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REPEATABLE RUNOUT ( RRO) COWVPENSATI ON METHODS AND APPARATUS FOR DATA
STORAGE DEVI CES BACKGROUND OF THE INVENTION 5 1. Field of the Invention
This invention relates generally to servo control for data storage devices,
and nore particularly to repeafable runout (RRO conpensation nethods and
apparatus for servo-controlled! data storage devices. 10 2. Description of
the Related Art H gh precision design is required for direct access storage
devi ces (DASDs), such as disk drives. Wthout limting operating vibration
performance, the servo architecture of a DASD shoul d be capabl e of
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position error in the presence o repeat a ) and

non-r epeat gbl e runout (NRRO) conponents in a position error signal (PES).
The RRO conponent, which coul d K be 3 repea % deviation froman ideal
circular track due to, for exaH GHLIND INYENEHNS or servo
witing, may present itself as a repetitive disturbance having a
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servo-controlled data storage devices.

10 2. Description of the Related Art

High precision design is required for direct access storage devices (DASDs), such
as disk drives. Without limiting operating vibration performance, the servo architecture
of a DASD should be capable of providing a low positioning err'or for its read/write
heads. In a track following mode, a disk actuator servo intends to minimize the head

15 position error in the presence of both repeatable runout (RRQ) and non-repeatable runout
(NRRO) components in a position error signal (PES). The RRO component, which could
be any repeated deviation from an ideal circular track due to, for example, mechanical
tolerances or servo writing, may present itself as a repetitive disturbance having a
fundamental frequency and several harmonics.

20 There are many conventional methods for minimizing head positioning error by
reducing the RRO component. Many of these techniques attempt to reduce the RRO at
the manufacturing level by imposing very severe manufacturing tolerance requirements,

or by implementing gain enhancing algorithms, such as feedforward or narrow band



| filters at RRO spectral frequencies. However, these approaches either
require high cost mnufacturing nethods or increased track foll ow ng voice
coil nmotor (VCM power. In FIG|1l, a typical DASD servo has an overall
structure which includes a PES { generator 100, a servo conputation bl ock
102, and a digital-to-anal og cohverter (DAC} 5 104. The structure also

I nvol ves a feedf orward schene which includes a m sposition corrector 106
for inmproving trick following capability. As shown in FIG 1, an output of
m sposition corrector 106 is sunmed with an output of servo conputation

bl ock 102 &llteds atSRRWI $h@ctid] Goqhiibies] o weverEReUddachts EIEHe rddifirel ISgh BESR
provided to DAC 104. n anal og, out put of DAC 1 IS then provi ded to a
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transducer whic eracts W t dat a storage di um of the ASD.
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PES signal derived fromthe data surface. The PES signal is processed by
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signal (also called a "feedforward" signal) output from nisposition
correct 6r 108. Thestvugwel alininvoRES a fpedferadrdrschéfle ivehithéndleleata wésposition
di fference between a head position signal received from actuator 112 and

runout COMREReALS 1d(,lﬁ;r%Pﬁ)vﬂlgsdfdd(rfﬁﬁ&mn\g’%hﬁibﬂn?V A< ABWH i FIG21 N Rt of RRO

and NRRO conponents e a subtraction node 116 is shown, this Is in fact
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processed fsglrnrrﬁgge ngge II(B]lif;e ’?ﬁé \sll.?mrlng(? output at node 108 is then provided to DAC 104. An
analog output of DAC 104 is then provided to a current driver 110 which provides
current to the VCM of an actuator 112, which represents the mechanical components that
control the position of a transducer which interacts with a data storage medium of the
DASD.

The control signal fed into PES generator 100 is initially computed based on a
PES signal derived from the data surface. The PES signal is processed by servo
computation block 102 and modified by a misposition correction signal {also called a
“feedforward” signal) output from misposition corrector 106. The signal into PES
generator 100 is the relative difference between a head position signal received from
actuator 112 and runout components 114 of a disk track, which invariably contains both
RRO and NRRO components. While a subtraction node 116 is shown, this is in fact a

theoretical node as it is only the difference generated by PES generator 100 that is

available when the recording head signal is processed for use by the servo loop.




21 Msposition corrector 106 is designed to produce a m sposition
correction signal which cancels or reduces signals of runout conponents
114. It has been observed that RRO conponents vary as a function of disk
position, not only radially (i.e. across tracks, e.g. frominner to outer
tracks) but circunferentially as 5 well (i.e. across sectors, e.g. from
sector to sector along the sane track). Sonme conventional conpensation
schenmes provide for RRO conpensation based on disk |ocation. However, the
known prior art does not focus on a "global"” |earning scheme to conpensate
for RRO Sovigpefitisheompedtar 166 is desighed g daeNs nfisposition dbr@stidn aiphksl Which
whol e using an averaging function, but they do not take into account
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compensate for RRO. Some of the prior art techniques consider all disk tracks as a whole
using an averaging function, but they do not take into account variations of amplitude and
10  phase across the disk. Other techniques focus on learning RRO characteristics of each
track, but this requires a large amount of memory. Efficiencies in computation, design,
and memory use are all desirable features to have in an RRO compensation scheme.
FIG. 2 is a three-dimensional graph 200 which reveals an RRO harmonic
amplitude component 202 with respect to cylinder number (e.g. track number) and sector
15 number of a disk drive. As illustrated, RRO characteristic 202 is shown to vary from
sector to sector in a siﬁusoidal fashion over the disk. As shown, there is a “ramping” of
the RRO from the outer diametér (OD) to the inner diameter (ID) of the disk. This
particular ramping is due to a periodically distributed clamping force from screws on top
of a disk clamp of the disk drive. There is a similar RRO variation due to thermal
20  expansion mismatch between the hub and the disk.
FIG. 3 is a graph 300 which reveals an RRO characteristic 302 with respect to

cylinder number and a prior art compensation signal 304 intended to reduce the RRO. In




