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The present invention relates to controlling head positioning actuators in
storage dew.ces such-as disk drives via feed forward control, to reduce or
counteract disk flutter induced off-track deviation of the read wite head.
Mre specifically, the invention relateS"to enploying sensors to detect
the magnetic 10 di sk vibration perpendicular to the disk surface, and using
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track center needs to be followed accurately. To reject mechanical
di st url%ancegagﬁéjround of the Invention

A typical magnetic disc drive (HDD) includes one or more read/write
(RW) heads for reading data from or writing data to one or more discs
mounted on a spindle motor. The data is stored in generally concentric tracks
20 on the disc surface. During operation of the drive, the read/write heads are
positioned at selected radial locations while the discs are rotated by the spindle
motor. Rotary actuators are often employed to carry the read/write heads to
the desired locations. The actuator is usually coupled to a voice coil motor
which provides the torque for rotating the actuator about its pivot.
25
In the field of magnetic disk drives, there is a need to provide a high-
performance, reliable, and fast servo control system which is economic,
compact and robust. Furthermore, to increase the tracking accuracy of the
R/W element and thus support higher area density data storage, the servo
30 controller should reject alt disturbances such as windage and amplifier noise,
without amplifying the measurement noise. Furthermore, movement of the
magnetic disk and thus relative movement of the R/W head from the track
center needs to be followed accurately. To reject mechanical disturbances and
non-mechanical noise, a high bandwidth servo system is normally required.
35



non- mechani cal noi se, a high bandwi dth servo systemis normally required.
35 -2- Typically, two types of narrow bandw dt h nmechani cal di sturbances are
present in an HDD servo system both of which contribute to the R'Whead
deviating off-track. The first type is the repeatable runout (RRO, which
I's synchronous with rotation of the disk. One approach to cancel the
effects of 5 RROis to nodul ate the position reference signal such that the
actuator output follows one or nore corrponents of the runout signal. For
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Another approach to deal with RRO is to insert a narrow band filter into
20 the servo loop to increase the servo loop gain at the required frequencies. As a
result, the runout signals can be more efficiently rejected. U.S. Patent No.
6,097,565 granted to Sri-Jayantha et al on 1 Aug 2000 describes a narrow
bandwidth filter to increase the servo loop gains at selected frequencies which-
are a multiple of the disk spinning speed to increase the attenuation. The
25 patent further proposes a method to initialize the filter so that the transient of
the filter is minimal. The prolonged oscillation that is present in servo systems

with narrow band filters may thus be alleviated.

The second type of narrow bandwidth mechanical disturbance which can

30 be present in a HDD servo control system, arises due to disk vibration and thus

is asynchronous with the disk spinning. This narrow band vibration is not

phase locked to the disk rotation and thus, it is called nonrepeatable runout or

NRRO. One way to deal with NRRO effects is to eliminate or alleviate disk
vibration. This can be attempted by providing a balanced motor and disk pack, -

35 improving the damping of the disk, optimising the stiffness or resilience of the

disk, and selecting the correct spinning speed. Such optimization of the



NRRO. One way to deal with NRRO effects is to elimnate or alleviate disk
vibration. This can be attenpted by providing a bal anced notor and di sk
pack, 35 inproving the danping of the disk, optimsing the stiffness or
resilience of the disk, and selecting the correct spinning speed. Such
optim zation of the -3- nechanical systemw Il tend to attenuate disk

vi bration caused by disk fluttering. The narrow bandwi dth filter approach
for RRO conpensation appears to 5 work for NRRO because it inproves the
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20 US ‘Patent No. 6,064,540 by Huang Fu-Ying et al, IBM, entitled “active
control for stabilizing a servo-controller actuator system," filed in March 1998,
and granted on May 16 2000, uses strain sensors to detect the actuator lateral
vibration and thus actively control the actuator in-plane vibration. This method
can cancel the first two actuator vibration modes and is very effective in

25 providing a robust servo loop, which may allow higher servo bandwidth.

U.S. Patent No. 5,526,208 granted to M. Hatch of Quantum Corp

presents a flex circuit located between a rotary actuator and electronics of a

disk drive, for sensing vibration. The apparatus contains a strain gauge

30 attached to or imbedded within the flex circuit. The resistivity of the strain

gauge varies in response to vibrations of the flex circuit, which correspond to

offtrack vibrations of a read/write head supported by the rotary actuator. This

resistance variation can be transformed into electrical signals that are used by

a servo system to move the actuator assembly in a compensatory manner, in

35 an attempt to cancel any off-track motion of the read/write head caused by the
vibrations.



off-track vibrations of a read/wite head supported by the rotary actuator.
This resistance variation can be transfornmed into electrical signals that
are used by a servo systemto nove the actuator assenbly in a conpensatory
manner, in 35 an attenpt to cancel any off-track notion of the read/wite
head caused by the vibrations. -4- U S ,Patent No. 5, 862,015, granted
January 19, 1999 to Evans et al, entitlé%‘"kbad suspensi on with resonance

f eedback transducer”, discloses a head suspension assenbly including a
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I nprove the settling performance, the bandw dth i nprovenents are usually up
20 to a few hundred Hertz. The error rejection inprovenent is thus limted
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Although these sensors assist to expand the servo bandwidth as well as

improve the settling performance, the bandwidth improvements are usually up

20 to a few hundred Hertz. The error rejection improvement is thus limited to a
few dB.

