feedforward signal u,, (k) can be

derived as

- R S A C)

20 = -
1+KP U (z)

Eg. (11)
Substituting equation (11) into equation (7), e(k) can be expressed as

e(k)=(—%——G)Hw,, ®) Eq. (12)

25




-~ 20 where the parameters f(k), or tap weights, at time k'are adjusted on- line via the LMS algorithm. -
. From FIG. 4, the relationship between the input signal x(k) 404 and the mOdtjl ﬁw Zﬁegal e(k) 406

is derived as 25 e(k)=[R(k, g-') - F(k, g-)}z(k) Eg. (9) WO 01/08138 -11 The ptive FIR

filter-400 is usimgohedsshe input signal 404 and the feedback error signal 406 to a ustthetap -

weights in order to match the unknown dynamics R and result in minimum Teah é&ﬁﬂi’e error. The

update law of tap weights is given by 5 f,(k+l)= f,,(k)+2}te(k)x(k-i); fori=0,l,...,N-1 Eq. (10) -10 DEC -

2003 PCT/US00/19814 where is a constant gain whicti determines the convergence rate and

minimum error level. 10 For fitting the block diagram shown in FIG. 4 in order to reach the minimum

error level in the ad&hﬂwpa&ﬁﬁ@&fﬁﬁ@iﬁﬂ@&ﬂfﬂf‘é@f@rﬁﬁhgﬁ@f @g‘eﬂgwg aqqu%fmgdmodlfled

scheme, filtered-x LMS adaptive algorithm, is necessary. This scheme is descrlbed generally in the
Widrow and WallacA%work mentioned previously, though that work 15 does not discuss the scheme -
in relation to disc drives nor rotational accelerometers. From FIG. 3, the transfer function H between
the actual Position measurementy,,, (k) and the feedforward signal u,, (k) can be, derived as 20 H =
P=Y.(z) 1+KP U, (2) Eq. (11) Substitutiféfegden (24)Ghio equation (7), e(kEganF)e expressed as

e(k)=(Eaq. (12)

and is available for the parameter update law shown in equation, (10), the
adaptive filter F(k,q™') will be capable of adjusting its tap weights to
trace the unknown dynamics ~ G/ P and minimize the position error
signal 212 caused by external disturbances. According to the present

10 invention, the transfer function of His no; calculated on-line. Rather,
the plant estimation of H is performed off-line. The frequency response
of plant A is measured off-line and the a priori estimate H is then made.
The plant estimate A is then stored in memory and made available for
access by adaptation algorithm 230 during operation of the adaptive

15 feedforward scheme. Inan illustrative embodiment, the plaﬁt estimate

[ used is the fourth order system, which is relatively easy for on-line

implementation. The x(k) signal used in the update law of tap weights
in equation (10) is then available on-line by replacing the transfer

function H with the plant estimate A in equation (13) and becomes
20

x(k)=H(k,q™"w,, (k) Eq. (14)

The position error signal e(k) in equation (12) is also modified to become

25 e(k):(—%-—g—ﬁ')}{wn (k) Eq. (15)




25 10 DEC 2003 WO.01/08138 PCI"/USO0/19814 -12 Comparing equation (12) with equation (9), if .=

the x(k) signal is defined as 5 x(k):H(k,q:')w,(k) Eqg. (13) and is available for hﬁ]g‘vaﬁr?rgﬁ@r update
law shown in %96'@1%’:{?3@10)' the adaptive filter F(k,g-") will be capable of adjusti t eightsto
trace the unknown dynamics GIP and minimize the position error signal 212causpe/ Ry;gxternal

- disturbances. According to the present 10 invention, the transfer function of His not calculated

~ on-line. Rather, the plant estimation of H is performegxff-line. The frequency response of plant H is-
measured off-line and the a priori estimate H is then made. The plant estimate H is then stored in
memory and made available for access by adaptation algorithm 230 during operation of the adaptive
15 feedforward scheme. In an illustrative embodiment, the plant estimate .'l used is the fourth order
system, which is relatively gasy:éorA1/408 daRlemsniat ﬁnsi na u 1?lin the ypdate law of
tap weights in equa,tt)ign %0) is then available on-line E/WE%%%‘:?%% ea%a%}s SrE R HEAE with the

