WO 2010/ 064992PCT/ SG2008/ 000462 1 Runout Measurenent for devices having a
rotating body Field of the Invention 5The present invention relates to

met hods awo 2appmuatus for runout neasurenent for devi cePCTOGROGSINNUG2 &
rotating body. It is particularly suitable for use in a mass data storage
device, such as a hard disk drive or optical data storage system having a
rotati ng body which includes or carries a rotating recordi ng nmedium For
exanple, it relates to runout neasurement for Hard Disk Drives (HDD) having
one or nore splndle platters drlven by a splndle not or and carrying di sks
of 10magneti c nabEngus EeRler : : he+on | n a data storage

devi ce haV|ng a di sk- shaped rotatlng recordlng medi um the surface of the
di sk 1§: oV, ﬂ)lnto many concentric data tracks and every track is
separatedirnto~nany sectors or segnents. An exanple of such a data storage
device is a HDD typically spun by a spindle notor. In the case of a HDD,
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including a centre point Ph when the disk has a radial notion indicated as
co, 10, Wﬁj‘et‘cl‘(‘%?“a%homs by a dashed line ideal circular notion as the
spindle platter perforns a conplete rotation, and the solid line indicates
t he actgalk @@hk@meqaeﬁb@ point P. Fig. 1(c) shows by the solid lines the
not i on of %ﬁe point TD during nmultiple rotations. 25 As the disk spins,
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as the spindle platter performs a complete rotation, and the solid line indicates the aciual motion

S or

of the point P;. Fig. 1(c) shows by the solid lines the motion of the point P; during multiple rotations.
25
As the disk spins, each segment of the track circumference on disk surface travels underneath
one or more read/write heads. In a hard disk drive, there are two sorts of runouts: radial and axial
runouts. Radial runout is defined as the radial variation in the distance between the read/write
head and the ideal circular as shown in Fig. 2. Fig. 2(a) shows the spatial relation of the spindle
30 platter and the read/write head, with the dashed line showing many segments. Fig. 2(b) shows
the runout during multiple rotations of the spindle patter. The displacement of each segment
centre point from the ideal concentric circular is defined as the radial runout in IDEMA standards.
For a specific track where the read/write head is positioned, the radial runout of the i segment
can be expressed as:
35

dr(i, )|, =14 (0)-r. (1)



coordinates, the variable rc is the radius of the ideal circle of the
detected track, the variable O is the angular of the center point, F 1, of
the /11 sworerocaeyd t he i ndex | denotes the /1 revol uti enTiSceoBdsic2 has
spun. At the sane time, there exists the axial runout which is defined as
variations in the distance between the head and the di sk surface. The axi al
runout is caused mainly by the surfage profile of the disk and the bearing
floating height. Large and fast axial runout usually increases the risk
10of a head crash. For a specific track where the read/wite head is
positioned, the axial runout of the it'? segnent can be expressed as:
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segnent in three-di mensional polar coordinates and is the z-axial value

of the PRPEHIaWE; PRYHAYP raiplerais psthg idealgirgle B?QMﬁ?Cte&f‘raP‘émeé’P”a&l‘?deﬁl al

runOUtSth'e%n%ﬂdrBhﬁ@&en&é? Likephatuch et 4nd8nd iRGT bEnbtes A j@rdlbigtontupt at es, the
read/wite heads nust e positioned at a specific radius in order to read

or t &858 a 20 fromto a selected track. Data witten at a track
segrrent of a disk surface will not be read properly if the location of the
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angul ar h@?s%etgh]%cbﬁ‘bee%t‘esﬁe% QI ution and the NRRO conmponent is different in
each revol utron even a e same angul ar position of the rotor. According

to I DEMA standard T17-91 and ANSI/ASME B89. 3.4M the radial and axial RRO
and NRRO durlm él r@y ,P‘) (9an be expressed as foll ow ng equations. 30
a) Radi al (Py="1dr¢is” j)=[ri; (6) - 1;] b) Radial NRR@) 1 N
NRROx (i, j)
15  where the variable zp is the z-axial value of the detected segment in three-dimensional polar
coordinates and z. is the z-axial value of the ideal circle at the radius r..

Measurement of radial and axial runouts is critical in the hard disk drive industry. As a disk rotates,
the read/write heads must be positioned at a specific radius in order to read or write the data

20  from/to a selected track. Data written at a track segment of a disk surface will not be read
properly if the location of the track segment appears at a different radial location relative to the
head position system. Since these radial and axial runout orbits do not repeat themselves in each
revolution, the total indicated runouts (TIR) are the sum of two components, i.e., repeatable
runout {(RRO) and non-repeatable runout (NRRO). The RRO component happens synchronously

25  with the rotor angular position in each revolution and the NRRO component is different in each
revolution even at the same angular position of the rotor.

According to IDEMA standard T17-91 and ANSI/ASME B89.3.4M, the radial and axial RRO and
NRRO during N revolutions can be expressed as following equations.
30
a) Radial RRO:

RRO,(i):%Z dr(i, j) = %[—Z[r,,l @)-r,] -
J=1 j=l

b) Radial NRRO:

NRRO,(, j) = r}(é’)--zré(é’)
N (4)



N 3 c¢) Axial RRO RRO (0--dz(i, j)=1i[z (0 z, (01 NNd) Axial NRRO 1 N
NRRO z(i, j)= NL 5Wth a proper control algorithm the radial RRO conponent
can be prwadi2etoad499and conpensated for in advance duri ngPCmsGRemmkosszeki ng
and foll owi ng. But the NRRO cannot be predicted fromone revolution to the
next. The consequence of radial NRROis track-m x registration (TMR). It
causes non-conpensabl e or uncorrectable TMR and off-track read/ wite errors
in hard disk drives, which is a key factor to influence the track and areal
densities of HDDs. How well a spindle notor 10or a spinning disk can repeat
its path ovetiaBRY: revol utions, i.e., how nuch the NRROis, dictates a
physi cal Ilmtatlopwon thetrack width or the track denS|ty As HDD ar eal
density |ncr1é"’é?s@s=7v* Cé@kl) ; (el smal | er and the NRRO needs to be
smal l er too. Now thé' manuf ac’turers of the high areal densi®y HDDs are

| ooking fay mesi®rBOcurate and 15 higher resolution runout neasurenments of
spinning spindle notors and_ngdia platters in both axial and radi al
directions. NERO)G1hezpOed)- &e‘ﬁsj,(rﬁy; /approachi ng 150 GB/i n2(23.2GB/cnR), the
track density increases to HOBK TPI (tracks per inch) (16Qstracks/cm, the
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In past, several kinds of runout measurement systems for HDD have been developed. As implied
in Egs. (1) to (6), the angular position of the rotor circumference segments must be known for
25  each sample of the signal from the sensor which detects the position of the moving surface (here
referred to as the “displacement sensor”, and its output as the “displacement signal”), and the first
generation of runout measurement instruments usually employed an encoder to detect the
angular position of the rotor. In one version, the rotor included markings which could be optically
detected using an optical sensor. The output of the optical sensor, and of the displacement
30  sensor(s) (typically capacitance sensors) measuring respectively radial and axial displacements
of the rotor, were processed using an oscilloscope, which gave an input to a processor. In
another arrangement, puises generated by a photodetector by observing slits on the rotor were
used to control generation of pulses which were fed to the motor to control its speed, and also fed
to a processor which received a displacement signal from proximity probes measuring
35  displacement of the disks.



35di spl acenent of the disks. 4 However, currently all HDDs have adopted
sensorl ess technology to control spindle notors wthout encoders: the
processorwolnmmedozves t he notor does so by generati ng &Cpisiczend/onndzX
signal (square wave). This technology is also used in the runout

measur enent system for HDDs: 5 the processor neasures runout using

know edge of the timng of the index signal, together with the output of
capaci tance proximty sensors(s) measuring displacenents of the rotor. In
the market, there are several kinds of runout neasurenment systens used in
hard di sk drive industry. The advantage of using a capacitance probe is
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be:izs  there is a low frequency drift, and the sensor is sensitive to the roughness of the rotating tested
surface. However, when high accuracy of HDD runout measurement is required, the LDV

technology is the only qualified candidate at moment.