United States Patent No. 6,181,520 granted to Fukuda of Fujitsu
January 30, 2001, entitled "Head slider and disk unit having contact detection
25 means”, discloses a suspension, on which the slider is mounted, and an
electric resistance pattern formed on the suspension for detecting a strain
generated on the resistance pattern when the slider body comes into contact
with the disk recording medium. This approach however, does not help
improving the tracking accuracy.
30
With the recent and rapid increases in the number of tracks per inch
(TPI) on magnetic data storage media, there exists a need for a simple yet
effective mechanical-electronic-control solution to considerably improve the
tracking accuracy, and especially to improve disk fluttering induced track
35 misregistrations (TMR).



Wth the recent and rapid increases in the nunber of tracks per inch (TPl)
on magnetic data storage nedia, there exists a need for a sinple yet

ef fective nechanical -el ectronic-control solution to considerably inprove
the tracking accuracy, and especially to inprove disk fluttering induced
track 35 misregistrations (TMR). -5- Any discussion of documents, acts,
material s, devices, articles or the |ike“which has been included in the
present specification is solely for the purpose of providing a context for
the present inverki.PR; ! t n : @Qq& [ or
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. | t aspect, th resent
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axi s, the actuator conprising: 15 neans for detecting displacenent of the

actuator in ' L | relative to the disk, and for producing an
out put si gn%@?hﬁéfeﬂhlﬁgédﬁ’gk flutter control system 20 By nonitoring
novenent of the actuator in an axial direction relative to the disk, that
s, p endi cul ar ; | i i | Ml (s a
man.ne‘raf({)n whi ch (ﬁc?ﬁrdflf%t({j%?&%&bﬁ?}rgﬁ@g(ﬁ@gﬁﬁéfo& @E@@Fﬁﬁﬁ eard?f"%gtfsbgs t he
read/ wite SYRROEIBG R Rd/MWiitg heqd and foppasitioying the madivtedjeadadiarentigy enent
of the readawagaetic ddtabbrade diskh therfiaghblc dafa ERPAGS ARikabéing refatalhlsk 25
flutter, typi cahlﬁé bei npmaep(ﬁ)r‘gm tel%isprogortl aIf tchsg‘%ﬂstk flutter.. Hence,
measur enent 29PURB0 &P 'R 200 (PRRSISIg, a Rty 6f gy 1% cearertige to
the disk ewdatd racksosipmbechaboyt the akispthesaajuatios complisingener at ed from t he
out put, - signal of the nmeans for detecting, in order to counteract the

effect's of disk flutter, and in particular, to counteract disk-flutter
i nduced of f - t r acknegnsi ior idsteadingadisplacementyof the actuateruippan taxial diractien

actuator. Feglatifs te it diskNgnd R protiudihg ¥ Sutput signal for use in a disk flutter
control system.

20 By monitoring movement of the actuator in an axial direction relative to
the disk, that is, perpendicular to the disk surface, the present invention
provides a manner in which disk flutter may be monitored. As disk flutter
‘causes the read/write head to move, via the air bearing surface (ABS), axial
movement of the read/write head and thus the actuator is representative of disk

25 flutter, typically being approximately proportional to disk flutter. Hence,
measurement of movement of the actuator in an axial direction relative to the
disk enables compensatory control signals to be generated from the output
signal of the means for detecting, in order to counteract the effects of disk
flutter, and in particular, to counteract disk-flutter induced off-track deviation of

30 a readfwrite head supported by the actuator. For instance, the control signals
may have an amplitude which is proportional to an amplitude of the output
signal of the means for detecting, and may have a corrected phase relative to a
phase of the output signal of the means for detecting. The control signals may
then be passed to an actuator drive means in order to counteract deviation of

35 the read/write head caused by the disk fiutter.



may have an anplitude which is proportional to an anplitude of the output
signal of the neans for detecting, and may have a corrected phase relative
to a phase of the output signal of the means for detecting. The control
signals may then be passed to an actuator drive neans in order to
counteract deviation of 35 the read/wije head caused by the disk flutter.
-6- Accordingly, in a second aspect the‘éresent I nvention provides a
magnetic disk drive systemconprising: a magnetic data storage disk being
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even nore p ositioned on the suspension. As will be

appreci ated, disk fI utter i nduced novenent of the head portion will strain
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It will be appreciated that in embodiments of the second aspect of the
invention, the means for detecting displacement of the actuator may be
20 positioned on the actuator. In embodiments of both the first and second
aspects of the invention, in order to provide relatively high sensitivity the means
for detecting is preferably situated so as to detect movement of a portion of the
actuator which is expected to move by a relatively large amount in response to
disk flutter. For example, in embodiments where the actuator comprises a
25 head portion for holding a readfwrite head, the head portion being supported
via a suspension by an arm portion, the means for detecting is preferably
positioned proximal to the suspension, and even more preferably is positioned
on the suspension. As will be appreciated, disk flutter induced movement of
the head portion will strain the suspension and cause the suspension to flex.
30 Accordingly, the suspension is an advantageous position for the means for
detecting to be located, particularly in embodiments where the means for
detecting is a strain sensor. Further, as a data cable from the read/write head
typically passes over such a suspension and therefore flexes along with the
suspension, the means for detecting may be positioned on or in the data cable.
35



detecting is a strain sensor. Further, as a data cable fromthe read/wite
head typically passes over such a suspension and therefore fl exes al ong
with the suspension, the neans for detecting nay be positioned on or in
the data cable. 35 -7- It will be appreciated that in such enbodi nents,
the armportion will typically be relatiyely stiff and inflexible in the
axial direction, and so nost flexing wifll occur in the relatively flexible
suspension. 5 Alternatively, the nmeans for detecting may be situated
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electric accelerometer mounted on the MEMS actuator driven slider or head.

