MAGNETI C RECORDI NG DI SK DRI VE W TH THREE SENSORS FOR ROTATI ONAL AND
LI NEAR VI BRATI ON COVPENSATI ON BACKGROUND OF THE | NVENTI ON Fi el d of
the I nvention [0001] This invention relates generally to magnetic
recordi ng disk drives, and nore particularly to a disk drive that
includes a systemfor canceling the effects of rotational and |inear
vi bration. Description of the Related Art [0002] Magnetic recording

hard di sk dripaewger@ HPIRG nisi! WITHCTARE R §ERSOER FoRPt OF
TR AR T S o)

systemthat receives a position error signal (PES) from servo
positioning information read by the heads fromthe data tracks and
generates a VCM control signal to nmaintain the heads on track and
move themto the desired tBACKGROIUNRAH AJEANYENTIONNng of dat a.

[ 0003] Di sk drives experience rotational vibration (RV) and

di sturba c%jf Ces &uring normal operation. These di sturbances arise
internalE%%Jg&@%—gg—gpbn1notion of the VCM actuator, as wel |l as
externally, such as fromshocks to the frame supporting the disk

drive or fr he novene of other disk.drives .the drives ar
rount e, 1R Rk S RRUSTE Bles Bpred G strectepor SRed S v S anbian ok i Sty
drive housi disk @dRuUthatdhchades 8 spadiRidi@hndelng R cB%EtS oPfotAosM ah@1iabdr Qbrang.
t hus noves the disks relative to the actuator. RV cancellation is a
met hod that uses sensors to detect RV and inprove the PES by

cancel i ngeidptioh bf the Rekatddhkon i nduced by the RV. One approach uses
two |inear acceleroneters or vibration sensors, typically nounted on
the disk drive's printed circuit board, to neasure the RV. The

measur ed o2 Mabfiitredopdifg hAa A RIINRE L ARGERLL Fcyptid%ﬁ% a¢5@A1RIceoil-motor
f eedf orward conpensation Signal that is sumed wth the contro

si gnal t 6VEMe asi@ipr denpesidioning tiesreadéwhitecheads eothe tlatatrgcksaifthecreyding disks.

feedf or V\@'Eg digkRM:i\":eF as a[s)er%'lé Cgﬁt}o\{ %?ste\:lx\lnl hl@it receives a position error signal (PES) from servo

positioning information read by the heads from the data tracks and generates a VCM control
signal to maintain the heads on track and move them to the desired track for reading and writing

of data.

[0003] Disk drives experience rotational vibration (RV) and disturbance forces during normal
operation. These disturbances arise internally, such as from motion of the VCM actuator, as
well as externally, such as from shocks to the frame supporting the disk drive or from the
movement of other disk drives when the drives are mounted together in a disk array system. RV
tends to rotate the disk drive housing about an axis parallel to the axis of disk rotation and thus
moves the disks relative to the actuator. RV cancellation is a method that uses sensors to detect
RV and improve the PES by canceling the off-track motion induced by the RV. One approach
uses two linear accelerometers or vibration sensors, typically mounted on the disk drive’s
printed circuit board, to measure the RV, The measured RV is input to a feedforward controller
that creates a feedforward compensation signal that is summed with the control signal to the

VCM actuator. This method is sometimes called RV feedforward (RV-FF). Disk drives with



two vibration sensors for RV-FF are descrthed in US 6,961, 202 B2 and
US 20100067357 Al, both assigned to the same assignee and this
application. [0004] However, disk drives are also subject to

transl ational or linear vibration and di sturbance forces, which tend
to nove the disk drive housing along an axis parallel to the disks.
Li near vibration in the disk radial or cross-track direction is also

