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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 rotational vibration on the positioning of a read/ wrlte 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
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actuator that 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 actuator. In this way, the servo controller controls




SENSOR 224 (S) ANGULAR ACCELERATION W. radtsec2 232 FILTRVER (F) -214 234 SERVO + .
~ POSITION REFERENCE, r + EXTERNAL TORQUE DISTURBANCE W. dI {10) e rd8§dnal
Publication Number 08138 A] 118 ACTUATOR | ARM EXTERNAL TORQUE MOVES DISC
RELATIVE ™ 888 (G3) + 1 (P +- k13) 212 216 CURRENT TORQUE PIBISEMHEAND 208 m
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 rotational acceleration of the
disc drive body (110) is sensed and applied to an adaptive filter (230, 232)

the positioning of the read/ write head relative to a particular track on the
disc surface.
As the areal density of magnetic disc drives increases, so does the
need for more precise position control when track following, especially
5 inthe presence of external vibrations. In order to desensitize the disc
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




- that produces a feedforward signal (234) designed to offset the effects of the rotational vibration. The
~ adaptive filter (230, 232) adjusts its parameters based on the rotational accelbr@tiBBGigHgg (224), the
position error signal of the servo system (212), and a transfer function relating the actual position
signal (208) t&the&/f8dforward signal (234). The plant estimate of the transieefuRghigs, selating the
actual position signal to the feedfotward signal is determined off-line and stored for use by the
adaptive filter (230, 232) in adjusting its parameters_guring operation. CONTROLLER u (K) li+ (81) -
Designated States (national): CN. DE, GB, JP, KR, SG. of t e PCT Gazette. 218 220 222. .
EXTERNAL TORQUE MOVES HEAD RELATIVE TO DISK (C2) 200 120 DAC AMP (P1) (FOIL1'1 0 :
DEC 2003 WO 01/d8%881a s f3oma 8 PotssigiBr KTt RBUESFI@Na MR DISC DRIVES
USING ADAPTIVE%@@E%EB@METER FEEDFORWARD SERVO FIELD OF THE INVENTION 5
The present invention relates generally to disc drive data storage systems. More particularly, the
present invention relates tb'StRERSERIABYeRE AR Bl es s fintPviedhesesmehethexsitioning of a
read/write head relpjiisldmaRigoaerianaeBARKERAING: Gf THE WYENTION 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 serMMAEY QF hEIEENVENTIONhedded fields are utilized

The present invention serves to attenuate the effect of rotational

vibration on the positioning of a read / write head relative to a disc
surface.
One embodiment of the present invent"ion is directed a method of

10 attenuating the effect of rotational vibration on the positioning of the
read/ write head. Pursuant to the method: t,he 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




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 are thereafter simply rea bg :pgqjiz@ﬁrive to

determine position. A servo system samples the position of the read/write head relatiVe’to a
particular tra®¥Ost18§3d¢ticular sampling rate and adjusts the position of the peggishy;pdypical 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 the head. 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 sigitaF2gRdNSHvRIe s ReddUARIeAseRMEbtROsThenysicsachivmisedrerdcoupled to an 25

actuator that moves ig4gspepseiie- the @peligaioe Aldbeamalfisd SoBtQ Hsighah i9.the voice coil
motor. An actuator arm that holds the read/write head is coupled to the actuator. In this way, the

servo controller confi§RAE5HREVeS2 Aitetenes pesveeman avnm pesitiansob Skstioning of the

read/write head relafivpiio.aiRaHicdl i Higek eniBeiisisasurassd Aadbe akirnsly Rt magnetic
disc drives increases, so does the need for more precisée position control when track following,

especially 5 in the préS¥EEtshertbriheiBraa6RE IR SFdBrIPER SRS RisEHRCREDrive to o
translational vibratiogignal balaeceémechsismigBHsiahaseRaaR ikl Posisrs: digyever, since the

actuator must pivot freely tg _access the data, the_effects of rotational vibration about the axis parallel