20 While the means for detecting may comprise a strain sensor positioned
so as to detect flexing of the suspension, it will be appreciated that the means
for detecting may alternatively comprise an accelerometer for detecting
vibration or movement of the actuator.

25 The means for detecting may even be situated elsewhere in the
magnetic disk drive. For example, the means for detecting may comprise an
optical sensor mounted on a casing of the magnetic disk drive and operable to
optically detect movement of the actuator in an axial direction.

30 According to a third aspect, the present invention provides a method of
compensating for disk flutter in a hard disk drive system, the method
comprising the steps of:

rotating a magnetic data storage disk about an axis of the disk, the disk
35 having a plurality of substantially concentric data tracks situated about the axis
of the disk;



rotating a magnetic data storage di sk about an axis of the disk, the disk
35 having a plurality of substantially concentric data tracks situated
about the axis of the disk; -8- positioning a read/wite head adjacent to
the data tracks of the magnetic data storage disk, the read/ wite head
bei ng supported by an actuator; 5 detecthng di spl acenent of the actuator in
an axial direction relative to the disk? and generating a conpensatory
control signal fromsaid detected dlsplacenent, for conpensating for
effects of disk flutter. 10 The step of detecting nay conprise a direct

detection of displacenent of the actuator, for exanp Pl acenent of a
strain sensor on Rasiticningatread/weite hgad @ﬁlﬁpéfaﬂtorfbﬂldﬂtﬂ trﬁ@@o@ thegnagnetist or .

A ternat'Ve|détaTsRﬁa§é%&k0fhedl‘éta Mﬁte%eaamen@gmﬁgj tgﬁéﬁ sahgfb?t ection of

di spl acement of the actuator, for exanple nt o strain
sensor on a conponent which is in novable conmunication with the actuator.

As suchsa COWDOHthe(ttﬁagl disprayerbent oftRgBuRiatdin @h lidiftitdedor pélieto the

di spl acenent %ﬁe actuator will cause a known correspondi ng novenent of
t he corrponerﬂ ce, when such known novenent of the conponent is
detected in the step of detecting, it can be 20 determ' ned that the

W11 b appr ech atoHoTr THe PolbrREd, Sobfl  SBrbC, bl s, dfepus
di ff erent twawmgmwmmMQQMW@ﬁﬁatﬁ Ofeilﬁiﬂiﬁteant ially the same, 25

al though particular parameters will typically be different. The output of
t he neans for de S‘P I ng, .such as resistance variations or_ accel eroneter

outputs, can be Hes{ep 8f detgcting may commnriss|a éir@qaetwos@f@%aﬁm@tﬁr VO
systemto WQN@acﬁJblbraﬁirle@(bﬁf pléb§ pRiteyhent oﬁa%ﬂﬁﬁﬁé@iﬁo@bﬁ thB HeQiator, Br ®yder to

cancel or nteract of f ck” devi ati of .t ead Wi whi Ch may
be caused b>9p gﬁ' g §'f$°'fmg1t°£fetﬁe gatoF.q lf’ﬁ ?‘i‘n‘(fg%t{ f@@gecinge‘ﬁ@&fr
based tr ackicompriset indirectedétedtiorand dxmjaa:anmt vthtie aatmatm' darsiekample b

| ncor py (%rat e%lé@ehﬂeﬁtr%g % %ﬂ% sre?n‘éégecg ?chﬂ}ogﬁg@{ r\%fcﬁr s Eu%o%bl:as the

external injecte dvan
commumcatlon W|th the actuator, As such a component is in movable

communication with the actuator, displacement of the actuator will cause a
known corresponding movement of the component. Hence, when such known
movement of the component is detected in the step of detecting, it can be

20 determined that the actuator has been displaced in an axial direction relative to
the disk.

It will be appreciated that the feed forward control configurations for
different types of sensor arrangements may be substantially the same,
25 although particular parameters will typically be different. The output of the
means for detecting, such as resistance variations or accelerometer outputs,
can be transformed into a control signal to be used by a servo system to move
the actuator assembly in a compensatory manner, in order to cancel or
counteract off-track deviation of the read/write head which may be caused by
30 disk fiutter.