The i ok S80 rtrasereisor 5V T R gedbtd Fadkoap et Famd USZPLORET A% AL
of Off't'baml%sﬂgﬁédQBt@sah@%séﬂ?@gandﬁis@apﬁﬁﬁatﬁﬁp Bl describes a disk

drive with three |linear accel eroneters that detect |inear vibration
al ong orthogonal x and y axes aligned with the width and | ength of

the di sk [giouy erohRys digk diRQaRIa1MabjeéiSo REQURRNAIDT Andhr $1brél{dn\s8d HRAirbance
detects and conpensates not only for RV but also for |inear

vi br at i ofgrc¢snwhishtiendie mave she-diskadrivedousiog alogg amaxis paeliel ¢ the diskenkinear

SUMVARY CF THE .l NVENTI ON [ 0006] .A netic recording dis rive has
Chree vi BPRIB " Dl oebogros ol RGN & AECRNEF Sft ptoratimaion of
the di skilfiien® Hiace vibpdtRhed tbldisklcReihRrddtiblrabngitiectthdk ddeaidh iablkas bade
to the base, to provide feedforward vibration conpensation signals.

First an6l eédupmotiaeebhapend: Eendos.32hR1 describesra disk drineywidethedetlingan y

axes al i . i i i
R S T e D R
posi t i onagd\Bpgthnd tleulisk dedivasilgt.er position (hoD) for detecting
rotational vibration about the disk rotational axis and |inear
vibration in the cross-track direction. A third vibration sensor has
its pri npoopsp®iat fsineedey ivadisk afivedhadegen andtdnipadEdte0gobally IR Y bet also for
primary axes of the first and second vibration sensors for detecting
pri mari | Yinear yibsptiops g} bath Siecress-tippleand deong-thdrack disgetigns.t r ack
circunferential direction. The disk drive servo control processor
calculates a rotational vibration feedforward (RV-FF) signal
representing the difference between the signals fromthe first and
second sensors, a radial linear vibration feedforward (LVr-FF) signal
representing the sumof the siﬂnals fromthe first and second

sensors, and a circunferentP¥ REPF Jitsy BYVENTION

[0006] A magnetic recording disk drive has three vibration sensors, e.g., single-axis
accelerometers, mounted to the disk drive base, preferably to the printed circuit board attached
to the base, to provide feedforward vibration compensation signals. First and second
spaced-apart sensors have their primary sensitivity axes aligned generally parallel to a radius
from the disk rotational axis to a head position on the disk between the inside diameter position
(tup) and outside diameter position (hgp) for detecting rotational vibration about the disk
rotational axis and linear vibration in the cross-track direction. A third vibration sensor has its
primary sensitivity axis aligned generally orthogonal to the primary axes of the first and second
vibration sensors for detecting primarily linear vibrations in the along-the-track or track
circumferential direction. The disk drive servo control processor calculates a rotational
vibration feedforward (RV-FF) signal representing the difference between the signals from the
first and second sensors, a radial linear vibration feedforward (LVr-FF) signal representing the

sum of the signals from the first and second sensors, and a circumferential linear vibration



feedforward (LVc-FF) signal fromthe signal fromthe third sensor.
The three feedforward signals are summed with the actuator control
signal to conpensate for the vibrations to the disk drive. [0007] For
a fuller understanding of the nature and advant ages of the present
invention, reference should be nade to the foll ow ng detailed
description taken together with the acconpanying figures. BRI EF

DESCRI PT l: El 1.s.,a,sche i C. 1o L ew Qf

& agnet fedrua eV SRR ol g o ey SGRGR A Sukf Reedle Rl
three | i sigails wiehuminiedwitahs aitsatdraonteltsidnaDid @bmpeidaatfbothe Tibedias waheldisk
(RV-FF), radial linear vibration feedforward (LVr-FF) and

ci rcunf efBK¢i al 1inear vibration feedforward (LVc-FF). [0009] Fig. 2
is a schematic showing the |ocations of the three vibration sensors

on the printed circuit board relative to the spindle rotation axis

and act udf®97] ppsafuller waiersjanding of hejngtuge apshadynteges of thglpsesnitipgantiome
radi us f I i 5L . ction
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Fig. 4 i scaanphogke fipags.am of the sanpl ed servo control system of the
di sk drive shown in Fig. 1 illustrating the rotational and |inear

vi bration conpensation according to the invention. DETAILED

DESCRI PTI ON OF THE | NVENTI ON

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Fig. 1 is a schematic top view of a magnetic recording hard disk drive according to the
invention with three linear vibration sensors for rotational vibration feedforward (RV-FF),

radial linear vibration feedforward (LVr-FF) and circumferential linear vibration feedforward

(LVc-FF).