Since all HDDs adopt fluid dynamical bearings, the RRO is about 200 times the NRRO

30  component. It means that if there is any very small error of the rotor position detection, the NRRO

will be added to by a big error. Therefore, when it is needed to measure runout with high

accuracy, in particular NRRO measurement, the rotor position must be measured with high

accurate and resolution. Here “resolution” -refers to the nominal accuracy of position
_ measurement, and “accuracy” refers to total error.

35 '

If the rotating speed is constant, the sampling interval of the index signal can be translated to the

angular position of the rotor. The maximum possible measurement error of NRRQ, which is



where dRRO is the actual peak-to-peak repeatable runout, nis the speed in
rpom Gis the sanpling interval and AOQ, is the maxi num error of

posi ti on wodew/qwea92r evol uti on. Therefore, the relative BeETISGROG8HN0462 Wher e
Gis the sanpling rate per signal channel. From equation (8), both the
detection of the rotor position and the sanpling interval can cause 10
addi tional errors to NRRO neasurenmen§. Conventionally, the sensorless rotor
position detection of HDDs provides a once per-revolution pulse. Fromthis
pul se, a phase-locked | oop (PLL) frequency nultiplier is applied to

gener at @upedqiylbsbgngramplinavrsérual eachthe odr pesifpordbmygilbe the N segnents of the
detected circunference th t:l Asgpl enent sensors. A PLL, by necessity,
has a | oop faltkgr< tdh@g( FA-% i E»ﬁ "ElBanpl es the phase ongg per

revol ution. Due to the\ph&se t26f he 15 filter, the | oop always | ags
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the sanpd j ngw) B4 €r dlan$M§%&mTELmLEL“:§Mﬁ/masurene%) If the
d|g|t|2|ng error i\gl6eontlr ol2 to be(poted f,@r [t2wan) 0. 01% whi ch about 1 nm
error of the sanpling rate should be as high as 2. 5MHz.
For 256W'?eé?/dl' J'i‘ei aw"“qnéergréf'a"wrarm%e as much as 2.56 million points and
the processing tine will be Ionger than 10 m nutes for one neasurenent.
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for 125-150 nm frack width and 10 nm head/media space.

US 6,879,124B1, authored by inventors from the Data Storage Institute in Singapore, and the
30 disclosure of which is incorporated by reference, proposes detecting the rotor position accurately
without phase delay by finding the zero crossing points (ZCP) of a signal representing the phase
back EMF. Referring to FIG. 3, an example system is shown having 3 pole-pairs. It comprises a
BLDC motor 20, a commutation control module 25, and a Zero Crossing Point (ZCP) detection
module 35. The BLDC motor 20 comprisés a stator 12 having three phases, a rotor 13, and a



10 conmut ation control nodule 25 receives data on the ZCPs fromthe ZCP
detection nodule 35. The conmmutation control nodule 25 utilizes the data to
gener at e wbeosvict®hi ng si gnals (SAH, SBH, ScH, SAL, SBLpPCSSGpotsmocent rol
the plurality of switches for the conmutation control of the BLDC notor 20.
15An exanpl e of phase voltage of phase A, VAN is shown in FIG 5(a), which
has six true zero crossing points peg revolution. Fig. 5(b) and Fig. 5(c)
show t he signals SAH and SAL. The swtching OFF of the switches for the
phase comutation results in voltage spikes 51 in phase A as seen in FIG
5(a). Thesadtyvadlswisnhes spirbiles bh: pimglitycef usiiciirgl SepalZCRs, 8es.t BRI 6,.A8R).1 t udes
are bi g 18eoNEHes ﬁé’&ou@l@@%%gw Etﬂlgé/ ofqmeestﬁs}tm(?&%gﬁ utgyn ttlbeephggé’assoqtr{a%%l’for EMF
generated by the novenent of rotor wt erence to the stator,

t hese ZCPs are not consi dered as true ZCPs. As such t hese vol t age spi kes 51
gener at dde B¢Ptdetectioninashiersg-ha$ theoftruttire sbawvit Dhes 4f Bredelves phats ef monmalt at i ons
are sef bikges fdh @h hiRss 8 t?&%&or ﬁerf fE BLHE mtofbrEégT:\d oo atn*éﬁtr%ﬁ Qf\txec“ on

nodul e C a receives

i nput f?rgrrrﬁ Ce’fteérrczﬁ % % %’\”f’?i' 'é§ gﬁd&?tﬂr W'H gjlh \;é?’ t%@“‘?%”@%"e@éte a
plurali tcymweszwtqr'@wlvowbmﬂs th(EZ'AutraZBdtaZ@)VN ¢<Dptrtel$ poivdia phtse wiiades of t he
phase vQUiagesvioimt &, BLDG otV 28 .cab Qwaséérw)uséh@moha@mﬁ?ﬁgtﬁykc@ The ZCP
Cace onbpUch GOURE ABald 3k A0aR0dalid bl BTN El RRY P, A 00°

i ndit gat |°H’§m5ta%p°”t5¥)Réﬁ‘é? ?? WQG'Y% qaia@ thg Zaps frep b‘)e 7é3r|i’dd®{0®9n mpdide BGespect i ve
ZCP | evé&he oambrputstdn céhtrodBodultdp uliize€ te iagfto bdﬂ%ra&ehth@@m&hﬁ§Gﬁne(IsA(SA;.B,SBFF) of the

BLOC m)tsor 82 %CL§ H)Ompltré QIQet @w&lh@wghergqgr] tﬁ? %n?rhutét’oﬁ%or%ro?ofe the Ebll_):& g. 61s

not the same as in vel rved by a pul se
gener at 814 2% whi ch det ects and consol i dat es the faI I | ng and rising edges of
all the ZCP outputs and generates a ZCP pul se signal (PZABc) conprising a
pul 38 ataneqehpit al bHa@% v&faié 'meH}ge ﬁdgAN i0fs h&%nl thr@ BS%P wlnglyﬁgs thrgéj&éro 35 41.

PZABc is shown. in re _eac prese

occur r eRCe> Gt poé{‘tsiﬁﬁ’re"el*ﬁé’ ig- §@%a%f’r%9 ﬁ(ﬁ%ﬁfé’i’”éﬂe ?'@Qﬁ"sf@* a'Tdc SAS H&aswithes not ed

t hat t h®FSwhthe fwishésFesthelphasaicpromeation estltsircelitageyspikes Stal pheasefrzareé i CP pul ses
wi t hout Ff@'S?a@ ThESR @Hﬂg‘é%&kés‘%ﬂr@ay%%e%&esﬁﬁ’sVWHeh thf aﬁ@i'itl?o%s 4hig dnoBdH. Ses’

whi ch w Qﬁi h[ ﬁ’ ararre&iers nd its eration sta

Referri ng acﬁusﬁ q a]f? ° °§usef’ ¥ fpasa za vEage yoq“e fpxerpey §fechCP pul ses
usi B8 a“ft‘PrrV@fb réfererae t<ZN7|9 stetesiihnesg Z&PgA@ nottcondidsramas frier Z¢Psmas kel WP si gnal
(PZm) . Thege biwesSh @Erﬁér&&ﬁﬁ%&ﬁ@-&@t’&hlﬁfoﬁ SR &chR & 1 prbbecdthRfiod e PUl ses,
to form erretdrtéjgsquez gnal (ZTABc 5 The proposed nethod can precisely
detect { magnet pol e-pairs pul ses per nechanical revolution. As discussed
t he nunber of ZCP pul ses per revolution for a notor with 3 magnet

pol e- paiRefrring td 8IG. AN the ATFEIFLNGT ab&uye weorﬁwﬁ&eé 76b |8MF BotbitbS BiuP Qb