The present invention provides a sensor based tracking control method
and apparatus that can be easily incorporated with traditional track following
controllers. Further, as the external injected signal is advantageously outside

35 the closed-loop servo control, it will not affect the stability of the system. This
avoids the difficulties involved in shaping the response of the servo loop at



35 the cl osed-1oop servo control, it will not affect the stability of the
system This avoids the difficulties involved in shaping the response of
the servo loop at -9- frequencies close to the cross-over frequency. Thus,
the requirements on the servo |oop bandw dth and consequently the

requi renents on the actuator, or dual - séage actuator, are |ess stringent.
5 1t should be appreciated that the ternmi"hard disk drlve syst ent

mentioned in the context, such as according to the second and third aspects

of " the prfﬁaiﬁ!éhciegvc%‘éé Rﬁthel a%b%eér ﬁeg&;%rwwﬂ%sd tAb ?qu FdrMEntRHH e 2

magnetic hard disk drive in servo t process

Brief DescriS¥YQHPW ?ﬂ@wﬁ’b@ﬂﬂg%méﬁﬂwt%th@f rqqﬁgemﬁe@&%pn&hevaqtuatﬁbv@rbe
descri bed widdal-stigey sotgstot,tré ess stasgemanyi ng drawing in which: 15 FIG | a
shows a disk drive actuator servo system FIG |b shows a bl ock di agram of
a disk drive actuator servo system FIG 2 is a configuration of a HDD
head diSk assenblly;shdbid-Igd ppretiatesl dhati the dierme “bardualisikc drivieh systeim™ai n

I Lan. i g.
S i Sc el 8BRS AR bAlnd b YA RS SRR of ¢
di agr am of tthepﬁmrﬁmotteay,smdudesrp|r@ymabhandsilslpduymaed/ogaanagsetmsmrd FI B.
Sa is yet a'H?éMvé hé%@ (fkt Cab?gr&%ggosed met hod where 30 the

sensor is inpl enente In th of the flip chip on the
suspension; FIG 5b shows a pOSSIb|e configuration of embedding the strain

sensorig i nsigtRef Dcfiptioh 68t Praditiys3> - 10- FIG 6 shows an alternative
configuration wnere an acceleroneter is enbedded inside the slider.

Det ai | ed Description of the Invention
Examples of the invention will now be described with reference to the

accompanying drawing in which:

15 FIG. 1a shows a disk drive actuator servo system;

FIG. 1b shows a block diagram of a disk drive actuator servo system;

FIG. 2 is a configuration of a HDD head disk assembly;

20
FIG. 3a shows a disk drive actuator with a strain sensor placed on the
suspension according to the present invention;
Fig. 3b is an enlarged view of a part of FIG. 3a.
25

FIG. 4 is the block diagram of the HDD servo system employing the
proposed stain sensor;

FIB. 5a is yet another two configurations of the proposed method where
30 the sensor is implemented in the flexible cable or the flip chip on the
suspension;

FIG. 5b shows a possible configuration of embedding the strain sensor
inside the flex cable; and
35



5 Referring nowto FIG | a, there is illustrated a disk drive (1) with a
nunber of rotatable disks (2) which nay be turned by a spindle notor (3). A
rotary actuator (4) noves a suspension (5) supporting a RIWhead. which
accesses concentric data tracks on the disk surface. The signal picked 10
up by the RFWhead is anplified and fil_tgyed. The signal is passed to a
circuit (7) that detects the position error signal (PES) and track nunber.
The RIW head can, for exanple, be a magneto resistive (MR) head or a giant

magnet or esi stive (jGMY shewd. arfRitefiive ddnfiglfiioR"RRAGIeTBAt Scddisroffeter is
obtained fromth %P]J'ES igqudul_ tor (7) is normally linearized. The
| i neari zed 1%“&%\% IPR4e VRS ¥¥e track numbers are passed to a servo
controller (8) which calculates a required control signal in digital
format and Cblt t Dthe.rtontr L signal to a voice coil motor (VCM driving
circuit (lokg&ﬁ—mm—gﬁm—eggﬂconverter (DAC) (9). Depending on the
servo |®op bandwi dth and access speed requirenents, a secondary stage ’
actuator that ri I g9 C t ] ' wi st hi s
case the VCM V\ouﬁﬁesf%&%@i ﬁ@q@aﬂ%‘ qﬁbgge%ﬁy 'g@%fé%ﬁioav\h%ﬁ!‘gaﬂ }\ééectg (%l{nﬂagry
stage ‘act uatruimbesfdotatabledtisks (&) wiiok inay ke tumednby 8l spindle roeter (3)-1 &r (8)
the VOM and "D BEE R e S R T ey be
i npl ement ed WCch ageesses| cosicgtic C!ﬁ"@é’@é’g%ion_t{‘@@?‘ﬁ St _%ejrgﬁ ﬁgﬂi{aé picked
rf} er 0%:@[? " lp Y the RNtV' Hbafd“i% érg Iiﬂeﬁfarlflidﬂl:(]eﬂ'bﬁ.a|THdW§igﬁaﬁ ie pas§t§¢l @ <$mﬁ?nse
to dbal i ¢ 7Y AR SROGH dherioshob SR oS! (s FahgBd Radkqmaet erthgghy "
anplifier ndiead, canl donagxampleat bona magnetaesistive (MRpilead Nor @aldiant t he
error 30 reﬁ%@netrﬁgéfwwnﬁé%ﬁn é&rﬂﬁn%t#’dt%n&&f&f@%ﬁfs ttchlgéte)n) and
the conple ?fél? th sf ttio g\'e_aeu y sélected by
the servo dbfdiged frofrothen PiiSedemtodulatar (@) it neotmealtyclinegrizedi cthealinpariziede
2t onugd | 0n pERSRRl BhiTie tRRKTAG s e hdieBetoch SRS (RRencySt e
factors suclealeyiates avequiredecontiol signg! inrdigiialstoemat gRd %‘f&u&ﬂ"espﬁ)@ﬁé‘?'gare
repr efsept fedn al ¢ aa%i\éétéailt AR (VCM) drivmpl éil‘é:uﬁta(ﬂ Obwid erdiganteednaiega
anste uc%n\llgr?ero(rD/g(SJ) a89)S aBeepesnpd?rgzge orrED&Ge 'serv?)r loop bandwidth and access
speed requirements, a secondary stage actuator that rides piggyback on the
20 VCM may also be provided. In this case the VCM would provide coarse
movement control while the secondary stage actuator would provide fine
positioning control. The controller (8) thus may be required to calculate the