[0009] Fig. 2 is a schematic showing the locations of the three vibration sensors on the printed

circuit board relative to the spindle rotation axis and actuator pivot.

[0010] Fig. 3 is graph of the angle 0 that the radius from the spindle axis to the head position

makes as a function of the radius for a typical 3.5 inch form factor disk drive.

[0011] Fig. 4 is a block diagram of the sampled servo control system of the disk drive shown in

Fig. 1 illustrating the rotational and linear vibration compensation according to the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0012] Fig. 1 is a block diagram of a magnetic recording hard disk drive according to the

invention. The disk drive includes a magnetic recording disk 12 that is rotated about an axis of
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[0012] Fig. 1 is a block diagram of a magnetic recording hard disk
drive according to the invention. The disk drive includes a magnetic
recording disk 12 that is rotated about an axis of rotation 13 in
direction 15 by a spindle nmotor (not shown) nmounted to the disk drive
housi ng or base 16. A printed circuit board 19 is attached to housing
16 and supports the disk drive electronics. The disk 12 has a

ot ne QSRR PSS BB Bl Rp(RBOE] H 6P F e 0B oysing o
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recording read/ wite (RRW head 24 is forned on the trailing surface
25 of slider 22. The flexure 23 and suspension 20 enable the slider
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dISk 12 [ 0014] the disk 12 rotates in the direction 15, th
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signal that is conpared with a position reference t gD'i;enerate the PES

to the s@ﬁ?‘@lf@dﬁi‘q/wﬂtedWé@%@r%(lS@Pei oy thettppilingapriao hefislider 22. The
dedi cat eﬁ 95?&1%10{ ns TR ¢ PSR "r§11"38}‘£4 ;ﬁld ng generated
§]’ VRS

associ at ed nenory e servo control processor

the PES Bﬁﬂwm@mﬁng&mblzontrol algorithmto generate a control signha
for the VCM 14. As is well-known in the art, the control algorithm
recalls frommenory 122 a "controller”, which is a set of paraneters

based On[(lI)ﬂle] At gieidiskal2drothysaamite dobatoactsetheposiasniaf irifbiendtiph anthe sieo ng
controll ed The control algorithmis essentially

V 14.
a matri xS§HPrs aS;s%dché{ttbw%@a&qnﬁ seRt i RAVigretrenat § ) | Bie seRPAFETRr s are
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accessib processo
1nformat10n in the servo sectors to provide a digital signal that is compared with a position

reference to generate the PES to the servo control processor (SCP) 120. The SCP 120 may be

a dedicated processor or other microprocessor and is coupled to associated memory 122,

[0015] The servo control processor 120 uses the PES as input to a control algorithm to generate
a control signal for the VCM 14. As is well-known in the art, the control algorithm recalls from
memory 122 a “controller”, which is a set of parameters based on the static and dynamic

characteristics of the “plant” being controlled, i.c., the VCM 14. The control algorithm is