IBHETRNar{d BrdBneR TRl tiR)e HykemiNeyifig &aedddd aHepbsition error

plant estimgte Hin .equgt _ €
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off-line would : p processes. Determining the transfer

function H on-line in real time requires large amounts of memory space

and consumes considerable amounts of precious time. The fﬂtel:ed-x

LMS algorithm is appealing for disc drive applications because it is

simple and requires few computations. This .is due mainly to the fact

10 that it uses a constant adaptation gain and-has no real-time plant
identification. Note that using an a priori estimate of H ma’y seem to

defeat the purpose of the adaptation. However, it has been shown
experimentally that even a poor estimate of is generally acceptable.
Adaptive Inverse Control, Widrow and Wallach. The céndition of A fér
15 convergence of the filtered-x LMS algorithm is that /7 /H is strictly
positive real.
-~ In experimental trials, disc drives employing the filtered-x LMS
adaptive accelerometer feedforward scheme of the present invention
were subjected to different rotational vibration profiles. The drives were
20 able to provide an average improvement of 83% reduction in non-
repeatable runout induced by rotational vibration.

FIG. 5 is a flow chart representing a method of attenuating
the effect of rotational vibration on the posiﬁom'ng of a read/ write head
according to an illustrative embodiment of the present invention. At

25 step 500, the transfer function H relating the actual position signal 208 to
the feedforward signal 234 is estimated off-line. At step 510, the plant

estimate H of the transfer function is stored in memory for access by the -




'be to determine H on-line in real timé by employing a Second adaptive filter. However, disc drive:

. servo systems typically have limited memory 5 space and time to run complicated processes.
Determining the transfer function H on-line in real time requires large amoiings bEngtidry space and
consumes comeiogsgale amounts of precious time. The filtered-x LMS algogtchrm iS ﬁ%)ealing for disc.
drive applications because it is simple and requires few computations. This IS 4 ?ﬁly to the fact
10 that it uses a constant adaptation gain and has no real-time plant identification. Note that using an
a priori estimate of H may seem to defeat the purposé4of the adaptation. However, it has been '
shown experimentally that even a poor estimate of H is generally acceptable. Adaptive Inverse

Control, Widrow anddéstiasiiiEhesenditian:ehgldpe-kasonyargepsortiiefitemsdx LMS algorithm -
isthat H/ His strict%(i%%ositiye real. In experimental trials, disc drives employing the filtered-x LMS

adaptive accelerom®iet FEaMBrR T aestine VS RRE AL saeHSen Aldtertifetied to different

rotational vibration poediliesiaT hecelévesoneigredl ablartaipsavideranayeragaimeiansment of 83%
reduction in non- reg)ea}able runout indgllé:{? by rotational vibration. FIG. 5 is a flow chart representing
[

d
a method of attenufing TRE BHER T PSEAiEnAFoRIXESH IER 1A Psitidinad Bty edilisAvrite head

according to ansillusBa; 2 esnhibqitaant shiticprecentitepisifoA RS iemaPdi dhgdransfer function

H relating the actual position signal 208 to .the feedforward signal 234 is estimated off-line. At step
510, the plant estirﬁg?e ‘I’-‘feo?%ga?%‘gfé' fﬁ%\‘ﬁiﬁ% Glratedratbes tbe disuskapgate WO 01/08138

-14 1 0 13t 1UU3 PCRWSEAIREhastapty 9 slieoR30u2a2 KFgHIRRIAHBR HLStER520, the

rotational accelerati%gl (g‘ th?. (‘:;iiscz |\r/?%$§§g/ 110 is measured. At step 530, the rotational
acceleration signal S IndicAvR Ot P BILRBIGLGTs based upon the rotational

acceleration signal 224, the position error signal 212 and the plant

10 estimate H. At step 540, the feedforward signal 234 is provided to the
servo loop.

In summary, one embodiment of the present invention is directed

a method of attenuating the effect of rotational vibration on the
positioning of the read/write head 116 in a disc drive 110. Pﬁrsuant to

15 the method, the rotational acceleration of the disc drive body 110 is
measured. A rotational acceleration signal 224 indicative of the
Theasured rotational acceleration is provided to an adaptive filter 230,
232. The a'daptive filter 230, 232 is adapted to further receive the position
error signal 212 and to produce a feedforward signal 234 calculated to

20 offset the disturbance to the read/write head 116 position caused by
rotational vibration. The adaptive filter 230, 232 adjusts its parameters
based upon the rotational acceleration signal 224, the position error
signal 212 and a transfer function H relating an actual position signal
208, to the feedforward signal 234. The feedforward signal 234 is

25  provided to the servoloop. The transfer function H is estimated off-line

and stored in memory for access by the adaptive filter 230, 232 during

operation.




acceleration is provided to adaptive filter 230, 232. The adaptive filter 5230,.232 is adapted to further. -