FIG 3 is a graph 300 which reveals an RRO characteristic 302 with respect
to cylinder nunber and a prior art conpensation signal 304 intended to
reduce the RRO In 3 this exanple, conpensation signal 304 is generated
based on an average of RRO neasurenments fromtrack to track. As apparent
fromFI G 3, conpensation signal 304 is not entirely suitable to
accurately reduce RRO characteristic 302. In FIG 4, a graph 400 which
reveal s RRO characteristic 302 with respect to cylinder nunber and anot her
prior 5 art conpensation signal 402 intended to reduce the RRO In this
exanpl e, cothjseasanplen compensation Giznak 3§é nier genethtdd: based ph tanahvdrggeofof FRRD
measurenents fromdisk track to disk track, each measurenent of which nust
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limted nunber of N disk tracks of a disk; characterizing the RRO
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set of (n+l) coefficients of an nth-order polynom al funhction which is a
compensation signal 402 is also not entirely suitable to accurately reduce and RRO
characteristic 302 and a relatively large amount of memory must be utilized.

10 What are needed are improved methods and apparatus for RRQO compensation for

data storage devices.

SUMMARY OF THE INVENTION

Repeatable runout (RRO) compensation methods and apparatus for data storage

15 devices are disclosed. In one illustrative example, a method for use in reducing RRO
error in a data storage device involves obtaining an RRO measurement for each track of a
limited number of N disk tracks of a disk; characterizing the RRO measurement for each

track with real and imaginary values by performing a discrete Fourier transform (DFT)
calculation on each RRO measurement; performing a least-squares fit on the real values

20  to identify a first set of (n+1) coefficients of an nth-order polynomial function which is a
function of disk track r and representable in the form Ai(r) = anr" + agyr™ + ... + ajr +

ap; and performing a least-squares fit on the imaginary values to identify a second set of



function of disk track r and representable in the formAi (r) = ae +

a(, ,)~"" 4+ ... +air + ao; and perforning a |least-squares fit on the

i magi nary values to identify a second set of 4 (n+l) coefficients of an

nt h- order- pol ynom al function which is a function of disk track r and
representable in the formB;(r) = b"r + b(ri_11r~""1 + ... + bir + b4. RRO
compensation is performed by finding the estimated RRO error based on the
relation DRRO(r, s) for au H {A (r)cos(i(s2altotal _sectors)) + B;
(r)sin(i(s2aJtotal _sectors))), where r is a track 5 nunber; s is a sector
nunber at t(natkcoeffidients of an nitsordar RRRGrdmaI hhmictomwhiphris afungioa ofeisk tedck r

har noni cs to be conpensated; and total-sectors is a total nunber of sectors
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be accurately conpensated for with use of a small anmount of nenory. 10
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compensated for with use of a small amount of memory.

10 BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the nature and advantages of the present invention,
as well as the preferred mode of use, reference should be made to the following detailed
description read in conjunction with the accompanying drawings:

FIG. 1 is a conventional servo scheme of a data storage device which utilizes a

15 feedforward signal to reduce repeatable runout (RRO) error;

FIG. 2 is a three-dimensional graph which illustrates an example of RRO
variation with respect to cylinder number and sector number;

FIG. 3 is a graph which illustrates an example of RRO variation with respect to
cylinder number and an example of a prior art compensation signal intended to reduce the

20 RRO;



5 FIG 4 is a graph which illustrates the RRO variation with respect to
cylinder nunber, and another exanple of a prior art conpensation signal
intended to reduce the RRO FIG 5 is a servo schene of a data storage
device of the present application, which 5 utilizes a unique RRO technique
to reduce RROerror; FIG 6 is a flowhart of a nethod of perform ng an RRO
cali bration process of the present application; FIG 7 is a flowhart of a
nmet hod of perform ng an RRO conpensati on process of the present
application; 10 FIG 8 is a table of results fromdiscrete Fourier
transforns ( DFTsFKaf4 RRO graphavhichndlustsatesc thesRROheardiitiok with a¢spect tor eyhintlére
calibration process of FIG 6; FIG 9 is a table of polynom al coefficients

for pol ynonpahbdrunsd htsiBerodXamiphest a briofart RempahdatioRbighsl tddes $o eddutt the 6;
and FIG 10 is a graph which shows one exanple of RRO before and after RRO

15 corrpensg%’gg% of the present application. DETAI LED DESCRI PTI ON OF THE
PREFERRED | MENTS The foll ow ng description is the best enbodi nent

presently conte ted for carryi out the prese i nvention. This,,
Recer ! bt on 1's mEUE 6 2 shve it el 6Rh Foraee dPKER Gb e e ERLARpLisatcdy which
principles of the present invention and is not nmeant to limt the inventive
concept s5 cl wiiliged alaige RR@ technique to reduce RRO error;

FIG. 6 is a flowchart of a method of performing an RRO calibration process of the
present application;

FIG. 7 is a flowchart of a method of performing an RRO compensation process of
the present application;

10 FIG. 8 is a table of results from discrete Fourier transforms (DFTs) of RRO

measurements across the disk obtained from the calibration process of FIG. 6;

FIG. 9 is a table of polynomial coefficients for polynomial functions obtained
from the calibration process of FIG. 6; and