[0016] The disk drive is subject to rotational vibration (RV) or

di sturbances, as shown by arrows 70, that arise both internally, such
as fromnotion of the VCM 14, and externally, such as from shocks to
the frame supporting the disk drive or fromthe novenent of other

di sk drives when the drives are nounted together in a disk array
system RV tends to rotate the disk drive base 16 about an axis

paral | el j el i t }

ol at ve ot FH s b Mgl il ), o b N7 DR e PR ontuced
t r ansl at imthamubtipllicati@aandwstdyedain roeméry P2 acceshildt by Hanresssoni2@h tend to
nove the disk drive base 16 along an axis parallel to the disk 12, as
shown by arrows 80. The RV and LV di sturbances cause track
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di gi t al - PoP&A%dG converter (DAC) 152. The output of DAC 152
controls VCM driver 154, which controls the current to the VCM 14 to

nove the wite he 4 to the desired da track .a maintain. it
oo e R EA T e LS ek ecstisercian 20T 200 28 beprdiaing iy FRalog 20 digte
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t he spi nsgectivelpttd spvasansrollBoegssbrd €0.uBthdle npl shown bvEig Th ¢herastmontifitle linear

e do TNERA AP gy 205 AP b aived ho b nbe Br Slis gy o e e

the radi psasé hdjudtnem trhe s ashiel froéatdranahscd Mesighdlstoa, $N&3hb Balculate a RV
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di sk dri {redforyrid RRYAd) dprdetetionsl vithetidnsm rediel lingar vibratigh Ided Bwmverdsignal
spi ndl e S I3 . it on makes..an.angle ClOD In
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spi ndl e al | i DRARS j 18X] S
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modified or digital compensated control signal 151 to digital-to-analog converter (DAC) 152.
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[0019] As shown in Fig. 2 vibration sensors 201, 202 detect radi al

| i near acceleration (a,) in the spindle axis-head direction, which is
across the data tracks. However, because the vibration sensors are
spaced fromspindle axis 13 by distances 11 and 12, respectively,
they al so detect angular or rotational acceleration (at) about
spindle axis 13. The vibration sensors 201, 202 provide the follow ng

anal og si b ' T I - 3
.00 1 JREBlBIAIAC 1B corlols VERRRRKL K% Yichcbnfolffue hffendd e M4 10
| i near aowekdicatidnrit, headds rothaidedrdldaaaceek eidihbintini oat@aclefr taldingwad
a, = (12S1, _+1lg§g/(11 +12)Eq. (3) az = (S2 - S1)/(11 +12)Eq. (4) The
sensors JOHINEPH9AEr e preferably spaced as far apart as possibl e,

consistent with avail able space on the printed circuit board 19, so
as to maxim ze the response to RV. The sensors 201, 202 are al so

pr ef er abll4018] Fignéés aichergatic shpwetthe locions pl thevibration sempgrsg 1 o202y 203 on the

sinplif ypf‘iﬁ'l%d SAUA bR [ PhuLRALLHAL Y YeRivé% the spindle rotation axis 13 and actuator
pivot 17. The recording head 24 makes an arcuate path 90 across the disk 12 from a head inside
diameter (hip) to a head outside diameter (hop). At the hip the radius rp from the spindle
rotational axis 13 to the hyp position makes an angle 0;p relative to an x-y coordinate system
with disk drive length and width. At the hgp the radius rop from the spindle rotational axis 13
to the hpp position makes an angle 8gp. In this invention the first and second vibration sensors
have their primary axes (i.e., their sensitivity axes) 201a, 202a, respectively, aligned generally
parallel with the spindle axis-head radius. As used herein, the spindle axis-head radius (i.e., the
radius from the spindle rotational axis 13 to the head 24) means any radius from axis 13 to any
position along arcuate path 90, i.e. any position between hp and hop. This is because for most
disk drives the variation of the angle 8 with head position along arcuate path 90 is very small,
for example only a few degrees for a 3.5 in. form factor disk drive. Fig. 3 is graph of B as a
function of spindle axis-head radius for a typical 3.5 inch form factor disk drive. The angle 0 is
about 44 degrees at rpp, increases to about 46.5 degrees at about one-third of the arcuate path and
then decreases to about 42.5 degrees at rop. The horizontal line at about 45.2 degrees is the
average value of 8, which would correspond to the preferred or optimal spindle axis-head radius

with which the vibration sensors axes 201a, 202a would be aligned.