{ ﬁ‘é?# ut g\fﬂﬂ%t%e@esr_xw ﬁor% I’Eh% t&Hﬂ{gﬁ oltaeqes anggﬂg nelaoaééoétg%e t]p gfﬁergg\?&lmllfyooxn; IO::] 9 aﬁl |
HDD spi KEPVRAUBHS an 50 r?ﬁ@??é?”dﬁ‘él"fee%hloﬂée phase vataggsulf feBLPEMaior#Bt or wi t h
4 magnefFigpsdpshpas ths outblVRVEe, ZCRAS/T dlitfies doﬁmphsl%&ush@%ﬁd ﬂﬁ]n@éd@@g &Bﬂat% HDD

manuf act,hghge biGatd Hﬁ%qf}ﬁj @é\lrbr It ng Q}?ﬁ%ﬁ? agh agzae%[ e 28 m? ﬁ?t (5' %the

revol ution. "Thus, er o |re Ses
zer o-crossing nethod of US 6,879,124B1 is too Iow al t hough |t i's much
bet 8@r Retring keeFIGBIB{@NG(b)Eme6(ch e rpapksive EEP lavevalpuls(DNZs, k5 ofbanet @ee, the

maj or Omrgé:ﬁh'aé’& (QI-"\‘Rf@BObb] bffthd ﬁ‘fﬁ%btgﬁo'a:?e &h%wq %1\6%' tﬁ)ﬁﬁ% h%ﬁ%n{ ﬂQeu LeallRY FOd whi ch

el i m nates 55 error depend enci es ven lon sarpl Ing rate
and PLL ®/%t%61e 588t 89 'Bﬁ'gp??a?@%qlf fel O%Wﬁﬁf%ﬁcyv@fbytarwlw AoReRaterdR W’nﬁé
i nvent i defects and doosqpidatesi tokefalingraw riaingl edpes btidll teez droslitaundardehasie #zcreEASUr i Ng

r unout 9&15@3|§%Vd#2%0)5éémpﬁ§® Phui AEYch &R or Flar\?}g éﬂg@gf Ql\al\}}:('é EﬁP ?evél%h@g s In one

app Catl a nmass stora in use
car :3 éoF[r}éECést fe}}?&” I"b@gr afahd"hﬁ‘i?o‘ia&'?ﬁ g g@?esdﬁ%ﬁeéfétaﬂd’ﬁ@”@%ﬁ@ addsi bl e,
howev_er Thé piisegeeenmimberied 1w & i shéwidl mbenatesiethat sheasument pilsee duomd onefetkctriexanpl e of
the ki n@ycle may be from 6 ZCP pulses without false ZCP pulses to 18 ZCP pulses with 12 false ZCP



havi ng a hi gh speed spindle notor. In general terns, the invention proposes
a runout neasurenent system for neasuring the runout of a noving surface of
a devi ce wourotv/mssoa hard di sk drive) having a rotor. Samplrisegomsfoo@esi gna
30 indicative of the notion of the noving surface (such as a displ acenent
signal measured by a displacenent sensor interacting with the noving
surface; though in other enbodi mentsythe signal could be the output of a
vel ocity sensor or acceleroneter interacting with the noving surface) is
performed with a timng determined by a high frequency clock. At the sane
time, thdsesanwmicrowidkreng ondredmoter prrRaigre apst ispwerlianssteifis. Refdring 22ih idi cat i ng
the angwgasf RO 4k RIhOEs goheo"f%%lse(mrc;ms@guéﬂgea B& f&W@&aQ@IgVA@QQ alt | east
one paif he cortes et wee i ng
tines ancforf‘%%ﬂcr:grﬁggau‘fe‘j? “’%osé%i“?'mé’%f’ hef ﬁhesatef Co%?rggg&erfpn \t)e3 or?ef‘é{ arfagéggur acy
whi ch déBBndsesuigdrmetitucciMft Kol éepeehcy. 8 In embodi ments of the invention
in which the clock frequency is much higher (e.g. a factor of preferably

1000) t?@@g‘ohgse%ortngtuqo@?h 8 e'e&%yec%%ﬁt’ th@I QQ ne?%&e g% }s Tl?e@d égcrﬁ%grﬁéél may be

achi eve as an nm and
pref er aEﬁV9'“”lﬂ§I AviissHIsed e naesi chEPHRYIsSs ﬁﬂﬁre"PH‘éorbfPrs?p’Pate@ﬁ‘ﬁ‘rﬁ MBSl may be a
| aser Depgipliets, ehdmaragér@fally tetapberict ambeulms@beevmloralsreefrdeemelnuuebéraser

di spl aCﬁr;gﬁa Pagrag.fy mé ﬁs emxtmgeau%é m%ﬁs%mme lirs r;,lr@s‘@aaggs dep ei ther

an axia novi ng surfa be novi ng surface

of the reveyicn f?fga“rHQﬂ %n*ﬁd'edwoteffvv@ %’B?Q“&E%"‘%‘Pa'”ﬁ 120 AR BHTR ‘or ("8t°bw'tfs"p. ndl e
not or )  whige pbla-peise Howbr, Reetigeb itheytestng ttaedatd ofeQChaenufimeire, tirroutout

measur e%eéuré@en@ Akddk ol 1L 256CAIdek @8 ANGlutlRt ﬁh@%@ nUSSSH & ditect BdLidn  150ne

enbodi ment of the invention i ur conpri ses
2 Spi ndIPB'S‘??dFrBVghé'berﬁef%‘f“’sﬁﬁ‘Ptme%@gf’w%f?%%)%&‘2?? Biregetauidih TR R on
oper at e$hapthetdosvebimslone puldraek reENRiof| . e. it does not include a specific
angykar position sensor, and in this sense is "sensorless"), and a

di spl ace or,_ vel oci not or contro Ny, Provides
a super - ge ‘IBTe RYYS-H ‘8%%“?’ P\&}hstﬁlvff 'ﬁrid/% gt%%'elf’?t ne“ﬁ'ﬁlenogtewgto?queés r ot or
poSi ti or@llrule@teazthed\rlﬁﬁ%errorgiemndem% antee AGY @HﬂVWﬂ@fe?@”M"@ ramand Bl 985 wi t hout
a phase pggfryhaargitwi th a frequency 6 tines the rotational frequency

nmul tiplied by the nunber of the notor magnet pole pairs. In order to

m nimze the synchroni zing error between the rotor position and the

di spPac&emaeng iaiventign hi gh- frequency (e.g. 20MHz) clock digital counter is
adopted instead of the conventional phase-lock |oop nethod, and this

count er t e igLtization,
counter QlftBn3h s tlaﬁo%ﬁﬁ%h%%‘d%sgfumetpodd%@% RELIEP Rleasl dag;%gi FhL
conver S|"(‘ﬂ’f'”§ﬁbflfﬁcé§f 2 Heviceys fherkindohaying grraipe I orgepRlicatiann e i rios ‘éﬁe‘éﬁsébl e
runout tsragietdaiite is ehieh de rbend WBE carderoaedtating rebording tiiediutnoOthbr appithatt@bed r unout
in bhe @&%s@lg H?R% r%Q%Qalﬁﬁ@mtvaWHQ@%VBQEQ%CQEQOOM?Qxatnn)% AipRigcenent
sensor i s use et ect e notion a moving surface which is a rough 30
sur f ace NEUNg? 'S*P\SF{?E?%W"IT?’E‘?WCUM erential surface of the spindle or of the
recordi ng medi un), the displacenent signal (which has a known tim ng

dependeng &@%tehhgeth%yr%moﬁta Sde¥ aaew rﬁé‘éiuﬂemgﬂ;t%gstéesnggb? nRbsifEms Alngt POSi tion

obt ai ned ?r omt t hr a_ hi gh pass
filter sqf@r’l%ﬂ"'”%?%é%&% ﬁ‘f"ﬁgnhf“g C\E gﬁﬂ‘%}eﬁﬁ”qgcﬁ/\?"f"r‘ e%ﬁﬂ@ﬁlgf% i ng
com3Oneritdiagkivecdf th@mot@us:édwebyomﬂmesurfewg(lawew fispidremans\siang! rseﬁsﬂraéey aThi s

si gnal nféaraeeﬁénmgeng&nmgcm@%%mbhoaﬁg Beesd; mo@ght.ﬁo@éﬁ&ﬁb%aménmwna t he
runout of the har nonet er

O b B L e o L Ao Bl BB B P it gl ROt e

i ndust r ypedorched il e tinind detemiinss by a high frequency clock. At the same time, the same clock
is used to measure properties of a signal indicating the angular position of the rotor (such as the

35 spacing between at least one pair of ZCPs). This permits the correspondence between the
sampling times and the angular position of the rotor to be found with an accuracy which depends

upon the clock frequency.