FIG. 10 is a graph which shows one example of RRO before and after RRO

15 compensation of the present application.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
The following description is the best embodiment presently contemplated for
carrying out the present invention. This description is made for the purpose of illustrating
20  the general principles of the present invention and is not meant to limit the inventive

concepts claimed herein.
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The Fourier Transform A few centuries ago, a French nmathematici an nanmed
Fouri er becane fanmous for his theory that any waveform coul d be deconposed
into a set of frequencies each having a uni que anplitude and phase. Each
one of these anplitude and phase conponents for a given frequency

descri bes the displacenent contribution at 5 any point in tinme for that
frequency. At any point in tinme, the conbined displacenment contributions
of the entire set of frequencies will exactly describe the original

wavef orm di spl acenment neasured at that point in tinme. The process of
changing a "ti mellbo Feinier Transfefmor nA i fawoceatuties exgae adyrenthmeathiemdtisian inaimiedn i s
called a "Fourier transfornf. The process of changing the frequency domain

descri pti onFduiek bedahi fahus FotehigieBiythattdhyWearef@inadutd belidcdehpaled infy gk&e
Fourier transfornt. |If one considers that a sinusoidal wave is 50% of the

ti me above P [ éﬂgm
(negative), &mﬁ(ﬁfﬁﬁ$$g¥£?g§h%%o?& tlonéﬁﬁ?gégigﬁls'g%?g%%gwﬁyggﬁs &E'For
whol e nunber cles 0S| t|v area bov axis ] t he
negat i ve artd RS (PRI F St frdtsncy ABct e e o m@ien Sulifbfion A, 5
zero (0). To accunul ate the areas above and bel ow the waveformis to

"i nt egr 8t e"anyrROINtEAVERS fon thatBequenesyr At 28y PaHY i time. shenepsabiged digalpsemaenh f or
any whol e nunber of <cycles will always be zero (0). Simlarly, if the

si nusoi dal cemtréfuions witherankite st o€ drequienkies avill @naiciy dasoiilsethe waigeiab wavefiodnt hen
I ntegrate, the integral should end up being close to zero. 20 If two

si nusoi dal d‘i@pi@&n%t hltasadrat fheepsianiytihbaTha pRoceb oPbiamgingad etireldbinain"ed
together (i.e. squared), then at every point the multiplication will result

in a positi &lamﬂs 2 &h&?c;' A abesttiblio s BARM eourlel tQASoRh.! Nthe

si nusoi dal (18 egrees o

process of changing the frequency domain description back into the time domain
10  waveform is called an “inverse Fourier transform”.
If one considers that a sinusoidal wave is 50% of the time above the x-axis
(positive) and 50% of the time below the x-axis (negative), the Fourier transformation
process is easy to understand. For whole number of cycles, the positive area above the x-
axis is equal to the negative area below the axis. The sum of these two areas will equal to
15  zero (0). To accumulate the areas above and below the waveform is to "integrate" the
waveform. The integral of any pure sinusoidal waveform for any whole number of
cycles will always be zero (0). Similarly, if the sinusoidal waveform was multiplied with
a random "noise" waveform and then integrate, the integral should end up being close to
ZET0.
20 If two sinusoidal waves of the same frequency that are "in-phase” are multiplied
together (i.e. squared), then at every point the multiplication will result in a positive

number and the integral will be positive. If one of the sinusoidal (180 degrees out-of-



7 phase) is inverted, then at every point the multiplication would result
in a negative nunber and the integral would be negative. |If one of the
wavef orms was out-of -phase by + 90 degrees, then the integration along the
way woul d sonetines be positive and sonetinmes be negative, but the total
integral would end up being zero. Miultiplying the 5 waveform of interest
wth two (2) waveforns of a particular frequency, one in-phase (the

cosine) and the other 90 degrees out-of-phase (the sine), and integrate
both with the results called "x" and "y", then the magni tude and phase of
t he frequerips®fisi invertedstthernat evrsy ppintuihgt multiphiseipnowotderesult |invd mgzative
expressions: 10 Magnitude = (x2 + y2)o.5 Phase = arctan(y/x) 15 The pair of
nunmber s ( x,myibet and thetintegral heulids egptive. If ohe af the avgvkforths mustoet-of-flaup bex
Nunbers. Canpl ex nunbers are a mathematically convenient way of describing

the magni t udgoamchrla sifnOthedintdpRAIMANAYNE WP WG HvoRll HrNAMEIOBNpodiiGe @hd Y)
pair of nunbers are referred to also as the "feal" and "imagi nary" parts of

a conpl ex ' ' ' [ . ers,
surtice 1t Poeales rbatle, 95! 88 bl Bucel WOBRER B s T ARG RE
conponents (F[i], i,=0, 1,.2, ..., n), there exists a set of conplex
nunber s 3 cé’ff‘%,ﬁlrm of igterdst with two (2) wiw%fms %f@dgﬂ%%{ﬂ%@ewys ape iy-phase (the
frequenci es. Each c%nnpl §1X Egnber assoc%a{aed (}/t\gqh' gbpaéu cul ar lb];trheg':iji?lnt(l:)y
descri bes tdesinehagthithe,gthen?8 degeese ct-of-phasef slank \angd iptegtate ] t@det he
waveform If the conplex nunber Cis deconposed into its real part (C. x)
and i magi naesulpaatled G"ydnd "yhethén the magnitude and phase of the frequency of interest can

be calculated based on the following expressions:

10 Magnitude = (x? + y9)*°

Phase = arctan(y/x)