- receive the position error signal 212 and to produce a feedforward signal 231 fﬁlﬁég@tjﬁgg) offset the

disturbance te,dhg /5§gglwrite head 116 position caused by rotational vibration. ve filter
230, 232 adjusts its parameters based upon the rotational acceleration signat24%esligsppsition error
signal 212 and the plant 10 estimate H . At step 540, the feedforward signal 234 is provided to the -
servo loop. In summary, one embodiment of the presest invention is directed a method of S
attenuating the effect of rotational vibration on the positioning of the read/write head 116 in a disc
| acceleration of the disc drive body 110 is

drive 110. Pursuant to 15 the od, the rotati ) f the dit
omgg%%?é) %z’i“ﬁ% ?@nﬂ ICHINEST thXshEeR dyetrested dpaldisceleration is

measured. A rotational accelerat
provided to an adaStiéeriear 2 spsterthinhinckialetive ﬁHﬁfaZ&%s%@%ﬁfSﬁPE?&NJurther receive the

position error signabaksandio Rreduce a feedforward signal 234 ca cula'te_d to 20 offset
the-disturbance to the read/write hea%%ol aﬁ;%%‘fﬁ%rr\a?é)@sseem THatAdrpibradidier A adaptive filter

230, 232 adjusts it€parAif @ErPEprRise dtopige tineditatioTiad aecRiRPAReHINahg24, the position error

signal 212 andsa traasfaniunction rglati ctual.position signal 208, to the feedforward signal
234. The feedforward signal 234 is 25 prg\%%%?jl%orq%LsengoaIGbsﬁ.s?ﬁ@‘%?alﬂgfeﬁﬁﬁ@ﬁm H is estimated

off-line and stored A EHE$ foreseivess ppsitioadantivadilte L2BHAR2 gling, operation. 1 0 DEC

2003 WO 01/08138iferbitde BOA& 411 2-Angther embadiment of the present invention is directed to
a disc drive servo system that includgs acn actgg%?oa{isgetrhﬁﬁ‘;%&)f‘??e}?w ebhrenEre14, a

rotational acceleratfoH§etisopursared 2dnga/desiter 286itiaR > A PegapPiehelrage medium. The

» e}ctuator assemblyB0servo controller 214 then provides a servo control signal 216 to the

10 actuator assembly 300 based on the value Qf ’the position error signal 212.
The rotational acceleration sensor 228 meaéures the rotational
acceleration of the disc drive body 110 and produces a rotational
acceleration signal 224 indicative of the measured rotational acceleration.
The adaptive filter 230, 232 receives the rotational acceleration signal 224

15 and the position error signal 212 and provides a feedforward signal 234
to the actuator assembly. The feedforward signal 234 is adaptéd to offset
tl_zs disturbance to the read/write head position caused by rotational
vibration. The adaptive filter 230, 232 adjusts its parameters based upon
the rotational acceleration signal 234, the position error signal 212 and a

20 transfer fl{nCﬁOn H relating an actual position signal 208, indicative of
the actual posib'on of the read/write head 116 relative to the disc surface
112, to the feedforward signal 234. The computer storage medium holds

a predetermined plant estimate A of the transfer function relating the

actual position signal 208 to the feedforward signal 234, the plant

25  estimate A being determined off-line, for use by the adaptive filter 230,

232in adjuéting its parameters during operation.




5 positions a readl/write head 116 relative to a disc surface 112. The servo controller 214 receives a