WO 2010/ 064992PCT/ SG2008/ 000462 9 A first specific expression of the
invention is a nmethod of neasuring runout in device having a rotor, the

met hod i rwbuedionga99ebt ai ning a first signal indicative ofcCrise2pssnidenn of
the rotor; obtaining froma sensor a second signal indicative of a
notion of a surface of the rotor; obtaining sanples of the second signal by
sanpling the second signal at times getermned using a clock signal;

using a counter to determ ne a nunber of periods of the clock signal _
el apsi ng between two points on the first signal; 10using the output of said
counter to determ ne the respective angul ar positions of the rotor at said
times ofn eabdinsaBRY iegnichenseoarE tisl gouRlfeq@ney is much highd! @Y. atrhdig o he runout

from Sab%fe‘?ﬁoﬁf{o@?%ﬂ% tﬁQQdééﬂ%al FP:%?&e%;PrP]g;h ?&‘Jluﬁ&e&d atcﬁuer%cty' r%’agynseargmﬁs of the

second si gnal I C 'expression TS a runout
nmeasur efént r9§9’§‘ﬂ°§ﬁ°fhf°8rha%\a%lé"\/‘i’ré’é belaw it A gmaatdotreferably helogypemesn vat beleW ng:  a
circhit2anmranged to generate a first signal indicative of the position of
the rotor; a sensor arranged to generate a second signal irdiﬁative
of a no novi ng surface of the data storage device; 20a cloc
circuit t;|' ?lspgqgﬁ@?rgf?rﬁa ay&e@dﬁseé Pa;?péﬂr ,\/lbrometer a c3pachanse @'iOb%IOIF e (gflectivg r anged to
sanpl e taher dispipbraent renstr. dirgpyatte atanpedresnebepenitbpnterymoin éither &l aad osi gnal ,

t her eby rgRN@FBING sanpl es; a counter arranged to count a nunber of
periods of the clock signal elapsing between two points on the first

sighal; and 25a processor arranged to receive an output of said counter and
an out plibe mpvieguifaceampy kg a oioviogistrface of tie resoriingemadiven, oe sipe strfave olthgul ar

posi t i ORfcihisinh@.gl @pifdle MotctRindich i BSe (n’fbﬂ@eée@s&@l Suhatne st [h:énr‘ah'éutf r O'Irphsal d
angul ar rrl%QEddéme%Pé C&I[l]ec(ij orugsgrﬁgst énézotatﬁ%n?&eﬁ%rﬂlgéwt %i]e second signa . €

circuits an process 'Whar dware, FPGA firmware, or
30m croprocessor or mcrocontroller firmvare. The sensor may be any of

var i dus OsersnsdGMmers dChe @Ferioh &€ FunbRPdLlireVel Q318 Qhich kasigsesh Sphagcenent

sensor, g&‘itrgl%ﬂﬁ: %I r&ép&gl’tl?qoget%ﬁ&g&r%ﬂ PvWﬁéh op?ray\’g khelobag g ﬁ,&ya[ck E@E%EC ond

si gnal HEre y ofr erectn Seity or
accel er L9pgmnfnclugga ﬁgﬁﬂﬂﬁ@n@{ﬂrpg_@’@pn sgasor, and in this sense is “sensorless”) and a

displacement or velocity measurement unit. The motor control unit provides a super-stable speed
control with 0.01% stability. The sensorless rotor position detection unit generates the rotor index

20  signal pulses without a phase delay, and with a frequency 6 times the rotational frequency
multiplied by the number of the motor magnet pole pairs. In order to minimize the synchronizing
error between the rotor position and the displacement signal, a high-frequency (e.g. 20MHz) clock
digital counter is adopted instead of the conventional phase-lock loop method, and this counter
works strictly synchronously with displacement signal digitization, i.e., A/D conversion. At the

25  same time, the 16 bits and 1 MS/s A/D conversion enables the system to accurately detect the
non-repeatéble runout to within several tens of nanometers from the total indicated runout in the
range of more than ten thousand nanometers.

When the displacement sensor is used to detect the motion of a moving surface which is a rough

30  surface (e.g. an outside circumferential surface of the spindle or of the recording medihm), the
displacement signal (which has a known timing dependent upon the synchronously acquired
indications of the rotor position obtained from the ZCP signal) is preferably processed through a
high pass filter signal processing algorithm to remove a low frequency shifting component which
is caused by the roughness of the moving surface. This signal processing method makes it

35  possible to precisely measure the runout of the hard disk drive spinning disks and motors with 1
nanometer resolution and 0.2% accuracy, which could be of great use to the hard disk industry
and other industries.



10 to the acconpanyi ng draw ngs, in which: Fig. 1, which is
conposed of Fig. 1(a) to 1(c), illustrates runout in a rotating recording
medi um WO 2010/064992 Fig. 2, which is conposed of Fig. 2Cajscand/ofgde), shows
the spatial relationship between a 5read/ wite head and the platter; Figs.
3 - 6 are taken from US 6,879, 124B1; Fig. 7 is a first schematic di agram of
an enbodi nent of the present invention; Fig. 8 is a second schematic

di agram of the enbodinent of Fig. 7;"Fig. 9 shows the wavefornms of signals
in the enbodiment of Fig. 7; 10Fig. 10, is conposed of Figs. 10(a) which
shows the waveforms obtained froman experinmental realization of the

enbodi nent of Ei i C Xi a l,acement was Fig.
10(b) whiEH Sgﬁgﬁgx%ﬁﬁst?ﬂlo Sdm'ﬁ%@f ésnadnﬁﬁigg), B fieaslling m?—oup%ac%%eggafvr‘ g%onds to
Fig. 10(dgr,thduethpdingliingcase of an experinmental realization of the

enbodi nent Of)thhlggaﬁrs’!sl‘bn%cﬁdatnielbﬁﬂh@péﬁloﬁbﬂfwéiolftg 15Fig. 12 shows a

corrected di 25 L S conggﬁhyﬁglc%ﬁvggﬁ E‘Snoﬂ%lé %SLpfgceFdfgm rgté'm Fig. 13

sho RRO an8 ro 3?nr?e From 14 shovvs
an exper i rrenp%tﬁmla@ rsamg'éﬁ’ré’ﬁtthef gecopbsignai Ry samefing df‘%lc*é?f’éﬁts'@? ﬂ%llt'mg“? om
novi Ng autbeida usihg suBdkedigaalt | al surface of a data storage device;

Fig. 15 sh DAl o
I'g. S O\Nsséﬁle ?é'; %or@e%rﬂ#n gq\%@\b%f %Qrw’d? olfitlhé @Q!iliélgr%! %-Pdsﬁﬂg%mgn si gnal

froma first I zat1 on the set-up o shows a
correct é@%ﬁ%?fﬁhe?fﬁtstgﬁ@ radi al displacenent signal of Fig. 15; Fig. 17
shows RRO andsitiRROompitaf ssetkolimtert tihiemitatite ©bpebivg .anduiar positions of theRiotpr 18 i s

CO”pose‘lt&dnr@s%fs#nas%ﬁ)phng‘@@é‘etbnﬁ%m &gperi ment aI data which is a

di spl acenent roma second real | zatio set-u 14;
Fig. 18(b) wAf f'g%ﬁ‘ﬁéunaufé@@osﬁhdé%‘ﬁ@a”%?é}“gﬁ" rP°8¥‘°“Pﬁ ??ﬁ‘l’%@"e Sa‘“tpfegu gnal of
Fi g. 18(cbhe senodd §igrgl. 18(c) whi ch shows RRO and NRRO obtained fromthe data
of Fig. 18(b); and Fig. 19 shows a fl ow di agram of the operation of the

enbaodi nent of
1% A second spe%n’ﬁc exp[r)gssmn o?%eqr?v%gtgoln% Iaorrt]Jnc())Jt r%eggurgme s@nﬂo? 3cg)ewce

having a rotor, the system including:
a circuit arranged to generate a first signal indicative of the position of the rotor;
a sensor arranged to generate a second signal indicative of a motion of a moving surface
of the data storage device;
20 a clock circuit for generating a clock signal;
a sampler circuit arranged to sample the displacement signal at times dependent upon
thé clock signal, thereby generating samples;
a counter arranged to count a number of periods of the clock signal elapsing between two
points on the first signal; and
25 a processor arranged to receive an output of said counter and an output of said sampler
circuit, to determine the respective angular positions of the rotor at said times, and to calculate

the runout from said angular positions and respective samples of the second signal.