15 The pair of numbers (x, y) constitute the basic parts of a2 "complex” number.
Complex Numbers. Complex numbers are a mathematically convenient way of
describing the magnitude and phase of a frequency component of a waveform. The (%, y)
pair of numbers are referred to also as the "real" and "imaginary” parts of a complex
number. Without going into the properties of complex numbers, suffice it to say that for
20  any waveform consisting of a set of frequency components ( F[i],i=0, 1, 2, ..., n), there
exists a set of complex numbers ( C[i}, i = 0, 1, 2, ..., n) that accompanies the set of
frequencies. Each complex number associated with a particular frequency describes the
magnitude and phase of that frequency's contribution to the waveform. If the complex

number C is decomposed into its real part (C.x) and imaginary part (C.y), the




di spl acenent caused by a particular frequency F can be cal cul ated at any
point intimet 5 based on the expression: D splacenent conponent of F(t) =
(C.x)cos(27rFt) + (C.y )sin(2nFt) By sutming all of the frequency
conponents, the waveform can be calculated at any point in tinme based on

t he expression: 10 Displacenment(t) = (C[i].x)cos(2irF[i]t) +
(di].y)sin(2tF[i]Jt), for i =0, 1, 2, ..., n Discrete Fourier Transform
Since Fourier Transfornms deal with continuous waveforns, the nunber of
frequenci es present can be infinite. However, nost 15 waveforns in the
real worl d displaremenecausedby alpasiipulay flequencyde st bhealcwgted af amy peiat huiipert of
points. There is a special nane given to a periodic waveformthat is

conposed ofbas&bwpthexpiessormpaced sanpl es: a "discretized periodic
waveform'. .One of the properties of this waveformis that the maxi num
frequency that is detectable is determ ned by the sanpling rate or

sanpling frequency !hﬁ ﬁrlgéﬂ' J’&”B vy of b SCI Wf%ﬁ:tt rm20 is
cal l ed the "Nyqui spl rleauency , O&Eﬁgﬁ% h(gﬁ)amﬁggﬁrgﬁwg recgaency of a
discreté waveform The | owest frequency that can be detected in this

waveformis called th "fundanmental frequency” or_the 1St harnonic. The
f undament alBY¥ ﬁ'@amﬂzyﬁiog tﬁ%%@ﬂvﬁ%&mwn%% f waveformagansbe eﬁe'goﬁﬁs#@s @Y he

entire waveform All of the harnopnics which constitute this waveform are
whol e nunmbeointan e kased ahibielekpriessdon:har noni ¢, the 25 Nyqui st harnoni c,
turns out to be half the nunmber of points. 9 Any discrete tinme waveform can
be broken down into the set of whol e nunber

10 Displacement(t) = (C[i].x)cos(2nF[i]t) + (C[i].y)sin(2nF[i]t), fori=0, 1,2, ..., n
Discrete Fourier Transform. Since Fourier Transforms deal with continuous
waveforms, the number of frequencies present can be infinite. However, most
15 waveforms in the real world (e.g. the “digital world”) are described by a limited number
of points. There is a special name given to a periodic waveform that is composed of
equally time-spaced samples: a “discretized periodic waveform”. One of the properties
of this waveform is that the maximum frequency that is detectable is determined by the
sampling rate or sampling frequency. The maximum frequency of the discrete waveform
20  is called the "Nyquist frequency”, which is half the sampling frequency of a discrete
waveform. The lowest frequency that can be detected in this waveform is called the
“fundamental frequency” or the 1% harmonic. The fundamental frequency is determined
by the time it takes to complete the entire waveform. All of the harmonics which
constitute this waveform are whole number harmonics. The highest harmonic, the

25  Nyquist harmonic, turns out to be half the number of points.




harmoni cs fromzero (0) to the Nyquist frequency. This transformation is
called a D screte Fourier Transformation (DFT). If a waveformis centered
around the x-axis, such as a Position Error Signal (PES) froma disk
drive, then the range of possible 5 harnmonics is only fromone (1) to the
Nyqui st frequency. For any discrete waveform there also exists a set of
conpl ex nunbers that acconpanies the set of harnonics from zero (0) to the
Nyqui st frequency that can conpletely describe the waveform If the total
nunber of real and ipaginary nunhers were counted, it would equal the
nunber of poi nt SANYHISCIEE {RIBEVSEATE can bavbraken dopmviatasthe aehef e*sho}eanmber( 2)
points are always zero (0), to which holds no information. The inagi nary
part of t hehdhBGhice dingroreend (W’ td thel WNyysisbérequancy. ( Uhisatnahsfdrmatiomds malgd par t
of the Nyquist will always be zero (0). Therefore, the sane nunber of

poi nt's act udiskiéteeRbigrierBASTSIMARASIDFEN ! NG al WEvEHR0 i B&ifere® WduhdOthe tgkis,t | M
domain. Gven a discrete waveform containing n nunber of points, a

corr espondi e 1) £ [ rom
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waveform signal referred.to "Re abl.e n Qut" " IS V\:hl ch
the met HodsTRERANIEH i% PRy A o ronEd) topﬁ'eiéxﬂm% FAGESRY ROl ACRCE Vet or
elimnate. An RRO waveformin a hard disk dr| ve (HDD) is generally deduced
from error thegsalsocesis ¢ sebpheomplex auntherscihnt srgempanieg e set eb haraonigseliremr ed
to as a Positional Error Signal (PES). The neasurenent of the PES is 20
done at equstd (0)3pdecdyquistdreqatcyahatrogn icbmpletaly describe mmmgslfm-m.olfahé twtalof a
di sk, a nunber of PES sanples are collected froma nunber of "sectors"

al ong the thagter oEAGDakPiEARindrnurhb@s Wetadéduated & Witk &flal 8@ nitdber af poihgue
identification (ID), called the sector 1D or SID. 10

of the waveform plus two (2). However, the extra two (2} points are always zero (0),

10  which holds no information. The imaginary part of the "DC" component will always be
zero (0) and the imaginary part of the Nyquist will always be zero (0). Therefore, the
same number of points actually exist whether considering the frequency domain or the
time domain. Given a discrete waveform containing n number of points, a corresponding
set of complex numbers that accompanies the harmonics from zero (0) to n/2 exists.