necessary control signals for both the VCM and the secondary stage actuator.

25 The controller (8) may be implemented as a digital signal processor
(DSP), as one or more micro-controllers, or in the form of a digital infinite
impulse response (IIR) filter. The controiler (8) should have various correction
functions to deal with various disturbances such as windage, disk fluttering,
amplifier noise, external vibration, and measurement noise. Normally, the error

30 rejection transfer function (or sensitivity transfer function) and the
complementary sensitivity transfer function are carefully selected by the servo
designer to ensure adequate disturbance rejection and noise attenuation
capabilities.

35 FIG 1b is a block diagram of the servo system shown in FIG 1a. Here
the dynamics of the actuator assembly including factors such as the VCM, the



simplicity, the transfer function of the VCMdriver (10) is al-so
represented as part of (11) with its saturation represented as another
section (12). The various 5 disturbances including the repeatabl e runout
(RRO and non-repeatable runout (NRRO) in the servo |oop can be |unped as
a time series (15). The various sourcesqof noise present in the servo |oop
can be lunped as noise data which is anot her data series (16). The digital
track-foll ow ng control |l er has two parts, the fitter (13) which deals with

the flexibleg Fq)n s éﬁé%rﬁ%aqh@%nd&@ietrb@reb@ﬁtea a?sethé@@ﬂmokmodetmdo

section (14) 4

proport i (()nalwl'ﬁ’% £gn de- rgg?qe%“fﬁﬁf? ?%?(éspug?‘éﬁ‘ﬁqparﬁ)r\ﬁﬁ(ﬂ' %tége FHEGe model. \[Fofy of

?g; )ChcoL : ldt géeim bRCIS Rt %ﬁgfé?ef?ﬁ@ttdﬁﬁbpmef VeM theem(d@e) is Ble® r@‘resemte@ asommand
of .var

nunbers of tﬁae(@?i(ﬁm"th&% Saturgtion r%/geg%mﬁa\?gg% %}Ss%%gﬁ ﬂ%}ﬂé}[&lﬁe

r ef fr enge sidstatbaneebdndleding the cegeatable ranaut (RRQ)rmdsn@premagdde ruarmt i n

nost cases a I

Systens wherORRG) BLAR bR 600 A hhios! 82 cen@ XeridR (18, Thelyedbls | 1

Si gna![ canf reouecashef seise ppesent it therrsemd laep oars bedumppad a§tr§a§§/ §taawb icho

operation t Rl BEOMSL VS -

cal cul at ed 3§|aﬁ1§§{é£d'aﬁ§ené%‘ﬁﬁt) out uthéﬁadkggwqﬁ%nf@ co ahs, pre

Ref erri ng ndhetiter(13) V@'%ﬂ@ﬂlslwlﬂhgler xéble anodesiofd \?@FU%‘?rugBaqgﬁn fiCcoi |

(21), phVvot fBedkhAdldchbrifdl settibh Qi4E- Dhosomé 2hbes,af1d wnmn the fdmn of\a t he

tip of 25 the sus sion |s._the e he 0] C 2
connect s t hdTPRAGo ﬁf;‘me@rﬁ'e‘iﬁe@@?leﬁ@wq@oﬂa\fvﬁerﬁ%fs n‘bgb% Emdt ggh&c ??DCB)
of the HDD witeeto saspress tie astaatopflexible mbdetronic circuits and is not shown
in Fig 2. The flex <cable could include a RNV anplifier chip | ocated on top
of the suspension (e.g. at position (29)). One end of the flex circuit

(27) is connect edte refmfem md?dIBandS(ﬂTDhGOddt bet & step sign@le of gyaindo have
hi gh Sﬁf f ”eaﬁﬂg)litg%% hc?er# n #& RGRLRRS oﬁﬂgfﬂsefh%twlﬁéahqyté tef ian@éé in

t he verti cal |aI direction re her
| ateral sti fAltematweéssuuhtesrafereacmW Gasidh end Qm@&hﬁﬁc‘ﬂerﬁﬂﬁ otm?ss%pgher
servo | oop bﬁ@%ﬂﬂ 8hd. inRbbneagRe et prooalouldied dindkstdréd s 4 eoksGpriabld/w i t e
head (30) fl |ght aoveﬁq |shRs61rfae tetottbe aCtlﬂ o{hthe
air bearing &¥ade é)s where_ the same components are to bé cancelled, the
reference sngnal can have the same pre-determined values for the steady state
20 operation for each track, such that the corresponding response of the pre-

calculated values at the actuator output cancels the RRO components.