to the pivot axis cansiﬂ‘ﬁbngtferﬁ;fﬁfé?@bEFF?&‘&%%FWFHHBH?HF%%BW%N caused by

vibrational energy peeeklepstiby an@ibaisvick €dibdyalal/pesdates asserablyaintiasamendrive when
said other actuator asse gllﬁ is seeking from one track to another. Such rotational vibrations can

cause non-repeatabi IREIS &Y TemeBEed notriuma Auslperonrelbaadiiidvtave
investigated theofeasihdityeotveighe Foraconlararaatatsitor disitraaaeRe giesition didnks proposed

using accelerometesrisgnn;i) ggéegrg%i%]e?s gi?gég{é\/r%vgﬁcslesirggg 'Eg ta'};[gggyuagsor 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.




disturbances. (U.S. Patent 5,299.075). A single‘?cohstaht' gain, which was determined off-line. was - -
~used to feed the accelerometer signal to the voice coil motor. Abramovitch qsgdﬂqg
Ieast-mean-sqyar@“(;g §) 20 adaptation algorithm to estimate the value of the single gj“éfltﬁ‘ No plant

' estimation of the disc drive was attempted. Abramovitch, Daniel Y., "RejectingriR@batisyia!

Disturbances on Small Disk Drives Using Rotational Accelerometers,” Control Engineering Practice,

vol. 5, no. 11, Nov 1997, p 1517-1524. Kempf used ai3-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. L CrrJResign of Servq. Systems for Disturbance Rejection and

. Applications. to 10 DEC Z(Bﬁﬁvr\}%%%gg%g 1_%;?{8 ﬁ?(ﬁg O PSS TR RSB yerSy stems,

. Ph.D. thesis, UniveRIRSME sTrofteata @erkansgtokaolluThatreseiomveation pevides a solution to

- these and other prahlesms: anskatiers other advantages over the prior art. SUMMARY OF THE

- INVENTION The present invention serves too attenuate the effect of rotational vibration on the :

- positioning of a read/write Fiéad te e rbiiediblosk dagrad o esabasimeanal thepresent invention is

directed a method afdagenratingdhe aitec afsptational vibration on the positioning of the read/ write
head. Pursuant to the method, the rotational accg?grat?oaﬁcgfr e s f\’?‘é’fﬁfb‘ﬁﬁis measured. A
rotational acceIeratﬁ’ﬁ%?&ﬂe%&i%ﬁtﬁléréﬁﬁélm@aﬁmed rotational acceleration is provided to an

adaptive filter. The adaptivediltefig paptec, Jg{g}%éegc,g;\éael% g i%osjtio .error signal and to
ist 0

produce a feedforward signal calculated to otfset the rbance BiE& &iliite head position
caused by ratation& ViBt&tion. The adaptive filter further adjusts its parameters

FIG. 5is a flow chart representing a method of attenuating 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




“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 r]ne@q}g_"qla% o the disc
surface, to the feedforward signal. The féedforward signal is provided to the servo loop. The transfer
function relatifPt@#ebual position signal to the feed-forward signal is estinratedsodfilisg 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 thatdgncludes an actuator assembly, a servo :
controller, a rotational acceleration sensor, an adaptive filter and a computer 1 0 DEC 2003 WO
01/08138 PCT/US00/1 9814 storage medium. The actuator assembly positions a read/write head

relative to a disc surf3cR PPA-BERRAIRHEEILY 14EAR B RPFEGRER erFsr deristdrrnesfve of a

difference between @ieaciurd paskivsuefdhe seasiwnteineasheelaive s gissasurface and a desired
position of the s read/write head. The servo controller then provides a servo control signal to the

actuator assembly b3SET BREELG SRIERSTIRY SO SABhEATSS Sitarrrits iBperaest 2aeisration sensor

measures the rotatiabatacksBlafationné heedinest riveéilosy nadiproduses Rerigtinnaliacceleration
signal indicative of the measured rotational acceleration. The adaptive 1Q filter receives the rotational