15 Hard Disk Drives and Repeatable Run Out Error. A waveform signal referred to
as “Repeatable Run Out” or “RRO” is that which the methods and apparatus of the
present application intend to reduce or eliminate. An RRO waveform in a hard disk drive
(HDD) is generally deduced from error measurements relative to the cylinder "track"
center, referred to as a Positional Error Signal (PES). The measurement of the PES is

20 done at equally-spaced intervals along the track. In a single rotation of a disk, a number

of PES samples are collected from a number of "sectors" along the track. Each sector in

the rotation is designated with a unique identification (ID), called the sector ID or SID.




The SID nunbers are sequential fromzero (0) to the total nunber of sectors
mnus 1. SID "0" is sonetines referred to as the "index". An average PES
for each SID along the disk track is derived based on repeated PES
measurenents for each SID. The average PES neasurenents for all SIDs al ong
the 5 track are collectively referred to as the "RRO'" for that track. If
the RROis subtracted fromthe collected PES, then the averaged difference
woul d be zero (0) for each SID. There would still be random PES noi se
called "NRRO', but the average PES at each SID would still be zero.

Convent i onal he SIIRmROMbsrsaaresequintial frem zare ¢@)siot the teliak Rumber e sectdrs einug 1.
multiple 10 tracks) to arrive at an average RRO for the disk. This average
RRO, whi ch $¥ n@tisgaomttines refierrsdfito dis the "imldklis, is used to create a
cancel l ati an waveformthat is applied to the input controller Voice Coi
Motor (VCM, whi g £bfg6 HESeloy cmm\wngsthé Qfsktch%k il aefivdopies oH%ﬁE’a?ed' t

actually occurs (see results in relation'to . 3 and 4 fromt
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control of the VCMis driven by the units to a Digital- to-Anal og Converter
(DAC), wher Bam thaeollested PES, thenghe aseregededifigrange iwould=de zero (huffor catheSHR d
that the ratio of input units that causes the output units is the Transfer
Functi on 20TkekE )woubdistill betandon |RESosoiseccailed MFRREYY, but theaveragd PEY at sach!$iD
there is a delay involved from the input to the output, which nust be
consi der ed. whf¥atstillhe Zefe 1 @g tinme fromthe DAC input through the VCM and
back out again to the PES nust be accounted for. In

Conventionally, RRO data is collected across the disk surface (i.e. at multiple

10 tracks) to arrive at an average RRO for the disk. This average RRO, which is not a
function of disk radius, is used to create a cancellation waveform that is applied to the
input controller Voice Coil Motor (VCM), which effectively compensates for the
disturbance before it actually occurs (see results in relation to FIGs. 3 and 4 from the
Background section). In general, this type of control is called Feed Forward (FF) control.

15 Applied specifically to RRO, the control is generally called RRO FF control.

The Transfer Function. The units of input for FF control are not necessarily the
same units of the PES. The input contro! of the VCM is driven by the units to a Digital-
to-Analog Converter (DAC), whereas the units of output are measured in PES. It could
be said that the ratio of input units that causes the output units is the Transfer Function

20 (TF), but that would be too simplistic. The reality is that there is a delay involved from
the input to the output, which must be considered. That is, the lag time from the DAC

input through the VCM and back out again to the PES must be accounted for. In

11




11 addition, the VCM cannot be expected to have the same displacenent in a
short single step as it would in a gradual series of increasing steps.
This non-linearity of the magnitude and | ag (phase) response is
characterized by the transfer function and can be expressed as a conpl ex
nunber as a function of frequency. 5 1t is the foll ow ng conversion factor
that allows the units of PES to be translated into DAC units to control
the VCM DAC = (TF)(PES) 10 where TF units are in DAC/ PES. This formof TF
is typically used to conpute the DAC value for a given PES. A fairly
sinmpl e way adslitmmmdhe ¥ QM eammotdfe exppeied fa bivesr the sage alispjacement in @ ghort singlee
VCM wi th a pure sinusoidal waveform of the given frequency and neasure the
PES responssep lisowiwagnld e pgraival serdssi ofaincGingngiepps. f dthisa nbh-¢iaeaitgyoff thel t s
anplitude and phase are expressed as a conpl ex nunmber. Measuring the

response bymloniR@ef 0hfd Ndaf hephisk) ONebimsEES s OULIRIEcteM48T OB thB€  transfer

correspondi ng conpl ex nunber “for this frequency' s output Is obtained.
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i s independent of the 20 excitation. This effect is mnimzed by exciting

t he input wintthDAGswitsiteicentroldhoMEM:of anplitude to mininize the effect of
the RROin the TF cal culation. Least-squares Fitting of a Polynom al curve.
Any curve can be described by a polynom al equation of the form

DAC = (TFXPES)

where TF units are in DAC/PES. This form of TF is typically used to compute the DAC
value for a given PES. A fairly simple way to measure the TF of a particular frequency is
to excite the VCM with a pure sinusoidal waveform of the given frequency and measure
the PES response. Knowing the pure sinusoidal DAC input for a frequency f, its
amplitude and phase are expressed as a complex number. Measuring the response by
performing the DFT on the PES output waveform, the corresponding complex number
for this frequency’s output is obtained. Using division for complex numbers, the TF(f)
for this frequency is obtained as input(f)/output(f). This excitation is performed for all of
the harmonic frequencies to obtain the complete TF. However, a potential problem exists
at harmonics that contain large RRO content since the RRO is independent of the
excitation. This effect is minimized by exciting the input with a sufficient amount of
amplitude to minimize the effect of the RRO in the TF calculation.