Referring now to FIG. 2 which illustrates a disk drive actuator with coil
(21), pivot bearing (22), arm or E-block (24), and suspension (5). At the tip of
25 the suspension is the read write head (30). A flex cable (26) connects the read
write head (30) and the main printed circuit board (PCB) of the HDD which
contains most of the electronic circuits and is not shown in Fig 2. The flex
cable could include a R/W amplifier chip located on top of the suspension (e.g.,
at position (29)). One end of the flex circuit (27) is connected to the main PCB.
30
The actuator (4) is designed to have high stiffness in the lateral direction
and relatively low stiffness in the vertical direction or axial direction relative to
the disk. Higher lateral stiffness results in a higher resonant frequency and
thus higher servo loop bandwidth. During operation of the disk drive, the
35 read/write head (30) flies slightly above the disk surface due to the action of the
air bearing surface (ABS).



FIG 3a shows a disk drive actuator with a strain sensor placed on the
suspensi on according to the present invention and Fig. 3b is an enl arged
view of part of FIG 3a. In accordance with one enbodi ment of the present
invention, 5 a strain sensor (31) is formed integral with the suspension
5, or alternatively attached on top of tfhe suspension 5. The output of the
strain sensor (31) is connected to the ex cable 26, and passed to the
main PCB which anplifies and filters the signal. FIG 4 shows a nodified
version of FIG 1 b, accounting for the use of a 10 sensor in accordance
with the present invention. According to this figure, and in _accaordance
with the present Flyaa shnws arndisk driyg ﬁcmo‘ﬁ"ﬂi‘iégéfﬁlg SEOPPS eg?f;eg\ﬂ"o i on

g{ Egi) di s k-slu_ ;8g§ibﬁ rhgﬂcgfa?genrté ﬂ%hg@ééﬁ[inrlénﬁlﬂﬁélﬁdi Figp 3bhis ammenlaRfgRl vielwi ch,

, IT1 es | S Sl gna I C can | . n
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fﬁedback 15 éislﬂ’_é]gﬁ séﬂisv{‘lz HI)B_il_sﬁ'f(mriedl in’wrmlcwiﬂprﬂw slisperssidn 54)or ﬁihemqiafelyeg Ej 0
t he ower an LTil.er e (6] | . ue
ot he rreactirashstiron,for b e Sy Slon S e Bitgfl bl o S SAr f51) RS C
the cal cul adonmectsd tpthveofiex ealble 2, ranch passedi tgrihesmainhBCBewhichsamplifigsd t o

respond to di sk vibration in addition to other vibration
sources. 20 4%@@%%?@5?{'ve configuration_shown in F

| G 5a, .a strai.n
sensor is i ntegridGed showshe madified: wersion eRfIG AR, acequrlipg fgf the yse 9f @he
suspeng on. tsf??\t%or ﬁ?agﬁfrdgﬁé@%ﬁ tHe PSR WREntioh. (Ateording e thiigure,tarel axi al
at 1s

direction, t , e . vertical bending or flexing of the suspension. FIG
5b shows ondnpaecardance withothe; grasent diventien.cthe § ?@es?'i’ﬁé)rf‘i?%t? alf 'C?QS)
tN hte str?! n ls\ﬁﬂ%qbngoﬂhei@smr 'Fl'hé%ignaglfmggilh@lsehm isspemisedrtorthednainr BGBL s. t
ernatively,. a s n s or_ ¢ e, bur.i [ nye
anot her al te‘%l'&ﬁi @g’?’gklrﬁm B@étqnﬁtggs gﬁoﬂﬂ%‘hwb{% ‘%& Mz;ﬁalrr%axoé@@gkg?%ﬂnet gr
i's i ntegr at eshdlog tonedigitalp The [ilteBR) versiaref thesignablie adiled toaa Jeedbagket er
| d .e7Q- i Coe s i ,
ccel of et 94 ORI Siael RENG ToBLE (19 &) and) BlSsdd RS RG, power

accel e nmeter detec s tical or axial vibration of
the suspensaroplifiesntf2)he Thiegpawes amplifiesydrives the actyaiabt 8d | dueydp) hei ed
and passed RagkrbmedntCof ReRticaFtor AxidiS8isPlactRRnE O6ft IR £étustdr t andSthe

calculation of appropriate correction signals, the head is caused to respond to
the movement of disk vibration in addition to other vibration sources.

20
in an alternative configuration shown in FIG 5a, a strain sensor is

integrated in the flex cable (33) and attached firmly to the suspension. The
sensor detects displacement of the suspension in the axial direction, that is, the
vertical bending or flexing of the suspension. FIG 5b shows one possible

25 configuration where, inside the flex cable (33) the strain sensor (41) is printed
alongside the usual printed circuits. Alternatively, a strain sensor can be buried
inside the flex cable.