The circuits and/or processor may be implemented in hardware, FPGA firmware, or

30  microprocessor or microcontroller firmware.

The sensor may be any of various sensors, such as a Laser Doppler Vibrometer, laser

displacement sensor, capacitance probe, or accelerometer, which obtains the second signal

directly or indirectly by detecting the displacement , velocity or acceleration of the moving surface.
35

Brief description of the drawings
Embodiments of the invention will now be described, for the sake of example only, with reference



1. Structure of the enbodinent Fig. 7 shows schematically the structure of
an enbodi nent of a systemfor perform ng the proposed runout neasurenent.
The enbodwoento/iémdkudes a hard di sk drive 100, which i sPdmiSeeoms®bodey a BLDC
nmotor controller 101. The hard disk drive 100 has a displacenent sensor 102
for measuring the position of the rotating recordi ng mediumof the hard

di sk drive, and which passes a signg] to a di splacenent sensor interface
103. The output of the interface 10 |s a displacenent 11 signal fed to a
hi gh resol ution and hi gh speed AID converter 104, which is in comunication

wth a B@&&b’éo,ﬁ&g}@mg%wﬁggDﬁwhics used, but in fact this may be anot her
processor ch 135, @ deci ded

, Io rated circ There is
bidirecti Qna b cat r?pgﬁedboet v%egf‘f’{§l t?"lgébépi sanfthé ‘@E"B&? %5 rQ‘
cont r ol MefiunD1, for exanple such that the PC 105 can send a si gnal to the
notor 5 cont Figl 4, aihic @loompdded biFid. @R) ¥ind BB isNvsaheSdpgiitlelatitiihic akivaeh & hat t he
not og ¢ ady to begin operation. The system al so enpl oys a
hi ghgfr%gh@ﬁ%hggdgh%%%aa‘{(? ul se generator 106, which generates a 20MHz tine
base cl ock sF'@?\él E‘(‘i"ﬂ%?’ﬁéﬁ’"‘é%%é 1éRf's the frequency need not be so high,
but it is prepetiabliyt stherhatiagibgraitd? in etbodinumt bréte peasphtawsntan.BEFM ZCP r ot or
position det ﬁ.@t@.gaﬂsgc%ngéch&n&cialaeemdaf%'e%%amtemOP§ 8, 879,124 and summari zed

above. 10 The out put pul se generator_ 106 is fed to a 32-bit
edge tri ggerF‘&o%?hoé’?thfd‘@"‘?ﬁ‘?"l"‘?/gfr?‘%?'sﬂ%@eQ’OW%‘M@!@ %06, and to a unit 109
f or 18@anpl i ngFignabl ie camdoseatot Figal 1@@nwhich shosetheiwaefdrd8 atedr@drfeteiaves t he

BEMF ZCR(JaHhSRs rettalbh ofthe dhR RS éf'F(R;P 74eHRET Sal 3 acdRdntRRk *;hefaaﬁedlm ts 108,

109 are i The unit 107 perforns t
filterif d%é:a&bli”hﬁhﬂ’lowﬁgal%' efts%%ar%i\i{% renove the fal se ZCPs, and in the
case of a haFd ti skregvangsto Y 10Ge}. bukinrtoe case ogevmexmtiresntalrrwzﬁ@Poptbbses per

rotati oam()@dlmerftesrm@aghwméhtméa@.stsmﬁ.ﬁ@ phases) Fig. 8 shows the Ifg_rrangement
in Fig are

of g. 7in ani.n

Pl g ed by EnE RS rurertiteii it SR A T Fe TR 7% s shown
as conpri si nlj'gaﬂ“Dth RR@ and MRRQ otaipgd o the date oifiipdl: of the flip flop 201
connect ed t oFighes Shows RHtexameM@tarrbieniehi r bdtaRngH dis@sdemeaSsighalditnt 81

initial %99 ?}XS"?&%"E’%R&R%S“-‘E?C'aolflg(ﬂétajsg’ga@%%rt her includes an RS flip flop

203, conp he out put of the RS flip flop
203 is passeH'gt &° SPWAND ega%f@e@@*?d%w@whaﬁ @@a%é@m@@eﬂthﬁgn@mrmta fi5ft t he

cl oet leslizafibreofane atip @ifFigt tie AND gat e 207 is passed to a serl es of 8
frequency di d the flip flops
208 25 are ? sgdés%o&/paE&r}e&e%%e%?én)of?P%Sradlglagplgéegr@bt s?dﬂ%l%\"ﬁé ND gate 209 (the
ot her bei ng ti¥e!otPpaRREAY %RQ\RW'Q%H%O@W?F%‘%F‘Q H& the output of the AND
gate 209 is 6wl yishisgtomwhesd &l IFig his(e)] mpich | shpss 2@ riaestalhbgth, wiwdh Ghaoccur s
only oneeplg&nee\«@g. namn & LGk RELLRMAS e 1. BBy ai ) 12, F%O%kﬁ%wméﬁs 2 assed to

contr ol the AID converter eration o e flip

f|02§ 26‘1"9%3'9'1%%@ *ﬁ‘eé'SP'éceE‘S?ftSwBFhOéﬁ'gbyf‘(@uf%ﬁ'% 16@ Ve Penr RRO ce 209,
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1. Structure of the embodiment

Fig. 7 shows schematically the structure of an embodiment of a system for performing the
proposed runout measurement. The embodiment includes a hard disk drive 100, which is driven
35 by a BLDC motor controlier 101. The hard disk drive 100 has a displacement sensor 102 for
measuring the position of the rotating recording medium of the hard disk drive, and which passes
a signal to a displacement sensor interface 103. The output of the interface 103 is a displacement
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which is the interface of the PC 105 of Fig. 7. The interface 209 receives the output of the counter
108. In an initial state of the system the PC 105 generates a “low" sighal on both of the lines PC
- A/D Initiating and PC A/D Enable. The PC 105 initialises the system by raising the PC A/D Enable
signal from “low” to "high” and keeping it there. It then raises the PC A/D Initiating signal from
35  ‘“low” to "high” and keeps it there.

Fig. 9 illustrates the timing sequence of the circuit shown in Fig. 8 for synchronizing the A/D
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10 rotations per second (n/60) and by the number of ZCP signals per rotation (6p).

In Fig. 9, the first A/D sampling and conversion of the displacement starts at the rising edge of the
first rising clock pulse following the first rising edge of the first BEMF ZCP after the PC has
initiated sampling by en‘ébling the flip flops 201, 203, 207. This rising edge of the clock puise

15  drives the third line high, and at the moment of this rising edge the A/D converter 104 samples
the displacement force). It remains high for one clock period, and then goes low. The next sample
of the displacement force begins 255 clock periods later.

Note that the maximum time which can elapse between the rising edge of the first BEMF ZCP

20  pulse and the next rising edge of the clock signal is 50ns for a 20 MHz system clock 106. This
means that the maximum timing error between the detected rotor position and the initiation of A/D
conversion is only one period of the system clock 1086 (i.e. 50ns), while the sampling rate may be
as low as 78.125 KHz. There is about 0.00125% timing error when the spindie motor speed is
15,000 rpm (i.e. a period of 4ms), the current highest speed of the hard disk drives. Thus, with the

25 proposed synchronizing circuit, the timing error depends only on the system clock 106 and is
independent of the sampling rate, which could be one hundredth of the system clock frequency.
Therefore, the synchronous timing error between the rotor position and sampling moment is
minimized and can be negiected.

30  The second pulse of the BEMF ZCP signal may not fall on exactly at an A/D sampling moment,
but the 32-bit edge trigger counter, which goes negative at the first rising edge of the clock signal
following the second BEMF ZCP pulse, will record the exact number of clock periads of the
20MHz system clock 106 which elapse between the rising edges of the two successive BEMF
ZCP pulses. It can be seen that the possible iime error in measuring this duration is reduced to

35 50 ns from 12,800 ns in the prior art systems described above, i.e. 256 times smaller. If the
frequency of the clock 106 were increased, the timing error could be made even smaller.