[0019] As shown in Fig. 2 vibration sensors 201, 202 detect radial linear acceleration (a;) in the
spindle axis-head direction, which is across the data tracks. However, because the vibration
sensors are spaced from spindle axis 13 by distances 1, and 1, respectively, they also detect
angular or rotational acceleration (ogz) about spindle axis 13. The vibration sensors 201, 202

provide the following analog signal outputs S1, 82, respectively:

Sl=a -0 Eq. (1)



[ 0020] As shown in Fig. 2 vibration sensor 203 has its primary axis
203a al i gned orthogonal to axes 20l1a, 202a and thus detects
circunferential |inear acceleration (ac) in the direction orthogonal
to the spindle axis-head radius, i.e., in the circunferential or

al ong-the-track direction. The vibration sensor 203 has its
sensitivity axis 203a spaced a distance 13 fromspindle axis 13 and
t hus providesghhe, f ow ng anal og si l.,output S3: S3 = a + azb
----rec (if 1§Eh%bf%%t (5) The value o 'é? cunferential |inear
acceleration ac is thus: = s3 - cez13 ts3 (if 13 ,--0)Eg. (6) The

axi s 2037 Egnfnt PORREE) BRIRE B lL habh LB AR R R el b el

smal | as cpagskBbleswsconsi stent with avallable space on the printed
circuit board 19, so as to sinplify the calculation of ac. [0021]

Fig. 4 is a block diagramof the sanpled servo control system of the
di sk drive shewn(lj91 1;82)/(l;.+ K5 shown imy. KBy. 4, VCM 14 is
characterized by a torque output paraneter 301. The servo contro
system i ncludes DAC 152 that receives the nodified control signal 151
and VCM dri vek, 1942 t BBY(1,pFQYi des an oy alj ng current 302 to VCM 14
based on the nodified control signal 151 for causing the actuator arm
18 to carry the head 24 across the surface of the disk 12. The

posi ti onTaé sdkead 284,200 nel srafepMlPipabidiod fhiQpal i la@?bs&‘bﬂ:n BdnsE3t with available
concurrently moni t or ed by servo pattern denod tor 112 which outputs
a di gi t aFpast gn#ic mued ciiskit bep Al egs tomenimirrthe respense toR Vs i BrapnsesP0l,
The di gi i frac p05|t n and
off-tracE&%ggggﬁ égég@'%gég%fﬁﬁggﬁg%ﬁa ﬁéﬁg% g%ﬁg hen oo i ﬂhed

W th a skgmsbn éarcaleshdadofg.to a position reference 305 to generate a
position error signal (PBS) that is received by the servo control
processor (SCP) 120. The SCP 120 uses the PBS to run a control

al gori t hpooeo] gesiesvat i@ Fig. Qonibafdn Shgial03 hbdits hridfa?hxiTnesd Mizaed orthogonal to
singl e-axi s accel eroneters 201, 202, 203 provide anal og signals 221,

222, 2233xes @8k P74, @d thus detestgitsymicsentiabliner acoslorationéac in(thpdissction 1
212 213 d s2,
v A R R

2 2 1 222dir&2isn al ke gibregioa sador 203 les [t nasitivity laxnts 03 0é¢patddondibtamed; fromear
vibration.d'stur?gngg thatcglgg ffect head 24 and disk 12. Digital
sensor sFRIRGF axigjl> angthuggroyy loveige 3 °%§§§%8“WHP%%gh sui tabl e
feedforward controllers (fllters) FI -F5 for noise renoval, phase

adj ust nent apg frequency ensati on, as shown in Fig. 4. The
filters Fl 3fr brobdaptligr (Phe processor 120 uses 51,
52, S3 to calculate a az and ac as part of the calculation of the

f eedf orwa Eyr-FF nd, LVc- FF. The feedforward signals
RV-FF, L ?ﬁ“ 1@%@*#?“@% Phase HWH%&CWH@W the control signal 150
to generate the RV and LV conpensated control signal 151

a, =83 - azl; =s3 (if I3 =0) Eq. (6)

The sensor 203 may be located anywhere but is preferably located with its axis 203a aligned
with a line through spindle axis 13, or with I; as small as possible, consistent with available

space on the printed circuit board 19, so as to simplify the calculation of a..