acceleration sighal AntFRB HILRiBASBFEYNA BPGGRISE SYRRSIHS ARSIt &Y tRe actuator
assembly. The feedfdoaduisksigralisadanbdeiaaisatshettisiopdanrsshe dheneamivritge head
position caused by rqtational vibration. The adaptive filter adjusts its parameters based upon the
rotational acceleratigi%gseiﬁﬁﬁl,nlﬁé Bttt %eeotf&%riﬁgﬁpﬁ Hcﬁrﬁ‘a‘ﬁi‘fégﬂfﬁc‘fﬁm fihg an actual
position signal, indieativéin hexaeiuakpositicidfirdweieadinrite beat fetatiyentostheacslisc surface, to
the feedforward signQI.thTh : COm Ut?SSéi(})rag? medium holds a predetermined plant estimate of the

| |

transfer function relating the “attuat’} i to the feedforward, the plant estimate being 20

~ determined off-ine. TheseTnrdpvesionsrairaide pivsestaanelapsi aciartfiges ydiohtrol
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




' characterize the present invention will be :ap'par‘entyupon read'ihfg of the fOII‘oWing"~d'§téiIe:‘d description’
~and review of the associated drawings. BRIEF DESCRIPTION OF THE DR @N,G‘S‘ 25FIG.1lisa
plan view of a disc drive suitable for use with the present invention. 1 0 DEL,'L! o&"‘WLZﬂﬂBl/USBS

- PCT/US00/298Y2 Be3138 is a block diagram of a disc drive servomechanism with an adaptive
controller according to an illustrative embodiment of the present invention. FGT /gﬁg"ﬁ%ﬁﬁplified block

diagram of a servo system with an 5 adaptive feedfor\{vf}rd control scheme according to an illustrative *
embodiment of the present invention., FIG. 4 is a block diagram of the typical LMS adaptive filter'
scheme. FIG. 5 is a flow chart representing a method of attenuating the 10 effect of rotational

“vibration on the posit'r%%r(l@éf ﬁé@df%ﬁi@ﬁé@y&d%rdmgetﬁew/m&&@@w@ gnhodipent of the
~ present invention. DETAJLED. RIPTION OF ILLUSTRATIVE EMBODIMENTS FIG. | is a plan
' ik R R I 10TIREIE44S Walesisedpasitondigfr)ofibented on a

© view of a typical disc drive 110. Disc drive

- spindle motor (not sHifRA) TSpsyitietisurciesipnd(REB)istnaak-4d7. i gRepigised embodiment,
includes a plurality ofdpdddval disgs;which are mounted for co-rotation about a central axis 115.

Edch disc surface on which data Is sttl)?ébép élgsé]rgé%é)%%?ﬁ‘éféﬂ’w&ﬁ@ﬁﬁwmmgﬁmGA) 116

which is mounted to aH- déagedortt® inlgisofdroseib errbheigaivator asse Rl oWy in FIG.1 is of

20 the type known agkg gg,rixlggg\ggg,ggj)l ctuator includes a voice coil motor shown generally
at 120. Voice coil motorfjli)zo rotates actua?%rroij’cf \a/vﬁgﬁttso é%@&%@a@’@%&?%semblies 116

about a pivot axis 12 HshyseaTterHdadigitnbeirassemiiesghifoves sesitadglaiajacks on the
associated disc surfaggshiedigith QH%%?I)@IEC'[[ ic circuitry housed 25 within disc drive 110.
More specifically, actuator 118 pivots about axis 1 IJ? {t%vr%]ﬁt&”y motor 120. Voice coil
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 measure 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




“head-gimbal assemblies 116 generally along an arc 119 which causes 10 DEC 2003 WO 01/08138 .~
PCT/US00/19814 -6 each head-gimbal assembly 116 to be positioned overp@qﬁ’@@dzgﬂga of the
tracks on the surfaces of discs in disc pack 112. Head-gimbal assemblies 116 can be moved from
tracks lying 3fP#é#dfermost radius, to tracks lying on the outermost radivscufubealéses. Each ,
head-gimbal 5 assembly 116 has a gimbal which resiliently supports a slider relative to a load beam
so that the slider can follow the topography of the digc. The slider, in turn, includes one or more
transducers, which are utilized for 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 thESHEHEERER Abe&réBhoRHST SRR st trbdisipabangest deiadnal
disturbance rejection irgfhe &%%6@9@8}4" NG, SEIYOMS PP M WOERR QREAlNg yder vibrational

environments. By matching the" unknown disttirbance dynamics with a filtered-x LMS (least mean 15°
square) adaptationmadgsrittmerths geddtwer aedhivoféR ipaabipe¢ecandel thalexternal disturbances.