14 endi ng nonent (t1l) can be defined as follows: to = 0 tcl= t0+1-6pC (1)
2 Nst =t oNZCP For the fh segnent, its starting nonent is the
endi ng nowernioafe449pe | ast segnment I1-1, i.e., 44, 5and i PsTSEnoasabodand

endi ng nonments are: te+ N p czcp[MIT 6p sN\.s ( ( 11\7 6pl-1\ +11 Ns |
Defining the equival ent duration of a segnment between each pair of
successive BEMF ZCPs as 10Atk , it gan be witten as: Atk 6xpx ccp(k), (15)
Equation (14) can be sinplified as: tc/+ -At 2 INT[6x px-- +1 Ns

2. Processing the outputs of the A/D converter 104 and the counter 108

We now turn to an analysis of the calculations performed by the PC 105. In the present section,
we consider how the PC 105 works out the values of the displacement corresponding to each of

5 the segments. in the following section, we show how the PC uses these values to calculate RRO
and NRRO.

During one measurement, the spindle motor rotates N, revolutions, for example 256 turns as
required by HDD industry, and the embodiment generates 6xpxN,+1 BEMF ZCPs since the first

10 BEMF ZCP triggered the measurement. The 32 bits counters will capture the 6xpxN, counter
values, which are the numbers of system clock periods between successive pairs of BEMF ZCPs.
These numbers of clock periods can be expressed as:

{CZCP(k):k=1923"'36xprr} (9)
15
Therefore, for N, revolutions, the total measurement period is
1 6pN,
T = = > Cyep(i) (seconds) (10)
3 i=1

where f, is the system clock for the counter, such as 20 MHz. Following this the PC 105 uses the
PC A/D Initiating and Enable lines fo issue commands to reset the measurement system, e.g. to
20  initiate another runout measurement.

In the above measurement period, if the sampling frequency of the displacement is f; (measured

in samples per second), the total number of times at which the A/D converter 104 has sampled

the displacement signal by obtaining a digitized value of the instantaneous displacement signal, is
25  equalto:

M, =Int(T, x £,)+1 S

The digitized displacement values are denoted by:
30

d= {dj,j;o,l,z,...,Ms} : (12)

In order to measure the spindle runout, the tested circumference is usually separated into many
segments, such as N; segments, similar to the sectors conventionally used for recording the

35  servo code and data. For the first segment, the starting moment (t,), central moment (tc,), and



= t1 1+ At I NT(6.px-)+1 /-1 15In many
cases, the value of __ LN may be a fraction, not an integral val ue and nost
back EMF wp 220Rs499al | into the m ddl e of the detected segmsckeos/onoi2at the
starting, central or ending nonents of segnments. Therefore, some segnents
may consist of two different counter period values of back EMF ZCPs. The
endi ng nonents, or the starting nonepjs of these segnents and consequent
segnents shoul d be nodified. Corresponding to the 6xpxN,. back EM- zero-
20crossi ng points, the new nonents will be: WO

2010/ 0649@RpPEPMEGA00BN 0OMAG akFolldws: INTr5\ -1: 1, k = 1,...,6 xpx Nr- 1, 6
, (6p xj oy N 1tc, =1+1 Atk, if /- INT< 26p 2 or (6pNtc, =+ 1- INT 6
xI xNs -2+ 71- 1+ INTx 1 x \Ns6p 26p f6pNr6pN and ti = +1 x 6p,N' 6p (17)

16p
tcx=to+§7vf zcr (1) (13)

s

6p
t} =+ F Coer(D

s

For the I segment, its starting moment is the ending moment of the last segment /-1, i.e., f.4,
5 andits central and ending moments are:

16p -1
e, =1t_+ E—N— CZCP |VHVT(6P—‘N—] + 1:'

s s

] (14)
}2 -1
L =1 +F‘CZCP I:M[6pw—j+1jl

8 s

Defining the equivalent duration of a segment between each pair of successive BEMF ZCPs as

10, Az, it can be written as:

C. (k
Az‘k=6xpx—“§—¥,k=1,2,...,6><p><Nr. (15)
Equation (14) can be simplified as:
1
tc,=t,_ +—At R
) INT[prx—IA_/—l}l-l
‘ (16)
L=t_,+At oy 2 1=L2,. N, x N,
INT[prxF]H

~15  In many cases, the value of gs_ may be a fraction, not an integral value and most back EMF
. D

ZCPs fall into the middle of the detected segments, not at the starting, central or ending moments
of segments. Therefore, some segments may consist of two different counter period values of
back EMF ZCPs. The ending moments, or the starting moments of these segments and
consequent segments should be modified. Corresponding to the 6x px N, back EMF zero-

20  crossing points, the new moments will be:



[N1 At if / -k, INTL"'" x\ 1x-= > Nsi 6p 2 At k When t he
rotor speed is stable, these timng moments actually correspond to the
parti cul avoretwmsdesi tions or segnents, respectively. 5Ppilspg2ong/0véue2 above
monents in systemclock tinme domain to the sanpling frequency tinme donain,
they can be rewitten as: tcs =te, and t; =/ 0,1,2,...,x(18) fc fc The
transferred nonents of tcis and tigsmay not be integral but fractions.

Their whol e val ues can 10be expressed as: Teis = INT (tg) and Tis = INT
(tjs)(19)

l=1NT(-]—d—v-‘—]+‘1, k=1,...6x px N, 1,
6p
tc,=t,_1+lAtk,ifl—lNT -6—£><l X—]Y“;Sl or (17)
2 N, ) 6p 2
te, =t +| I~ INT ég><l ><N‘—l At,,, H 1-1+ INT §le><l xN‘ A, if I-INT éﬁx/ xﬁi>—1—
N, 6p 2 N, 6p N, 6p 2

and ¢, =1¢,_ +|[=INT §£><l x—]\—[x- At +| 1=+ INT 6—Exl xﬂ At,
N, 6p N, 6p

When the rotor speed is stable, these timing moments actually correspond to the particular rotor
positions or segments, respectively.

Mapping the above moments in system clock time domain to the sampling frequency time domain,
they can be rewritien as:

tcj:ij}rc, and £ =-j§t,,1=0,1,2,...,N,xNx (18)

The transferred moments of tc,s and # may not be integral but fractions. Their whole values can

10  be expressed as:
Te; = INT(tc)) and T;” = INT(¢;) (19)

which correspond to the 7¢, and 7,° sampling moments for the A/D converter 105.

Assuming the variations of displacement between two A/D conversion sampling moments is
15 linear, the displacement at the exact moments of fc; and #; can be obtained through the

interpolation with the following equations:
- - 5 s L ‘ _ s _ s
dc, = a’ch +(ch,‘+1 chf )(tc, Tc, ) and d, = dTl, +(d'1“f+1 de)(t, I ) (20)

K20 in this way, the respective displacements at the exact moments (i.e. the rotor positions
corresponding exactly to the segments) can be obtained in order to accurately measure the
runout.

' 3. Calculations of RRO and NRRO without Shifting
25
After getting the displacements at the center moments of N, segments in N, revolutions, the RRO
and NRRO can be calculated as follows:



whi ch correspond to the This and Ts sanpling nonents for the A/D converter
105. Assumi ng the variations of displacement between two A/D conversion
sanpl i ng worzerwes4993 15| i near, the displacenment at the eratisGaunswniss2of teis
and tis can be obtained through the interpolation with the follow ng
equations: de d +(d Tg +1- dm )(tcis - This) and d' dTr (d- d21 1 )(ts-
Ts)(20) ;0121+11 20In this way, thejgespective displacenments at the exact
nonents (i.e. the rotor positions corresponding exactly to the segnents)
can be obtained in order to accurately neasure the runout. 3. Cal cul ations
of RRO and NRRO wj thout Shiftin% 25 WO 2010/ 064992PCT/ S&2008/ 000462 16 1
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shows the distribution of NRRO. 1t is found that the 3 sigma of NRRO is 65.35 nm (i.e. for 99.6%
15  of the time, NNRO is less than 65.35nm). The system can achieve both the resolution and
accuracy of 1 nanometer based on the calibrated Laser Doppler Vibrometer.