- position error signal 212 indicative of a difference between an actual position of the read/write head
116 relative to the disc surface 112 and a desired position of the read/write hdabial e servo
controller 21MAMPHIvIdes a servo control signal 216 to the 10 actuator assepily308 pased on the
value of the position error signal 212. The rotational acceleration sensor 228 measures the rotational::
acceleration of the disc drive body 110 and produces g rotational acceleration signal 224 indicative
of the measured rotational acceleration. The adapti\ié liter 230, 232 receives the rotational
acceleration signal 224 15 and the position error signal 212 and provides a feedforward signal 234 to:
the actuator assembly. Thétfieddforwarsigual 2addseadhpigchtofisaiuthendistyebanee to the
read/write head posifion cansed by rptational vibration. The, %ja tive filter 230, 232 adjusts its '
parameters based upon the rotitional acceleratior T 95 ,%f?‘é"ﬁBEl?l’Bﬁ‘%YFo‘?%ﬁ%‘i 212 and a 20 .
transfer function H réfatihin Arederegdimgsiticnriigioal R@R1hedicatlvdabihefart@alpasition of the -
read/write head 1162{3@&\4&5&%? '%% E'ref%%e d112 o the feedforyard signal 234. The computer
storage medium holds a predeterrr‘?lilned§ plant 8s'f|nrnnegt% ﬂPc%‘ &lg\frea{lrgé%’r%’?iccﬁ'(gﬁ?@l‘éﬁh@ the actual
position signal 208 t8lisér itizdionlyart digral R3Mmahdplanti2 Sredtibtespdesiilg determined off-line,
for use by the adaptiyg filier,230, 232 in,adjusting its parameters. %t%m operatign. WO 01/08138 -16
1 0 DEC 2003 PCT/USOO/89814 It1s to be un% rg%glg)%ot a?réﬁ/%t ngﬁ }r%iﬂ%é?% ’tharacteristics
and advantages of R @ussentbodintimmscoththéalh osienio indinedoden thetbford geibeforegoing
description, togetheryuith; details S JB8SHUGTHER R0d S Q&HQQ f various embodimepts of the
invention, this disclosure iggs illustrative only, and chgﬁges mg/ab%mrﬁﬁed%xi%rﬁises’Féql}, egf)ecially in
‘matters of structure BffFRiratisepacituepelemmithmake prindiglesdifig on the particular

10 application for the filtered-x LMS adaptive accelerometer feedforward
scheme while maintaining substantially the same functionality without
departing from the scope and spirit of the present invention. In addition,
although the preferred embodiment described herein is directed to a_
filtered-x LMS adaptive accelerometer feedforward sﬁheme fora

15 magnetic disc drive system, it will be appreciated by those skilled in the
art that the teachings of the present invention can be applied to other

“Systems, such as optical drives, without departing from the scope and

spirit of the present invention.




" the present invention to the full extent indicated by the broad general meaning of the terms in which*
the appended claims are expressed. For example, the particular elements may \adegéiddling on '
the particular 10 application for the filtered-x LMS adaptive, accelerometer feedforward scheme while
maintaining substantially the same functionality Witbﬁl_t departing from the scope and spirit of the
present invention. In addition, although the preferred embodiment described herein is directed to a
filtered-x LMS adaptive accelerometer feedforward scheme for a 15 magnetic disc drive system, it will
be appre AHARSCEARERIIB: the art that the teachings of the present invention can be applied to

other 'Systems, ical drives, without departing fro e scape .and spirit,of the present
invention.ﬁi 0 DE %?i%% %ﬁ,"ﬁffg%ﬁ%@ﬁgﬂ%‘ﬂ ag é’gé:l.%‘e’%%%\%é’ tseyaggrﬁoc%trlﬁ)&%ing a servo
loop adapteadsywoistibead nelatinerteadisd serfanebaseddigorfpesitiers etkapsigsaposition error
sional indigaiiuiobdlfterrannbeiuaeBALAdUALPRSLIABPbMAd sadk i Spagy relative to the disc

surface and a desired position of the read/write, a méthod of attenuating an eftect of rotational

vibration dR1atypdeithwfigesurfeceandwidesired pasifionriafithetepd Ovrite, meatbadph rotational
acceleratignal iR AiSE- b POEb4RbRIPYRG B Ol in BLanssigralionsisnalpdicalve of the

measured rotational acceleration to an adaptive filter adapted to further receive the position error .
signal an&‘ﬁi‘ﬁréﬁmmgéﬂmm signal adapted to offset a disturbance to the read/write head

position caused @rotaﬁwhﬂg@gqgtg{qgnmgy&a{m BeviRORR ametassdhat are adjustable

based upon the rotational acceleration signal, the position errqr, sgqnal_and a_transfer function
relating an actualositiBFOYisHES mERaioRdreseleratinn peRirbindiaiiviealifite head relative to the
disc surface, to the feegies¥iaedi SgR®lonal acceleration to an adaptive filter adapted to

¢ further receive the position error signal and to produce a
feedforward signal adapted to offset a disturbance to the
read/ write head position caused by rotational vibration, the
adaptive filter having parameters that are adjustable based upon
the rotational acceleration signal, the position error signal and a
transfer function relating an actual position signal, indicative of the
actual position of the read/write head relative to the disc surface,
to the feedforward signal;
(¢ providing the feedforward signal to the servo loop;
(d) estimating a transfer function relating the actual position signal to
the feedforward signal off-line; and
(e)  storing the estimate of the transfer function in memory for access
by the adaptive filter during operation.
2. The method of claim 1 wherein the adaptive filter is a tapped delay line
with variable tap weights.
3. The method of claim 2 wherein the variable tap weights are driven by a
least-mean-square algorithm.
4. The method of claim 3 wherein the least-mean-square algorithm is a
gradient algorithm based on the method of steepest descent.