This results in a significant reglucti of, on-repeatable runoyt induced. by rotati | vibration.
The present invengicrc}railF\’/\t/éliﬁjBlé1 g |%(():ruﬁsﬂsne'l Wlthﬁgs%%%%%nfg%ﬁlgfﬁa%m %ﬁgﬁ@%ﬂtﬁ'ﬂ’t %g?SO) discrete

time stochastic sysiamsHé withie: 028 sppaeiaiad ditatheinvastion isiseqpriicabie 40 other
systems. All transfer functions and signals are expressed in the discrete time domain by using the
sampling time inde, 4EngheFthE ﬁnﬁ’H@Bf%‘gfﬁﬁpﬂﬁ%E &1 Y BIGRRIESFR%¢ a disc drive
servomechanism in trackria g siagsigiedtblackatidgiranabadaptive sserinoierraeording to an 25

illustrative embodiment of the present jnvention. An actuatoy.assembly model includes
digital-to-analog coﬁ‘%&’?&? KEgTRR SWgrOZﬁ?Bﬁﬂéera%ﬁ Bg \?o?@ee{&%?ﬁ%}'& 120 (P2 ), actuator

118 (P3) and actuaiebadiné{P I 1He8}3&nf invention. The external torque disturbance

10w, 218 of FIG. 21is substituted 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 actuator 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

_hPG,+G,
T SG,

G 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




1 0.DE 2003 PCT/US00/19814 206 (P, ). The actual position J208 of the read/ write'head relativeto a .
. given track is sensed and compared to the desired position 210 (r) of the hefi‘b A .position error '
signal (PES) 212 indicative of the difference between the actual and desired'p sﬁEhs%Uérovided to
servo controller’ 5%P%%Based on the value of position error signal 212, servo controller 214 (K)
provides a servo control signal 216 to DAC/power amplifier 200, which convé@3/tseodigiial servo
control signal 216 to an analog signal, amplifies the signal and provides it to voice coil motor 120.
Voice coil motor 120 is coupled to actuator 118 that midves in response to the 10 application of the
amplified control signal to voice coil motor 120. An actuator arm 204 that holds the read/write head is
coupled to the actuator. In this way, servo controller 214 controls the positioning of the read/write
head relative to a particular track on the dj s_u‘g%g:e. The external torque disturbance w 218
generates both the torque 15 disturbance ,) {0 ‘aéuatb? 1 ¥8(khd the disturbance gqigyead position
through the unknown dynamics G, 220 and G3 222 respectively. It also M.: generates the angular
acceleration signal WrogZgh¢hrough the deck G, 226 and the accelerometer S 228 which are also
unknown. In an illustrative embodiment. 5%‘&&%#&%@%@@@}&9&&%%%4%@50 drive 20 body in
order to measure adbe(l’é’r&%mrsighaleQ%ﬁ?ﬂltﬁgﬂlpya;g@th}gzlcavitqations. lllustratively, accelerometer
228 is mounted on u)ghb%%e casting of the disc drive. The e teérna ev%?%mﬁs@&#gbﬁmige observed
by the angular acceleratlonSﬁﬁﬁaﬂ%{ﬁ?@ﬂﬁr@u@mtﬁ%wm%ﬁ% s JAag,rotational vibration
- measurement signaiiikted 24 is hence correlated 25 with the external dist rbances 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 in order to cancel the external

disturbances d, and
U (O)=F(k,q " Yw_(k) B @)