Note that in this embodiment the measured displacement was the axial circular displacement of a
smooth recording medium surface. In such an example, and more generally when a Laser

20  Doppler Vibrometer or other absolute displacement sensors (such as a capacitance proble or
laser reflection sensor) is applied to measure displacement, the measured displacement signal
has very little or no “shifting”, as defined below. The method of the embodiment described above
can then be directly applied.

25 4. Calculations of RRO and NRRO with Shifting

However, when the displacement sensor is used in a way which detects the moving surface of a
rough motor hub, the displacement signal will contain a severe low frequency shifting. Fig. 11, in
which the smooth and stepped lines have the same respective significance as in Fig. 10(a),
30  shows such a case. The displacement signal gradually rises from left to right. This low frequency
“shifting” should be removed. In order to eliminate the influence of this low frequency shifting, the
shifting rate per turn is identified through calculating the average displacement per revolution. The
displacement signals for N1 revolutions are acquired in order to obtain the amount of shift
during these N, revolutions. The average displacement height is presumed to be same when the
35  bearing floating height is stable after a running period. The difference of the average
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10
The shifting rate can be defined as:
- d,—d,
Ad,=— " i=1,2,.,N~LN (25)

J ts 48 r
(DN, "N

15  Corrected displacement values of all segments without the shifting can then be obtained through
the following equations:

de, =de, [ 1] =5,y |%Ad,, 1= (k=DN, +1,(k=DN, +2,...kx N,; o)
k=1,2,3,..N, -1, N..

The corrected displacement values are shown in Fig. 12.

20
Re-writing Egns. (21) and (22), the RRO and NRRO after eliminating the shifting effects can be
expressed as: 4 ‘
1 & .
RRO,=—> de, ey, »i=1,2,.., N, (27)
r J=1
NRRO, ; =dc;,; .y, — RRO, ,i=1,2,..,N,,j=1,2,..,N,. (28)
25

Fig. 13 displays the RRO and NRRO measurement results which are processed through the
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2Trk-1) N, +1T4N, 27kN, \-1cl1J, TlcsAr ) The shifting rate can be defined as:
-(7. . ,-W0.20h64992 ts- ts"r (I1+1)N,j N 15Corrected di splratsceos/cvalceies of
all segnments without the shifting can then be obtained through the

foll ow ng equations: dc- t(1x Ad k, 1= (k -1)Ns + 1, (k -1)N 5, + 2,

k x .Ars ;(26) The corrected displ aqgment val ues are shown in Fig. 12.
Re-writing Eqns. (21) and (22), the RRO and NRRO after elimnating the
shifting effects can be expressed as: RRO=-Edci+ ., i 1, 2,..., Ns ,
ATAr, 1Eqns, (R3]1t6 22B). SNRRDe aRiRGe displakeméht per.reWdiutipn isuskd t@calculats thblehiftig?8) 18

rate, the low frequency components of displacements, which have a frequency of the rotor

rotating frequency (or lower), are eliminated and only the higher frequency components of the

displacement runout are taken into account. The equations (23) to (26) thus have the effect of a
5 high-pass filter to remove the influence of shifting.

5. Radial RRO and NRRO measurement of Spindle Motor without Disks

Whereas the above two examples measured axial displacement, we now describe two

10  realizations of the embodiment of Fig. 7 in which radial displacement is reassured. In these
realizations, the laser beam of the Laser Doppler Vibrometer should impact the side surface of
the spindle rotor hub or the media disk edge. in the realizations of this example and the next, the
arrangement is as shown in Fig. 14. The laser 300 generates a beam parallel to the axial
direction (i.e. parallel to the axis about which the rotor rotates), but a mirror 301 is used to change

15 the laser beam from the vertical direction to horizontal direction, so as to play on the moving
radial surface 302 of the object 303 to be measured.

In the example of this section, the embodiment measured radial RRO and NRRO of a spindie
motor without disks (i.e. the object 303 was a spindie). The results are shown in Fig. 15, where

20  the respective lines of the graph have the same meaning as the lines of Fig. 10(a). It can be seen
that the roughness of the motor hub has caused the apparent shifting and errors in RRO and
NRRO. Fig. 16 shows the result of correcting the measurements using Eqns. (23) to (26), and Fig.
17 shows plots of the resultant RRO and NRRO obtained from the embodiment using Egns. (27)
and (28).

25

6. Radial Runout Measurement of Drive Level - Radial Displacement of Disk Edge

We now turn to the case that the object 303 of Fig. 14 is the edge of a recording medium disk. It
may be that such a disk has been designed and fabricated without strict requirements, so that

30 most of the edge surface is not smooth and may not be purely perpendicular to the media ‘surface
where data are recorded. There is also shifting problem such as happens on a rough surface.
The embodiment can nevertheless remove the shifting and measure the radial runout of media
disks. Fig. 18(a) shows data obtained from the embodiment, with the respective lines having the
same significance as the line of Fig. 10(a); as can be seen, there is significant shifting. Fig. 18(b)

35  shows the corrécted displacement data obtained using Eqns. (23) to (26). Fig. 18(c) shows RRO
and NRRO obtained from Egns. (27) and (28). From these figures, it can be seen that the runout
measurement has been removed and the runout has been successfully measured.



Egns. (23) to (28). Since the average displacenent per revolution is used
to calculate the shifting rate, the |ow frequency conponents of

di spl acerwoteio/osmoeh have a frequency of the rotor rotarcmgchesgouesazy (or

| ower), are elimnated and only the higher frequency conponents of the

di spl acenent runout are taken into account. The equations (23) to (26) thus
have the effect of a 5hi gh-pass fiIt?r to renove the influence of shifting.
5. Radi al RRO and NRRO neasurenent of Spindle Mtor wthout D sks Whereas
t he above two exanpl es neasured axial displacenment, we now describe two 10
realizati ons of the enbodinent of Fig. 7 in which radial displacenent is
reassur ed. | the | aser beam of the Laser Doppl er

Vi br onet er s ou ﬁa%rgﬁ§ttﬁ%%ogﬁgé surface of the spindle rotor hub or the
medi a di sk edge. In the realizations of this exanple and the next, the
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15 RRO and NRRO. A nunber of variations of the enbodi nent are possible
within the scope of the invention. For exanple, the displacenent sensor
(whi ch aswdesuvdslwd may be any of the forms of di spl aceremsGaerss00462

menti oned above) may be replaced or supplenented by a velocity sensor, an
20 accel eroneter, or indeed any other device neasuring a property of the
novi ng surface. Furthernore, althougfh in the enbodi nent the signal
indicating the angular position of the rotor is a ZCP signal, in a less
preferred variation another signal may be used. For exanple, the device may
i ncl udec@msencoder of the kind in the prior art described above, with the
clock being used to conpare the timng of the out put of this encoder to the
sanpl ed; si g ther in the enbodi ment

t he ch1 si gna etlttgsé)épntegg.{rﬁtgt‘u(a&{tm%?vml‘:ut(avmga P the ntes8g{nﬁlgl Yhere is an
automati c syRERINGH e siopH indisative afrihe ppsitien @féfte fﬁﬁfrpl e and the ZCP), in

pririci pl e t hbtatdmplomngsen®yr akecobd@sigriarifldicttive ¥ hotdR of SWERRBEBBotdrl M Ng. I n
this case, 'dﬂtagtrn%eganta tott tt.h% ge’cgﬂ gr%fl bTyV\g rr?pqm t?l?e(é\ rs(eg’;ﬁél % fsrg%o?g

count er provi , o er at e e sa
conpar € ete}‘(\é'”?q ?ﬁ'%@‘?ﬂ" figeal; sarrpl ing si gnal with the ZCP signal . The
processor i rusinfiassogrtseto eeaines ndnfter olpepivds 6ffthdalbdk sighgl depLing Bstseenand i s

abl e t qwsg&RL g,ethglﬁ%m,grg, deduce the rel ati onship between the timng of the
saan es and t %@ ar glﬁsltl on of the rotor. However, since this
variation Hﬂ?”l”%ﬂ‘gso Ht o gaF £PBiPaIo d5ieBRRS big resppgtive F"t?ﬁlaei?fséﬁ?rb?tqfﬁ’ﬁr%ﬁry be nore
cost | y.at sg@dtir@sxif paid samplingthih eetond sigmelasnet i Nng runout i n devi ce having a rotor,
the met hod idaelibihgnigs ruRdak ﬁ(‘)nﬁ‘bMde’t‘errtth@Eng%lagPt?sktlohéﬂ'é#d(f@etrbéf)%&f% sdrfiflePOSI Li ON
of the r teosgéongolbt ining froma sensor a second signal Icative of a
not i on o a su fsg% of the rotor; obt ai ni ng sanpl es of the second
signal by sanpling the second si gnal at tines determ ned using a clock

si grmal ;2. A method according to claim 1 in which the rotor lésdrlﬁgt b’%’ 2GR &la R sl RraM Ne a