[0021] Fig. 4 is a block diagram of the sampled servo control system of the disk drive shown in

Fig. 1. Asshown in Fig. 4, VCM 14 is characterized by a torque output parameter 301. The
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[0023] While the present invention has been particularly shown and
described with reference to the preferred enbodinents, it wll be
understood by those skilled in the art that various changes in form
and detail may be nmade wi t hout departing fromthe spirit and scope of
t he invention. Accordingly, the disclosed invention is to be
considered nerely as illustrative and limted in scope only as

2pect ) o bty ShRTACHop AT WPk B MBS oaRgh s

at t ached dtiertll3é tia peovided ah apérﬁlgiga:un@ﬁtamma MCMXM%as’ed omalgn@bditied control

lt gf g: Id Bﬂgﬁggélilgé @%gltls?gg 15'13 aéttr}aetorS ae'rlnnl ltg carrr%t/ t?-lEe h];aodr 24ra?:£0asg !ch%gugg)c%%tf tlfe%lis 12.
The position of head 24, indicated by head location signal 303, is concurrently monitored by
servo pattern demodulator 112 which outputs a digital signal 304, corresponding to the head
location signal 303. The digital signal 304 corresponds to an indicated track position and
off-track percentage value. The digital signal 304 is then combined with a signal corresponding
to a position reference 305 to generate a position error signal (PES) that is received by the servo
control processor (SCP) 120. The SCP 120 uses the PES to run a control algorithm to generate

a control signal 150.

[0022] The three single-axis accelerometers 201, 202, 203 provide analog signals 221, 222,
223, respectively, to analog-to-digital converters (ADCs) 211, 212, 213, respectively, which
provide digital sensor signals S1, S2, S3, respectively, to SCP 120. As shown in Fig. 4, the
sensor signals 221, 222223 are generated in response to both rotational and linear vibration
disturbances that also affect head 24 and disk 12. Digital sensor signals S1, S2, S3 are
combined and passed through suitable feedforward controllers (filters) F1-F5 for noise removal,
phase adjustment and frequency compensation, as shown in Fig. 4. The filters F1-F5 may be
fixed or adaptive. The processor 120 uses S1, S2, S3 to calculate a;, oz and a; as part of the
calculation of the feedforward signals RV-FF, LVr-FF and LVc-FF. The feedforward signals
RV-FF, LVr-FF and LVc-FF are then summed with the control signal 150 to generate the RV

and LV compensated control signal 151.

{0023] While the present invention has been particularly shown and described with reference to
the preferred embodiments, it will be understood by those skilled in the art that various changes
in form and detail may be made without departing from the spirit and scope of the invention.
Accordingly, the disclosed invention is to be considered merely as illustrative and limited in

scope only as specified in the appended claims.



a rotary actuator attached to the base; a recordi ng head
attached to the actuator and novabl e across the disk in a generally
arcuate path froma head inside dianeter position (hl0) to a head
out si de di ameter position (hoD); a first vibration sensor
attached to the base and having a vibration sensitivity axis
generally parallel to a radius fromthe spindle notor rotational axis
to a head position between hip and hop; a second vibration
sensor tached to. the base, the second vibration sensor being spaced
from t He $§ & "{}?cg’tsati on sensor and having a vibration sensitivity
axis generally parallel to the vibration sensitivity axis of the
first vi bratlj on ﬁ%g %iicf‘e@grdin disk(ﬂi\ftetyo{n rié’ih r ation sensor attached
to the base and havitg a Vi Brat i on sensitl i y axis generally