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




- d,. Both the position error signal 212 and the rotational vibration  measurement signal 224 are used
. for FIR parameter tuning in the adaptation algorithm 230. The addition of th ﬁemrvzaé% signal ii,,.
234 5 and the servo control signal u 216 from the existent servo controller 2147 ‘ by u,
which is fed MR MBBAC and power amplifier 200. FIG. 3 is a simplified blgek,digghas,of a servo
system with an adaptive feedforward control scheme according to an illustrative embodiment of the -
present invention. The external torque disturbance 1Qyv; 218 of FIG. 2 is substituted with the roti
tional 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 actuator assembly model P 300 includes
digital-to-analog cotRRTeimae sbwERkaItidspodERcE dmwmmmmbrslz&@b)) actuator 118 -

(P3) and actuator {gR06,¢Ri- ;Jéa%?&@&%ﬂé%%’ﬂbé}é EaftO8 iR Sm% feésed as
P=P,P,P3Pa Unknown dynamics G 302 can be expressed as 20 GP , Eq. (1) Eq. (2)

Position error sign mamwfrﬂﬁéed@tummﬁéerémdl%k;t-lslth&isqtadreffect of external

vibrations to head Is1 2o RAKMAIREL L L BIREfo T/US00/19814
-9 d(k)=P3P,d (k)+d (k) ) 5u N%%/l d F F rom JPB 4{4&4%&4\4@9;&9& e 1
k,q” ) and will 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)




1G. 3, it can-be seen that the auxiliary feed forward signal an‘the external disturbance d(k) canbe = = -
treated as originatin g with the same source input w", (k) 224. Their relationships can be written as
u",(K)=F(k,q(k) Eq (4) IV d(k)G(k,g-)w",(K) Eq. (5) From FIG. 2, for the referg]nﬁeﬁﬁﬁuqm =0, the
position error %Wé?séfﬁ) 212 can be derived as Is e(k) 1 + KP d (k) 1 + KP gd¥ s3] 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_{he net effect of external disturbance to the
position error signal 212, and the second term is the disturbance cancellation from the a":aptive
feedforward scheme. The objective of the adaptive filter F(k,g-") in the second termisto 1 0 DEC

~ 2003 WO 01/08138 PCT/J806rrd®f 4ha adamsiesdiiafdterd dhieming distartberiopudynamics in the first

term by adjusting it gaimrostaa deddaen easeslihia UnkrouR PtHbancs. dypamics for
rl

minimum error level. The filtered-x least-mean-square (LMS) adaptive alg nPis hence applied for

parameter adaptatiShBF sFpatEh tanHin e iicirsisd hand fesieiingraiziiom tnean illustrative

embodiment of the giasentHEeNtRe uihgatdMay ad iW’ei?fﬁé is g@g@,?,d delay line with variable
coefficients or tgp weights driven by the LMS algorithm of Widrow and Hoff. This

Silk+ D)= f(ky+2p-e(k)-x(k-1); fori=0L..,N-1 Eq.(10)

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

- T A A0

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




- algorithm is described in Adaptive Inverse Control, Befhard Widrow and 10 Etigene Wallach, Prentice .

. Hall, Inc. 1996, which is hereby incorporated by reference. The LMS is a graﬁlﬁn&%gczﬁ based on -

the method of steepest decent. FIG. 4 is a block diagram of the typical LMS ada r scheme

where x(k) 400w ilersgput signal and e(k) 406 is the modeled error signal._The unknown dynamies -
402 are denoted by 15 R(k, g-) . The transfer function for an N-tap adaptivepwﬁﬁ%’rgﬁ’(f(,q-' ) takes
the form F(k, ') = .fo (k) + f (k)g-' + ... + fro-, (k)g-(N-1) Eq. (8) 20 where the parameters f(k), or tap-
weights, at time k are adjusted on- line via the LMS é\ébrithm. 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(k)=[R(k, g-') - F(k,
a-)}2(K) Eq. (9) WOQsH8t3e ddudiiergen) witheqdaptive IRHls! APQ s asbgdgiythe input
signal 404 and the feedback error signal 406 to adjust the tap weights in “order to match the unknown
dynamics R and restiit in minimum mean square error. The update law of tap weights is given by 5
f,(k+))= f,,(k)+2}te(k)x(k-i); fori=0,1,...,N-1 Eq. (10) -10 DEC 2003 PCT/US00/19814 where is a
constant gain which determines the convergence rate and minimum error level. 10 For fitting the
block diagram shown in FIG. 4 in order to¥éacHtedminintkim error level in the Bglgpgive
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 previousdtisctrsilabbe fnotke Perdoesenatpdistulssvibbehene i tRIAlon) tedisc drives nor
rotational accelerorggg%rgvé:fﬂ{gr Iila gﬂgh&iiﬁ%résgae; Jg ction H between the actual