Least-squares Fitting of a Polynomial curve. Any curve can be described by a

polynomial equation of the form:

12




12 Polynom al (t) = Adtd + A(d_[)t(d"1) + ... + A2t2 +A t' + At 5 where d
Is said to be the "degree" of the polynomal. Aflat line is a curve that
can be conpletely described as a polynom al of zero (0) degrees. A curve
of zero (0) degrees is independent of any variable and is in fact a sinple
constant. Aline with a slope and an intercept can be conpletely described
as a polynom al of one (1) degree. A parabola can be conpletely described
as a polynom al of two (2) degrees. If three (3) different points 10 al ong
the x-axis are considered, then those points can be snoothly connected by a
2"d degree polynomal. If four (4)ddiff§#§ﬂ£ poin%; ar e coqfidered, t hen
those points can be BN Srtbct Aol t T a- 3t dedrted Aol ynomi al . Fi ve
(5) points can be described by a 4th degree polynonmial, and so on. Wiile a
pol ynom al .of n-1 degrees that exactly fits n nunber of points can be 15

creat ed,s t hgherk dei8Gaidoto Behthe Paédies dfhepbBMomivls €0 flat like i05 s@ve dRAT@RDeOf a
pol ynom al. The distance between each neasured point fromits pol ynom al

oo PO aE e o et il 19k Y AT 7 3R g
Funet  on-t HAESHERAsR S ary vATas ad IR frsiaimkld st Fdesrihasioge end gp
for 20 a given set of points, Generally, the nmethod to identify a best fit
curve is rdpiFeeghcanpbecompletelydescribedas apolynomyplpfiane ki dagree: j A priggolacan
extended to include conpl ex nunbers, then the real and inmaginary parts of
t he measur e goipletslyadescribied as aduborodealk ofytwei (2h degretsi i tuee (3)riffergoiepaints s
deser! bleod aaslc;ng the x-axis are considered, then those points can be smoothly connected by a 2"
degree polynomial. If four (4) different points are considered, then those points can be
smoothly connected with a 3rd degree polynomial. Five (5) points can be described by a
4th degree polynomial, and so on.
While a polynomial of n-1 degrees that exactly fits n number of points can be
15 created, the "trend" of the points is often chosen with lesser degrees of a polynomial. The
distance between each measured point from its polynomial description is called the
“error” at that point. By summing the squares of the errors from each of the measured
points, the "standard error” of the polynomial can be determined. A "best fit" curve is a
mathematical function that inherently provides a minimization of the "standard error” for
20  a given set of points. Generally, the method to identify a best fit curve is referred to as a
least-squares fit algorithm.

If fitting is extended to include complex numbers, then the real and imaginary

parts of the measured points are fit independently with continuous line equations

described as:




13 real (r) = Adrd + A(d_1)r(d_1) oo A2r2 + Alr' + Ar 5 imag(r) = Bdrd
+ B(d. 1)r(d- 1) + ... +B2r2 + B,r' + BOr In the present application, the
real and imagi nary parts are independently fit to define a conplex curve.
Compl ex coefficients C having a real part A and an imaginary part B are
arrived at based on the expression: 10 Complex(r) = Cdrd + C(d.1)r(d-1) +
+ C2r2 + Clr' + Co? which best describes the magni tude and the phase at
any r location. 15 RRO data for a particular frequency are obtained at
various radial locations (i.e. tracks) across the disk. A discrete Fourier
transform (DFT) is performed on ach RRQ measur enent. of each track, so
that the RRO data for ea'cﬁi(lt)Fa*td( + At étteri-lAﬂ%l+aPara+A618Wpl ex nunber
(i.e. with real and imgi nary values). This is preferably perforned, and
needs only .to be perfor nedg(rf By +sBRh " H ni+ Bd?ruBfes pef’ tracks on the
di sk. These 20 neasurenents along with their associ ated radlal | ocation are
fed into a | east-squares fit algorithmto arrive at a pol ynom al
descri ption u S f or the
particul ar (r)[fé%] %ﬁ%ﬁ%l]%mﬁ {h\éere oarn?fehﬁgor egmﬁs a&ﬁé&% glgdr‘?@%rﬁ} EJFI.IB? 2RRO
harnmoni cs to b? dealt wi t h. Slnce the DFT of the RRO PES waveformis
performed 0" Particular track 25 location, a set of conpl ex nunbers

associated w t h each harnpnic can be identified at
curve. Complex coefficients C having a real part A and an imaginary part B are arrived

at based on the expression:;

10
Complex(r) = Cyr? + C(d.l}r(d'” +. G+ G + Cy°
which best describes the magnitude and the phase at any r location.
15 RRO data for a particular frequency are obtained at various radial locations (i.e.

tracks) across the disk. A discrete Fourier transform (DFT) is performed on each RRO

measurement of each track, so that the RRO data for each track is characterized as a

complex number (i.e. with real and imaginary values). This is preferably performed, and

needs only to be performed, for a small, limited number of tracks on the disk. These

20 measurements along with their associated radial location are fed into a least-squares fit

algorithm to arrive at a polynomial description of the complex curve as a function of

radial position for the particular frequency. This is performed for each one of any
number of RRO harmonics to be dealt with.