In yet another alternative configuration as shown in FIG 5a, an
30 accelerometer is integrated in the flip chip (32) on the flex cable. The
accelerometer could be a piezo-electric, electrostatic, MEMS, or other type of
accelerometer. The accelerometer detects the vertical or axial vibration of the
suspension, and the signal output by the accelerometer is amplified and
passed back to the main PCB for use by the control circuit.
35



-13- In yet another alternative to the above configuration, an

accel eroneter is integrated in a slider, as shown in Fig 6. The

accel eroneter could be piezo- electric, electrostatic, MEMS or other type
of accel eroneter. The accel eroneter detects the axial and in-plane

vi bration of the suspension of the 5 slider, and the signal is anplified
and passed back to the main PCB for uséﬂgg' the control circuit. The
control system configuration when the accel eroneters are used can be the

same as the case H’Sﬁ?agoﬁfe??lt?fr% tHesab %p @%tlﬂﬁeﬁiﬁ a@@élérorﬂé’teﬂlange

t he respect ive gal varl ous uencies to OI’I’ECt t he
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of sensors #f§e 'E"PEﬁ"I ‘Ft? e ax %‘@H R ﬁ@éﬁyﬁ?ﬁrfsl‘fg’ e and
spirit of thsider Wﬂwels‘igrﬁltlsb amphféd aad@assed bable toitiemairBPCH foruse iy
technlque|r}hth|s i sure is not limted to the applications in hard

di sk drives, ggentral ¢ “applicable to disk drive 20 servo track witing

(STW process. As shown in Fig. la, during this process, the nedia or disks

(2). the spindle r}t&j?%yst(éﬁpc@ﬁ'gupat dn'\ﬁheﬁﬁ%e%ge?&o@t&%tare"ﬂstea ddpe di sk

drive (1). The ac suspensi on ext ernal
desi gn specilig élwls;meoasmhe eaaﬁ/pm@oee§tm@eas<argr& 636%«3 Onechgedmonlyt  may

al so bgythe (g% Solofze: 5
| nvent I on. g& I}{'él% Vf‘bg{n ér&@ﬁﬂygéﬁﬁ?ﬁd}gfﬁsﬁgﬁﬁhg nmet hg?ez

di scl osed M@eaﬂpmaqk o5 Yersons skilled in the art that

nunerous variations and/or nodifications may be made to the invention as

Scope of the i nvdnrorpesndrany Faladis sriete FEATRbalh O A Fodfes,y o

therefore, tmapéde mudei inedetdili espddialiyeimpmatiersasf istricture, aairangamenty @nd

ana. £ posiRATSEARES Yt Sonsort R bYndleyley SWBATMINAR Bopciffy M ine®ed

st arage 'di skscopaandespirétaf the present invention.

It is also to be understood that the technique in this disclosure is not

limited to the applications in hard disk drives, but is also applicable to disk drive

20 servo track writing (STW) process. As shown in Fig. 1a, during this process,

the media or disks (2), the spindle motor (3), can be in final assembled format

with the disk drive (1). The actuator (4) and the suspension (5) may be an

external design specifically for the STW process according to the invention. It

may also be the normal HDD actuator (4) and suspension using the present

25 invention. The disk vertical vibration is monitored using the method disclosed
above.

It will be appreciated by persons skilled in the art that numerous

variations and/or modifications may be made to the invention as shown in the

30 specific embodiments without departing from the spirit or scope of the invention

as broadly described. The present embodiments are, therefore, to be
considered in all respects as illustrative and not restrictive.



5 data storage disk being rotatable about an axis of the disk and
conprising a plurality of substantially concentric data tracks situated
about the axis, the actuator conprising: neans for detecting displacenent

of the actuator in an axial direction relative to the disk, and for
produci ng an out put signal 10 for use iﬂ4a disk flutter control system 2.
An actuator according to claim1, wherein the actuator conprises a head
portion for holding a read/ wite head, the head portion being supported

via a suspe LR gy an arm portion, and wherein the neans for 15 detecting
IS positioned proximl to the suspension and detects axial novenent of the
suspension. 3. An actuator according to claim2, wherein the actuator is

formed integrallAn Wckihtbh fors Qé;ﬁ’ﬁ‘d?ngi&%fh ré8d /it hedd! 47 For PRSRIOAINAItHEO

claim2, wherein the actuator Is ted on th suspensi.on. 5. An actuator -
according to cl aiffad/wiite head adiacent ina maanelis gﬁtlai %ﬁpqgg dis 'Z@es’f’?g'i‘%'c
Zenior : ?Gt QI Wﬁggﬁt@: Cstdrade @iél?legﬁr)’@é@mtébléphbéhﬂgm faxiﬁig)fethie: cﬂf&t aargk ?r age

i sk rotatable about an axis, of. i S ng conprisi a .
substantial |y corfOSRISRG @apyml;tgctﬁssug%a@aﬂgawﬁ%gh&Bg{q]g%g% gsxt]uéﬁedo
act uat or suppor t iat@uh theeads vihetastuatardcorhprisipgisi ti oni ng the read/wite head
adj acent to the data ks, of ' r | SK; for
detecting displ acenemé%%‘?%redgg ugﬁggﬁﬁcgﬁ‘%ﬁ'ﬁ?‘é m(ﬁo rég’gﬁtgtqhsgﬁfgﬂglt ive
to the disk, and for plirestion wglative dutiveidisk @nd for pseducing ani eigpubsigRald
di spl a{r‘@rrent; and ~ - ¥gr & ﬁoé‘Hstlﬂu&FFéc?dI}Jl%st@ﬁﬂerati ng a conpensatory

0

control signal fromthe output signa the’nmeans for detecting, for
counteracting effects of disk flutter.