e 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)




Position measurementy,,, (k) and the feedforward signal u,, (k).can be derivedas20 H=P =Y. (z). . .-
1+KP U, (z) EqQ. (11) Substituting equatiop (11) into equation (7), e(k) can beg ~ meg. e(k)=(
Eq.(12) 251 gvggl%é)g)sos WO0.01/08138 PCI"/US0O0/19814 -12 Comparing 3{? ﬂgiwith
equation (9), if the x(k) signal is defined as 5 x(k)=H(k,g-")w,(k) Eq. (13) andristaveibaiig for the

- parameter update law shown in equation,(10), the adaptive filter F(k,g-") will be capable of adjusting
* its tap weights to trace the unknown dynamics GIP afgl minimize the position error signal 212 .
caused by external disturbances. According to the present 10 invention, the transfer function of His
not calculated on-line. Rather, the plant estimation of H is performed off-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 memormmkmgygi&b@r;gﬁjﬁgqg§$%gg&%% 'g ; Ig&_rig{ﬁn é\g&gﬁuring

operation of the ad tiye 5 feedforward scheme. In an illustrative embodimen estimate .'l
used is the fourth ordersHEIEIIEPR iomin e idiry b omployimgpiementdtictaptve x(K) signal
used in the update |&ilteaf H@W@Eﬁh&ﬁs&rﬂﬁ%%@%@&w%%} able é)ﬂ‘-’g%g [jz%;g?ﬁlacing the

) and be X

transfer function H with the plant estimate H in equation (13 comes ﬁ{lﬁ-')w,,,(k) Eq. -

(14) The position erf6r Sighal &5 1R BUStBR 13 RIceesretifleteniocog ke 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 -




25 e(k)= - P - H F'Hwry (k) Eq. (15) WO 01/08138 -13'1 0 iudd c6fl PCT/US00/19814 An alternative . =~

. to determining the plant estimate H off-line would be to determine H on-line in real time by employing

a second adaptive filter. However, disc drive servo systems typically have ]irﬂitﬂﬁ@n@ﬁﬂﬂry 5 space

and time to rwwoeaykigated processes. Determining the transfer function Hpgp-lihe inreal time -
requires large amounts of memory space and consumes considerable amount’s”%"fo’ﬁ?gléﬁous time. The
filtered-x LMS algorithm is appealing for disc drive applications because itis simple and requires few
computations. This is due mainly to the fact 10 that it tfSes 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

purpose of the adaplasipv&ERuaves) ibhaghaap 55@,\580%9@@@};9@ LAY g Poor estimate of
H is generally acceptabte. Adaptive Inverse Control, Widrow and Wallach. The condition of H for 15

convergence of the Hit&IEd SIS B Srhdiehat h 110 wasetyedodtisere0 hexperimental trials,

disc drives employingtafiedidleiectletaMéh sdaptivesancelatprnemnieadiomaid seheme of the present
invention were subg%ct?d tq different ro%ﬂonal vibration profiles. The drives were_20 able to provide
|

an average improvément o 8393 REQUIdishin iar e B0 sRdu i riadantivg ftetional vibration.