Since the DFT of the RRO PES waveform is performed at a particular track

25  location, a set of complex numbers associated with each harmonic can be identified at

that location. By collecting additional sets of complex numbers at various radial

14




that | ocation. By collecting additional sets of conplex nunbers at various
radial 14 locations, a set of conplex polynom al curves can be deduced, one
for each harnmonic, which describes the "best fit" given the |imted degree
of the polynom al description, which describes the set of conplex nunbers
associated wth the set of harnonics at any radial |location. Wth these
conpl ex nunbers derived for a particular location, the RRO 5 tine waveform
can be derived for that |ocation using an inverse DFT. The curve fitting
may be extended to include the TF. Since TF is neasured at several ]

| ocati ons, lacajionsol selorfprompler rplypemigh suryes coe he ideducgd, enrofar siack hammonic,
harnoni c, for each of the neasured |ocations. In the sane way that the RRO
can be pr edwhichdesaibesabd “bésarfitd givenahe dimyitedadiigade b thet paynomiak ddderipaon,al so
be predicted for each harnonic at any 10 radial |ocation. By multiplying

the TF f act@hichAestrites tERE: flb@hpleR umbbe as&icidéd WAk thd it Wi BEinddni@idtainyons
can be deduced, one for each harnonic, which describes the set of conplex

nunber s Or vy dagt S, AbsAnAIAL bk SR & or ekl 188tion, the RRO

"Calibration™ 1s a gener term re are severa ratron processes
in the manufacture. of a gﬁi:ak.drive ut there are al so lc‘,illibrations t hat

occur 15 &HBREVRErRan ge periveddor cnanyshg Al Ig¥e R fact ory. There is

yet another formof calibration that can occur while the disk drive is
operational , whi Ee purve ditiing sy ths exdended do indludeathe I Binee (ldtisl measuredhasr t ) .
According to the present application, calibrationin the factory is used
t o det er m neeveriklocatiors] ®setfof complex. nuittielsocantbei iderpided] dreefor eachelsarmiohie, fdre
transfer function with higher degrees of polynomal fitting, in the present

enbodi ment ¢ o thel thad¥afe@rodd#id6s.| Rithe Sahe MAGHRA tRSRREVEAMDAprE@icied d57 édch
degree of zero (0) -- the average.
harmonic at any radial location, the TF can also be predicted for each harmonic at any
10 radial location. By multiplying the TF factor into the RRO equations, the set of DAC
polynomial equations can be deduced, one for each harmonic, which describes the set of
complex numbers for the harmonics at any radial location.
Calibration. “Calibration” is a general term. There are several calibration
processes in the manufacture of a disk drive, but there are also calibrations that occur
15  each time the drive is powered up outside the factory. There is yet another form of
calibration that can occur while the disk drive is operational, which is referred to as
“recalibration” (or recal for short). According to the present application, calibration in
the factory is used to determine the transfer function. While it is possible to describe the
transfer function with higher degrees of polynomial fitting, in the present embodiment the

20  transfer function is selected as having a polynomial degree of zero (0) -- the average.

Calculating the TF for all of the harmonics is a relatively time-consuming task, and

therefore it is currently delegated to the factory calibration.




Calculating the TF for all of the harnonics is a relatively tinme-consunm ng
task, and therefore it is currently delegated to the factory calibration.
15 On the other hand, the RRO calculation is perforned each tine the disk
drive's notor is "spun up" or powered on. The conpl ex nunbers for the RRO
harnmonics at a few radial |ocations are collected and used to create the
pol ynom al equations that will describe the harnonics at all radial

| ocations. This is a fairly quick process since the 5 gathering of RRO data
at any cylinder will take typically eight (8) spindle revolutions )
(typically six n¥nrithegthspdand,dhe Rﬁfbp@wlmn tsopertosmRd igactttimedbe disk drivelsRO
data is typically <collected at ten (10) different cylinders, the gathering
of dat a woulndtords &dpu8up” enrpowerddt orpl Thel chmplel enumbetsefor dlie RBADBarwtvinéds at an
then be fitted to predict the RRO at any radial |ocation. 10 As the drive

changes t eneer atisl @ocatibss M@l doflested QAP A5G HoScreas tﬁﬁ@lﬁﬁorﬁfal €QdtioRs that &kill
different rates to thereby cause physical stresses that may change the

RRO
fromthat Wo S roadk -1 hies: e_.dri may
suf fer degra g?ll%oirq@ }llaﬁﬁ?ltﬁgg %gr g?ﬁa%gaﬁéhvﬁﬁgtlg 2 f?‘é‘%ﬂ‘@@?{]? Eocrgegc%{ﬁ& be

| ssued. The recal ss W/l again recalcul ate. the fqor the new
operating BRI sﬁgvﬁi %ﬁagLﬁ?ﬂ H%F"H%F 89@ t?]??etypwlmtgh?é}c%%‘yﬂr?‘f utions
Reference will now be nmade to the drawings for further explanation of the
i nventive néYMedly sinenilliseeands pes revolgions foreagh beasiresent g #R Q@ data is typically
control system 500 of the present application, which utilizes a unique RRO
conpensat i owlieetethrvitcer ({10) diffetentecylemldrspabe tgatheriag rafr datd heowddrietal Stheswe of
FIG 5 may be enbodied in a direct

multiplied by the number of heads which can then be fitted to predict the RRO at any

radial location.

10 As the drive changes temperature, the various components can expand or contract
at different rates to thereby cause physical stresses that may change the RRO from that
which was measured at power up. When this happens, the drive may suffer degradation
in its performance such that a request to recal may be issued. The recal process will
again recalculate the RRO for the new operating conditions which should improve the

15 RRO FF capability.

Reference will now be made to the drawings for further explanation of the
inventive methods and apparatus. FIG. 5 is a block diagram of a servo control system
500 of the present application, which utilizes a unique RRO compensation technique to
reduce head position error. The servo scheme of FIG. 5 may be embodied in a direct

20  access storage device (DASD), such as a disk drive. Servo control system 500 includes
an analog-to-digital converter (ADC) 502, a first summer 506, a vibration reduction

process 508 represented as G, a peak filter 510 represented as Hp, an RRO process 514, a