or t hogonal t%. E{t&e. vibration sensitivity axis of the first vibration
sensor . adis Ve%’?ﬁ&’ di sk drive of claim 1l wherein the disk drive
includes a printed circuit board attached to the base and wherein the
first, secofAdpriadlg mdipraitaghaditathedasesuddgringaretationshexiss on t he printed
circuit board. 3. The disk drive of claim1l wherein there are

t hree and oalmagtdticeecordibg disk amwusted sothe.spindle motor for rotation about said rotational

axis;

a rotary actuator attached to the base;

arecording head attached to the actuator and movable across the disk in a generally arcuate
path from a head inside diameter position (hjp) to a head outside diameter position (hop);

a first vibration sensor attached to the base and having a vibration sensitivity axis generally
parallel to a radius from the spindle motor rotational axis to a head position between hyp and hop;

a second vibration sensor attached to the base, the second vibration sensor being spaced
from the first vibration sensor and having a vibration sensitivity axis generally parallel to the
vibration sensitivity axis of the first vibration sensor; and

a third vibration sensor attached to the base and having a vibration sensitivity axis generally

orthogonal to the vibration sensitivity axis of the first vibration sensor.



4. The disk drive of claim1l wherein each of the vibration sensors is

a single-axis accel eroneter. 5. The disk drive of claiml
wherein the spaced-apart first and second vibration sensors are
aligned along a line through said rotational axis. 6. The disk

drive of claim1 wherein the third vibration sensor has its
sensitivity axis aligned along a line through said rotational axis.
7. A magnetic recording disk drive conprising: a disk drive base; a

spindl e notgr attac to the.base; . . net.i ¢ recordi ng disk
Punted to fhe s EARE itk bR Fhonin g 4l ARANEHL G TRl e biata
havi I i f i.c data t k t.ai ni

pg\sl: ? ?aﬁ@cﬁgéj {ﬁ%&%gp%% Ql%?nntiure If"n(‘:st, sgco%d agg (t:hirsd \%grgtigrll Qelngo%s ir%rn\l/(gmted on the

printed circuit board.

3. The disk drive of claim 1 wherein there are three and only three vibration sensors.

4, The disk drive of claim 1 wherein each of the vibration sensors is a single-axis
accelerometer.

5. The disk drive of claim 1 wherein the spaced-apart first and second vibration

sensors are aligned along a line through said rotational axis.

6. The disk drive of claim 1 wherein the third vibration sensor has its sensitivity axis

aligned along a line through said rotational axis.
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a recordi ng head novabl e across the disk in a generally arcuate path
froma head inside dianeter position (hl0) to a head outside dianeter
position (hoD), the head bei ng capable of reading data and servo
positioning information in the data tracks; a voice-coil-nmotor (VCM
attached to the base for noving the head, first and second
spaced-apart linear vibration sensors attached to the base and havi ng
primary axes generally parallel to a radius fromthe disk rotational

axis to a head pqsition between. hi D.and hoD for detecting rotational
vi brati on about a%'leﬁ‘f(relc%r\ﬁe iddsg(aq%vg)gp@pgﬂag.| i near vibration in the

cross-track direction; athird linear vibration sensor attached
to the base3dW§ dEiVah¥ng a primary axis generally orthogonal to the
primary axes of the first and second vibration sensors for detecting
primarily | hegpadlewdioratiacied to thetbaee;t rack circunferential direction; a
processor; menory associated with the processor; and a program

of instruct kegn&icee@iding IR Mwuyited iél theepidale| otbyardetapibRCHS B axY the
undert aki ng nmet hod acts conpri si ng: (a) receiving a digitized

si gnal 4k hatih® Pplddfit) bt SdncbdtAS Bta %Qs%%ﬁ@ﬁi@%ﬁ%&&msﬁoﬂﬁugiiﬁfbﬁ’r?zﬁ'ioﬁ,j gnal