FIG. 5 is a flowxha2BfppBedsatiag rdnethadhet atienve ihg phinisiiestaf sRiationalailration on the
ative embodiment of the present invention. At

g e T T R e -
p 500, the trahster farc e pogtsshiehient 3be 4és ¥R Irward signal
234 is estimated ofttineeall/stepShbadha pistitRsticaate Hyf ihadeaasiabiunstionis stored in
memory for accessa%ém%gvfﬁ)tglégg,%% é:cl:léj}u]ét(s) ilf]st};l'alﬂyrgeter‘s 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.




' PCT/US00/] 9814 adaptive filter 230, 232 during operation. At step 520; the rotational acceleration.of =
. the disc drive body 110 is measured. At step 530, the rotational acceleration_?s'gm%@dicaﬂve of
the measuredygtati % acceleration is provided to adaptive filter 230, 232. Th p ilter 5 230,
232 is adapted to further receive the position error signal 212 and to produge-siiggsfeyyard signal
234 calculated to 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 the plant 10 estimate H . At step 540, the feedforward

signal 234 is provided to thg sglyo loop..In su ry, one embodiment of the present invention is
directed a method of attenuating tﬁg%é%fielgfeo ?é?z%%ﬁé?%?&%??ﬁﬁﬁhédﬁmm@Mhe read/write

head 116 in a disc Bite $20 Pirssemrtias ki thdemathathdhe Fetatianalhppcelerlion of the disc drive

body 110 is measuigghHiiqtafipnal acceleration signal 224 indicative of the measured rotational
acceleration is provided to an adaptiveﬁ‘ﬁtnear]a% e,l SORRESaR At HiRstaptive Sei@3apted to

further receive the Po%fiRH AEnBIPsiat g ant: thyrodinesarieestassarshisigngl 234 calculated to 20
- offset the-distugbarp&;ggh;gggﬁw&j;e; b sition:caused by rotational vibration. The

adaptive filter 230, 232 adé%sts its pa}refmgtgegrs éagéelahlyﬁcfﬁ o468l cdibeasorosignal 224, the

position error signSPRFRUIE H tresrifes upotisivhienetatingnahaetiralipositiqy signal 208, to the

feedforward signal &8 &g fredinvard signal 234 is 25 provided to the servo loop. The transfer
function H is estimated off-line and store?ﬁ?ﬁﬁ’gfcﬁ%@ %Prﬂgﬁéggg/ BYritfchsad ddbasinere30,232 during

operation. 1 0 DEC2B3Her{a08 138 PO W USR8 Hidbohtathesemkadimantakthe present
invention is directeTHoRHs¢ofHASESYR t’ﬂé%t%rpowgésigcslgxgv%schqg&tgi%%)arl Hoto. 33 500, & senvo
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.




controller 214, a rotational acceleration sensor 228, an adaptive filter 230, 232 and a computer . -
- storage medium. The actuator assembly 300 5 positions a read/write head 116 relative to a disc
surface 112. The servo controller 214 receives a position error signal 212 ifdlbdie ¢083 difference
between an a¥@816¥stion of the read/write head 116 relative to the disc spggrahhe.and a desired
position of the read/write head 116. The servo controller 214 then provides a servo control signal 216;;-'
to the 10 actuator assembly 300 based on the value the position error signal 212. The rotational
acceleration sensor 228 measures the rotational acc eratlon of the disc drive body 110 and
produces a rotational acceleration signal 224 indicative of the measured rotational acceleration. The:
adaptive filter 230, 232 reckiisge ﬂ@miatb:bnaﬁ&ha:ﬁéemiiﬁrm&'g)ﬂﬁhﬂ%&ﬁ anskHe-pesition error signal
212 and provides a nal 234 to th e getuator embl The feedforward signal 234 is
adapted to offset thf(f%%t%%ggng g%)%gr}ggd Avrite h ttpgzilon é@ hAskESASF vibration. The
adaptive. filter 230, mthMQMWWQBMdmﬁmmwtmbam@Iﬂfaﬂﬁﬂélgna' 234, the

position error signal 2’4‘?@%@’?%%@%}@ g g)re HE mt%an actual f@resr%?%ésol%nal 208, indicative