Plu;ﬂs)ter Séer'o & r3|ln§g§nt% ﬁ;nglhnclu%mggtlﬁsets |r%{:cg’nvgl ha ?sé'}g p[oWFs c?é’f’aé’}?oﬁtﬂﬁgér{]{?{% on the

res pectqr\f‘@é’r%tﬁbth‘fad%o'eﬁomdt ‘%ﬁ@”“&ﬂf igt greangest @rd%ﬂrmmﬂhﬁ niniss obélockatedodsanpl i ng

t he sedetwbes s@oedsive piliks of said zero @édsiay babtist@at he runout from sai d detern ned
angul ar positions and the respective sanples of the second signal. 152. A
met hod accordln toclaiml1l in which the rotor is driven by a notor, said
firdt s} gnal® Pethed 3espiing i giaimrigersigin2 inswijetaine isreplinglisrigtiatasl aseasdingiti cat i ve of
zero cram%sangadpeluabtsth@frstmkt enf fromone or nore of the poles, and the
counter is arranged to determ ne the nunber of clock periods between
successj ve EAU%%SS of said zero crossing point signal. 203.A nethod

accor di PHACOBINIP AMnRrecefiRg GRTMCEPMPHENG WP‘MSQ"GI secerd ¥gnat ad
accor di swgtratctmg from it a shifting component.
25
5. A method according to claim 4 in which said correcting is performed by applying the

second signal to a high pass filter which components having a frequency at or below the
rotational frequency.

30 6. A method according to any preceding claim in which the second signal is a displacement
signal obtained from a displacement sensor.

7. A method according to claim 6 in which the displacement signal is obtained from a Laser
Doppler Vibrometer.

35
8. A method according to any preceding claim in which said step of calculating the runout

includes obtaining, from the output of the counter, estimates of the respective times at which the
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an observed value of the first signal. 4. A nmethod according to any
precedi ng clai mconprising correcting the second signal by subtracting from
it a shifwongloesspenent. 25 5. A nmethod according to clrairsciodsmosda2 ch said
correcting is performed by applying the second signal to a high pass filter
whi ch conponents having a frequency at or below the rotational frequency.
306. A net hod according to any precedj,ng claimin which the second signal is
a di splacenent signal obtained from'a displacenment sensor. 7. A method
according to claim6 in which the displacenment signal is obtained froma

Laser Doppbemestupscorspetive StorSof e Mty aeaidndiahd ubifg arrevegms‘e@db ng claim
i n whi Crh’égdlge %I%Qhé)garﬁﬁéscyfl tﬂl% Idi@&a%p]%wrsl’ll n%"la rcle n(e:(ltheg?ag ont a{ g%ﬂﬁ‘f romthe

out put of the counter, espectre® 7 e dthe WO
2010/ 063@@%@@?%@@(?@%@VOM'O%%W?O'PCW%D?Wrespectl ve sectors of the

recordi ng nmedium and using the estimates to |nterpol ate fromthe sanples

of the @i spl acaoma a&bﬂmﬁlto Rialnf8 grf%k}‘(%aﬁ%ié Bt SicQk éltgnﬁe ?Lg'%gtnlgcl&{ %nal tor

h se each | ut1 on he “recordi ne ng
gggor gh %%E '%'“%ﬁaf?ﬁe%faé'ﬁ WPAYE KRR and nepreppatatie dl!ﬂoé& i(NgR@hes rrespseiivei ncl udes
cal cul atveiggea ovestea saaiyiests ofi sod bstirBRO)of tirdiispnert@p sigiha r @athsutentiINRRO) - as

respect icy@ raxRIGIR Q&K ditdedifgmENt S of said estimtes of the displacement
signal for each segnent |Ir?h§each revol ution of the recording nmedium 1010. A

met hod according to any preceding claimin which the device is a nmass data
st olge 1Bevi Aenethotimccoadingiecy Preeaiigroire it wisghsthe deviceris a niey ate siomige g a
rotor, tdbdcesystemincluding: a circuit arranged to generate a first signal
i ndi cative of the position of the rotor; 15a sensor arranged to generate a
second SI gnal indicative of a notion of a noving surface of the data

st or age '#evi Adunoyt regaswrRment systant fof adevige havinatd migr, dhecyserk irsiuging ;

a circuit arranged to generate a first signal indicative of the position of the rotor:
15 a sensor arranged to generate a second signal indicative of a motion of a moving surface
of the data storage device;
a clock circuit for generating a clock signal;
a sampler circuit arranged to sample the displacement signal at times dependent upon
the clock signal, thereby generating samples;
20 a counter arranged to count a number of periods of the clock signal elapsing between two
points on the first signal; and
a processor arranged to receive an output of said counter and an output of said sampler
circuit, to determine the respective angular positions of the rotor at said times, and to calculate
the runout from said angular positions and respective samples of the second signal.
25
12. A runout measurement system according to claim 11 in which the processor is arranged
to apply to the second signal a high-pass filter removing at least signals having a frequency no
higher than the rotational frequency of the rotor, to obtain a corrected second signal.

30 13 A runout measurement system according to claim 11 or claim 12 in which the rotor is
driven by a motor, and said first signal is a zero crossing point signal including pulses indicative of
zero crossing points of back emf from one or more of the poles, the counter being used to
determine the number of clock periods between successive pulses of said zero crossing point
signal.

35
14. A runout measurement system according to claim 11, claim 12 or claim 13 in which the

sampling is initiated according to an observed value of the first signal.
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a sanpler circuit arranged to sanple the displacenent signal at tines
dependent upon the clock signal, thereby generating sanples; 20a counter
arranged wo 20mvsi9oa nunber of periods of the clock signacrsGamsiongicbet ween
two points on the first signal; and a processor arranged to receive
an out put of said counter and an output of said sanpler circuit, to
determ ne the respective angul ar poshtions of the rotor at said tines, and
to calculate the runout from said angul ar positions and respective sanpl es
of the second signal. 25 12. A runout neasurenent system according to
claim 11 in which the processor is arranged to apply to the second signal a

hi gh- pags fiAt@but rn%'%'&}férﬂ&t §§sténe§<§:5rd§|b WaHySr BaMsNG 1814 hSRHHENGY sighani gher
otor, to obtain a corrected second

th th L at
S|32al.§%%2§gﬂkgmﬁgﬁwsﬁ@ §§?éﬁ§&W“§§§93WF5€@8WWfng to claim1l or claim12

in which the rotor is driven by a notor, and said first signal is a zero
Cr ossi Ngp. poi munsut%aéurérm\k HdtenOadebting ® dlmngﬁitv'lh\(@l tRd g cBmEAt @Rsd RY poi nt s’
of backd§ df%%@' &gD%rlgqﬁr_memrhe pol es, the counter being used to
det er mi fie- the nu%ber of % peri ods between successive pul ses of said
zero crossing point S|gnal. 35 14. A runout neasurenent system according to
claim 117 clAidevick? s@h 43 &infsd Jtokdye Waiied) cbﬂﬂ@ns&@rﬁ)l‘dtélﬁgib‘éd}i and 4 airBgt accordi ng
to an o 22 15. A runout mneasur enent
system 'gg%grggrﬁt\é@\t"% aCfr')fIrd'wB a%ggfscqa"% Gy (‘14 in which the second signal is a
di spl acenent si gnal obtalned froma dlsplacenent sensor. 516. A runout
measur enment system according to claim15 in which the displacenent signal
is obtained froma Laser Doppler Vibroneter. 17.A device, such as a nass
storage device, conprising a rotating body and a runout neasurenent device
according to any of clains 11 to 16. 10
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