2. An actuator according to claim 1, wherein the actuator comprises a head
portion for holding a read/write head, the head portion being supported
via a suspension by an arm portion, and wherein the means for

15 detecting is positioned proximal to the suspension and detects axial
movement of the suspension.

3. An actuator according to claim 2, wherein the actuator is formed
integrally with the suspension.
20
4, An actuator according to claim 2, wherein the actuator is mounted on the
suspension.
5. An actuator according to claim 2 wherein the means for detecting is a
25 strain sensor.
6. A magnetic disk drive system comprising:

a magnetic data storage disk rotatable about an axis of the disk and
comprising a plurality of substantially concentric data tracks
30 situated about the axis;
an actuator supporting a read/write head, for positioning the
read/write head adjacent fo the data tracks of the magnetic data
storage disk;
means for detecting displacement of the actuator in an axial direction
35 relative to the disk, and for producing an output signal

corresponding to said displacement; and
_—

A



5 7. A magnetic disk drive systemas clained in clai.m6, \Werein the
conpensatory control signal is proportional in anplitude to the output
signal of the neans for detecting, and is phase corrected relative to the
out put signal of the neans for detecting. 10 8. A magnetic disk drive
systemas clained in claim®6, wherein tq conpensatory control signals are
passed to an actuator drive nmeans in er to counteract novenent of the
read/ wite head caused by the disk qutter 15 9. A magnetic disk drive

system as clained ip Qn%pbﬁsfs}?f‘%r%éﬁe%ﬁg”%%ﬁ\ én@étd??tc@ﬁirbﬂﬁghﬁl from
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read/wite head, the hgpétgsrdisiofluttetO being supported via a suspension by
an armportion, and wherein the neans for detecting is positioned proxinal
to the suspension and detects axial novenent of the suspension. 11. A

magnetig di sk drigema ﬁét&fndw«:@hdenwstancbal claih@ed vihecleiom 6,hwhepein athieuat or
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nmeans for det ectdlﬂqtgls?%ﬁal%rf{@ &egﬁ%]%}rdceé%‘ﬁmgA magneti c di sk dr! ve system

according to claim erelrn a fromthe head portion passes
over the suspension, and wherein 35 the neans for detecting is positioned

on or {& th? dat g GABYfetid dﬁéd\'%&élslyﬁémHaélcléﬁddllﬂldléh *6,Cwhetdin-the- 15.
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det ect s novenent @fet foccoiliterachmoiiement of the.reAdiaiiedead cdusad Byithe diskst em
as clainmed in cI&f?G wherein the neans for detecting conprises an

accel eroneter fo El-ect i ng vibration or novenent of the actuator in an
axial direction relative to the disk.

15 9. A magnetic disk drive system as claimed in claim 6, wherein the means
for detecting is positioned on the actuator.

10. A magnetic disk drive system according to claim 6, wherein the actuator
comprises a head portion for holding a read/write head, the head portion
20 being supported via a suspension by an arm portion, and wherein the
means for .detecting is positioned proximal to the suspension and

detects axial movement of the suspension.

11. A magnetic disk drive system according to claim 10, wherein the
25 actuator is formed integrally with the suspension.

12. A magnetic disk drive system according to claim 10, wherein the
actuator is mounted on the suspension.

30 13. A magnetic disk drive system according to claim 10, wherein the means
for detecting is a strain sensor.

14. A magnetic disk drive system according to claim 10, wherein a data
cable from the head portion passes over the suspension, and wherein
35 the means for detecting is positioned on or in the data cable.
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17. A magnetic disk drive systemas clained in claim®6, wherein the neans
10 for detecting conprises an optical sensor nounted on a casing of the
magnetic disk drive, operable to optically detect novenent of the actuator
in an axial direction. 18. A nethod of conpensating for disk flutter in a
hard di sk drive 'system 15 the nethod nprising the steps of: rotating a
magneti c data storage di sk about an axis of the disk, the disk having a
plurality of substantially concentric data tracks situated about the axis
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17. A magnetic disk drive system as claimed in claim 6, wherein the means
10 for detecting comprises an optical sensor mounted on a casing of the
magnetic disk drive, operable to optically detect movement of the

actuator in an axial direction.

18. A method of compensating for disk flutter in a hard disk drive 'system,
i5 the method comprising the steps of:
rotating a magnetic data storage disk about an axis of the disk, the
disk having a plurality of substantially concentric data tracks
situated about the axis of the disk;
positioning a readfwrite head adjacent to the data tracks of the
20 magnetic data storage disk, the read/write head being supported
by an actuator,
detecting displacement of the actuator in an axial direction relative to
the disk; and
generating a compensatory control signal from said detected
25 displacement, for compensating for effects of disk flutter.

19. The method of claim 18 wherein the step of detecting comprises directly
detecting axial displacement of the actuator.

30 20. The method of claim 18 wherein the step of detecting comprises
indirectly detecting axial displacement of the actuator, by detecting
movement of a component which is in movable communication with the
actuator.
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