of the actual position of the read e dISC St d'th& feedforward -
signal 234. The bomﬁﬂféTaﬁtwagéyme@uhahghﬂsna}/dredaéamrmalaﬁpe&iungtﬁlII of the transfer

function relating the agtal pasition si gpr%xji grfg ffor ard signal 234, thigant 25 estimate Il

being determined off-line, for use by the adaptlv ilter 2 i adjustﬁld’}fép glﬁneters during
operation. WO 01/0818Bresent iPBEGR003 RO OSOONIR MR tythbbreadegsiees that even

though numerous chagagiagsiene ahasaNAGSA eLuaKous cmbadiments of e mvention have

been set forth in the foregoing description, together & strutture: andfunction of
various embodimeng&&e ﬁﬁ‘@d?ﬁ?@ﬁuk#ﬂ@dﬁ@n@umysvaiﬂIdspmmgmky,tha@a)hangﬁs may be

- made in detail, gspegiaii A dRAEHR-QhRIVGIENS S ASR0LSMENS Of RaLts,within the principles of
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 accelération signal, the position errqr, S|8qnal and a_transfer function
i

relating an actualositiBFOYisHES mERaioRdreseleratinn peRirbindiaiiviealifite head relative to the
disc surface, to the feegfesuaedisignglotal Reerieiagdshederdiaapaint Jioeahwafhtesesvo loop; (d)

estimating a transfer fupclion relaing e aCWALRSSION SRR 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




" 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 whereip §Edapg 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 algoritha1,84. 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 10UEC2003 -18 F(k,q-")
=fo(k)+.f (K)g-' +...+fv-, (K) g Witele(@)-is/d Mt detay dpethdar ARl the tap weights ;. (K) at time k
are adjustegﬁnr-line_,vla the Le%%E-mean-squ%rg@I orithm. 10. A disc drive servo system comprising:

an actuator assemBly AABREI5'BL RGO fdaRcwaightrivekd at ek pffce; a rotational

accelerationdpited JPARIRMR MERSIMEHRa{UqtinRal Assalgation of the disc drive body and to
produce ar tion&le@cceleration signal indicative of the measured rotational acceleration; an

adaptive filterada 36 S SETHRSH SR SAMRESIBEAtion signal and a position error signal
indicative of a diffesaneedaeswaeRBlyGuaptEATHPBHi Tt RARIMIG D pRd delativg Ladhe disc

surface and a desired pogition of the read/write head and to provide a feedforward signal to the
actuator assembly, the fe tFsignal adapted to offset a disturbance to the read/ write head

position caused by rotational dieediatioecadaptiva fiéer thavigupa i ebestitial are adjustable

based upon the rotational acgceleration signal, the position error signal and a transfer function
relating an actual positior?csﬁégfg?,niﬂ‘al‘e ﬁi‘%@ﬂ%‘;@tgg ¥SEEIR Brafiuseadrtafionalad relative to the

disc surface, to the feedfarealetation 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.




- signal; and a computer storage medium adapted to hold a predetermined plant -estimate ofthe ="~ =
transfer function relating the actual position signal to the feedforward signal, the] pfafi€stpigge 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 lifler is a tapped delay line with variable tap

weights. 1 0 DEC 2003 -19 13. The servo system of claim 12 wherein the variable tap weights are

driven by a least-mean-square algorithm. 14. The servo system of claim 13 wherein the

least-mean-Square 1§ SRR sEsteyrat i rherein sba wriskletamueightsansadtiviencent. 15. |

The servo sygtqugpiﬁmﬂngmgggﬁmnsfer function F of the adaptive filter is F(k, .fo (k) + f,
K)g-' + ... + tﬂ%a (k)g:(N-1) where g-' IS a unit delay operator and the tap weights f, (k) at time k are
adjusted on-fifie vi RBEasriam of skranaldoniirein the least-mean-square algorithm is a

gradient algorithm based on the method of steepest descent.
15.  The servo system of claim 14 wherein the transfer function F of the
adaptive filter is

F(k,g™)= So(R)+ fl(k)q-l +o Sy (k)g~ "

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.