5. The method of claim 4 wherein a transfer function F of the adaptive filter

is




" (c) providing the feedforward signal to the servo loop; (d) estimating a transfer function relatingthe, -~ .
- . actual position signal to the feedforward signal off-line; and (e) storing the estirpq}e[}gghgﬁgynsfer

function in memory for access by the adaptive filter during operation: 2. The method of claim1
wherein the adaptive filter is a tapped delay line witkhpgariable tap weights. 3. The method of claim 2
wherein the variable tap weights are driven by a least-mean-square algorithm. 4. The method of
claim 3 wherein the Ieast-mean-§quare algorithm is a gradient algorithm based on the method. of
steepest descent. 5. The Hdkrbd)ot Géfhfikgein a trahsiékxaritilbn F of the adaptive filter is

10UEC2003 -ﬁ8 F(k, g =fo(k)+.f (K)g-' +...+fv-,(k)g-(N-") where g-' is a unit delay operator and the tap
weights f,. (K attinfe KPP HE R AOReten AR R AR wrighis J Aheati iorrinmreo. A disc drive

servo systeadpaRisHgndR RoAleaasSHRAINY, AdAPIRSLIRRSItion a read/write head relative to a
disc surfaceg rot i(a]al acceleration sensor adapted to measure the rotational acceleration of the
'[ 1

disc drive body an f)‘?ém}'c"esﬁrf’(ﬂéﬁém SRBAEFNSN signal indicative of the measured rotational
acceleration; an adepivtefibensstantif ia4peaive hesotaioraldrasiesation sigalang £ position

error signal indicative of a difference between an actual position of the read/write head relative to the
disc surface and a desirzidsﬁé"b1 Bffof the read/write head and to provide a feedforward signal to the

actuator assemblya thetdtiofid avesidsigbalsadapniadaised e hretisits BRocotitidimread/ write head
position caused by rotatigcnc%ievrig)tri%gogf tﬁtllg c?igg E'ii\('% @é%{yha%/ .nt% produce a rotational
acceleration signal indicative of the measured rotational
~ acceleration;
an adaptive filter adapted to receive the rotational acceleration signal and
a position error signal indicative of a difference between an actual
position of the read/write head relative to the disc surface and a
desired position of the read/write head and to provide a
feedforward signal to the actuator assembly, the feedforward signal
adapted to offset a disturbance to the read/write head position
caused by rotational vibration, the adaptive filter having

parameters that are adjustable based upon the rotational

acceleration signal, the position error signal and a transfer function
relating an actual position signal, indicative of the actual position of
the read/write head relative to the disc surface, to the feedforward
signal; and

| a computer storage medium adapted to hold a predetermined plant .

estimate of the transfer function relating the actual position signal
to the feedforward signal, the plant estimate being determined off-
line, for use by the adaptive filter in adjusting its parameters during
operation.

12.  The servo system of claim 10 wherein the adaptive filter is a tapped delay

line with variable tap weights.




- parameters that are adjustable based upon the rotational - acceleration signal, the position error signal =
and a transfer function relating an actual position signal, indicative of the actualp@s&eg JQihe
read/write head relative to the disc sufface, to the feedforward signal; and a computer storage

‘medium adapted to hold a predetermined plant estifate of the transfer function relating the actual
position signal to the feedforward signal, the plant estimate being determined off- line, for'use by the
adaptive filter in adjusting its parameters during operation. 12. The servo system of claim 10 wherein

the adaptive ¥iter id B4 APPERISHEIE AhelaimniZayisrein shrdiarieble Bpweigharesitivenhe servo

system of clzﬁyhlgamh@{@jﬂ.gaﬁlygiﬁg@rmweights are driven by a least-mean-square algorithm.
14. The servp systixg of claim 13 wherein the least-mean-square algorithm is a gradient algorithm

based on the thethdASIEHR srsemet elaim 43 irhereindhg sasheapmauarealeasithreisansfer
function F ofgieelientogiieei fhier badetkorf@H& rtethdd®f steepetbladdoéntN-1) where g-' is a unit delay

operator andie RIS, (02 me K9 ARG ULIIg B e lesstmen square algoritm
adaptive filter is
Fk,g™") = So(k)+ fl(k)q" +ood o (k)q-(N-l)

where ¢™' is a unit delay operator and the tap weights f,(k) at time k are

adjusted on-line via the least-mean-square algorithm.