S2 fromthe second |inear vibration sensor, digitrzed signal S3

fromthe t h!a Ee%o%cfiﬂ]g Aad \IZI’IIOQ’Ii;gl% 29ss the disk in a generally arcuate path from a head inside

diameter position (hip) to a head outside diameter position (hop), the head being capable of reading
data and servo positioning information in the data tracks;

a voice-coil-motor (VCM) attached to the base for moving the head;

first and second spaced-apart linear vibration sensors attached to the base and having
primary axes generally parallel to a radius from the disk rotational axis to a head position between
hip and hop for detecting rotational vibration about the disk rotational axis and linear vibration in
the cross-track direction;

a third linear vibration sensor attached to the base and a having a primary axis generally
orthogonal to the primary axes of the first and second vibration sensors for detecting primarily
linear vibrations in the track circumferential direction;

a processor;

memory associated with the processor;

and a program of instructions stored in memory and readable by the processor for
undertaking method acts comprising:

(a) receiving a digitized signal S1 from the first linear vibration sensor, a digitized signal

S2 from the second linear vibration sensor, and a digitized signal S3 from the third linear vibration
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sensor; (b) calculating a rotational vibration feedforward
(RV-FF) signal fromSi and D2 representing the difference between S 1
and S2; (c) calculating a radial linear vibration feedforward
(LVr-FF) signal fromSi and S2 representing the sumof SI and S2;
(d) calculating a circunferential l|inear vibration feedforward
(LVc-FF) signal from S3; (e) calculating a VCM control signal
fromthe PBS;, and (f) nodifying the VCM control signal with
the RV-FF, LVr-FF and LVc-FF signal. The disk drive of claiml
wher ei *°BR% di sk drive includes a printed circuit board attached to
t he base and wherein the first, second and _third vibration sensors
are mount ed fakchlating 2 prtatpnal vibiglien frsdfogvard (RV-FF) gignghfzoraSd endis? ve of
claim7 wherein there are three and only three vibration sensors.
representing the difference between S1 and S2;

(c) calculating a radial linear vibration feedforward (LVr-FF) signal from S1 and $2
representing the sum of S1 and S2;

(d) calculating a circumferential linear vibration feedforward (LVc¢-FF) signal from S3;

(e) calculating a VCM control signal from the PES; and

(f) modifying the VCM control signal with the RV-FF, LVr-FF and LVc-FF signal. The
disk drive of claim 1 wherein the disk drive includes a printed circuit board attached to the base and

wherein the first, second and third vibration sensors are mounted on the printed circuit board.

8. The disk drive of claim 7 wherein there are three and only three vibration sensors.
9. The disk drive of claim 7 wherein each of the vibration sensors is a single-axis
accelerometer.

10. The disk drive of claim 7 wherein the spaced-apart first and second vibration

sensors are aligned along a line through said rotational axis.

11.  The disk drive of claim 7 wherein the third vibration sensor has its sensitivity axis

aligned along a line through said rotational axis.
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9. The disk drive of claim7 wherein each of the vibration sensors is

a single-axis accel eroneter. 10. The disk drive of claim?7
wherein the spaced-apart first and second vibration sensors are
aligned along a line through said rotational axis. 11. The

disk drive of claim7 wherein the third vibration sensor has its
sensitivity axis aligned along a line through said rotational axis.
12:The di;k drive of claim7 wherein the disk drive !ncludes.a
printed ci rﬁg.! t ‘?H@gﬂk @H&@Sﬁk‘fﬂmtPwhé‘r@inl%ﬁlé&slgh‘xgvevk'ﬂapﬁés% d}xﬂ{%‘ dfdé'{cﬁﬁ board
second and third vibrati on sensors are nounted on e rlﬁ%e Circurt

boar d. . s
attached to the base and wherein the first, second and third vibration sensors are mounted on the

printed circuit board.
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