20 access storage device (DASD), such as a disk drive. Servo control system
500 includes an analog-to-digital converter (ADC) 502, a first sumrer 506,
a vibration reduction process 5 0 8 represented as G,, a peak filter 5 10
represented as HP, an RRO process 5 14, a 16 second sumer 512, a notch

filter 516 represented as H,,, a digital-to-anal og converter (DAC) 518, an
actuator 520 (plant or nechani cal actuator dynam cs) represented as GP,
and an output 522. G, Hp, H,, and G are frequency domai n representations

of the associated co ents. Peak filter 51Q is _typically used to reduce
vi brati on f%FO‘}ad(t)W%mFgggg&E‘Pt&% ﬁg‘Pf PhR regesenied Attt HeHu-teranalog copyerter
shown as being in parallel with vibration reduction process 508, it may be
pl aced i n dBAGKSihenaanater XBt(plant ot mechapicel actuatoy dyrealits) represtntadl ase@pice
hi gh frequenci es of non-repeatable runout (NRRO error. Vibration

reducti on pndcas sutpGt 522.NNGRRD, Bl.oard G,5dd fiampichsy domhianRpieschtatorzostt iher €
code in a digital signal processor~MP). 10 Servo control system 500 is al so

i | | ustrat edysWicidled® cOmPSHentO4 PAAN Gikef PG §S %éacl)lgr g 4b I‘E@ﬁgépﬂﬁ%i%fl(@égow An

RRO, shown as being sumed in first sume wth the initra

anal og RES, i ' h desirab copponents.. is fed. int ADC
502 and Sconf\r/ééﬁlf’ Ig{]egl ﬁfgh%gﬁgpﬁ aﬁltgg't‘gg{ péﬁ%eﬁ%fr%a]ls Sg'gi”g g5 befingin perallch B’}C{Qt i on
reduction process 508 and pe filter, 510, each, of which have an out put
fed into setpRtoR frdvetion prog ?%ﬁﬁ@%&@dﬁ@@l‘ﬂﬁ%ﬁi@wﬁmum}t filtey, i lge
for RRO conpensation in the present application, has an output whiclLz al so
fed into segpinally wsedto educeahighu fioguenofes sefc oomtrepeatable  Bb2up (BRRIS emor.

ati Fff of the outputs fromvibration reduction process 508, peak filter
510, and RRGObpitidaesdRtién ipidesnSILINT RROefrobekd 514 mayicdiniplehented adsdftwarer

o code in a digital signal processor {DSP).

10 Servo control system 500 is also illustrated with a block 504 which represents
runout components (e.g. RRO), shown as being summed in first summer 506 with the
initial PES. An analog PES, which includes the undesirable RRO components, is fed into
ADC 502 and converted into digital data. The digital data is fed into vibration reduction

process 508 and peak filter 510, each of which have an output fed into second summer

15 512. RRO process 514, which is used to provide for RRO compensation in the present

application, has an output whichis also fed into second summer 512, An output of

second summer 512 provides a susf of the outputs from vibration reduction process 508,

peak filter 510, and RRO procési:—m into notch filter 516. An output of notch filter 516

is fed into DAC 518 to be conversed into an analog signal. The analog signal from the

20  output of notch filter 516 is fed e actuator 520, which has output 522 providing for the

modified PES. This PES is alSoTﬁtinto first summer 506 as feedback.




is fed into DAC 518 to be convc d into an anal og signal. The anal og signal
fromthe 20 output of notch filter 516 is fed iutaactuator 520, which has
out put 522 providing for the nodified PES. This PES.is also= into first
sunmer 506 as feedback. 17 It has been observed that RRO varies as a
function of disk position, not only radially (i.e. across tracks, e.g.
fromIDto OD) but circunferentially as well (i.e. across sectors, e.qg.
fromsector to sector along the same track). For exanple, refer to the

above di scussi described in e jon to FI G, 2. .Advant ageously, servo
control system glgélaﬁ g 8@%3&[‘?‘10&'8{ W@H’@“fﬁ A% arftnctinn ?ﬁa‘tsﬁdws’r‘i’é’%@"r e¥ce
RRO based on this observation, with use of RRO process 514. Cenerally, the
present apppdiay i(oh acrosstracks, pgefront IR #yOR) huf sircuntsrangialiy as RRD (i.eracovssas a
continuous .function of track number (or cylinder nunber) and sector nunber.

VWhen a cur rseciors, egc Fomusebter t@sattoreatdrgy thawade traélor Foe @afampieprefortd thengbodat a
is thereafter 10 identified, an estimation of the RRO error is cal cul at ed

based on t hiisdugdiai Hewfbédirmthtioh2 FRGS2. ! !'A‘aﬂarﬁ{égébﬁsl?,i &0 coritrol %}@éﬂ&ﬁ%o@%ng
the estimated RRO error. As shown in an equation block 524 of FIG 5, RRO

process 51 r; tl q2196 t] ) 2(r, S)
_ Y fgr aeP&wc?lg; z 5; cggfli%isgé}?ﬁlﬁ%l?@%?t ors)b%&? Orlgelm obgé}v&non,m use
(r)sin(i (527{1#&(3" al se t4ors)) } where Hrepresents a set of harnonics to be
conmpensat ed” EPFESht's a particular RRO harmonic nunber to be
conpensated; Ai(r) represents A (r) = a"r" + a(,,_i)r("-i) + ... +ar +
ao; B (r) represénesally; thg peesentrapplicagion involves idenfifying i velatiopship for RRO
represents a sector nunber 20 along track r; and total-sectors represents
a total nurdper ash coetinwus fahaiog dfrteack number (or cylinder number) and sector number.

When a current track number and sector number for reading or writing data is thereafter

10 identified, an estimation of the RRO error is calculated based on the relationship and the
position error signal is reduced using the estimated RRO error.

As shown in an equation block 524 of FIG. 5, RRO process 514 performs RRO

compensation based on the relation
15 Dgro(t, 8) = Xirrann {Ai(r)cos(i(s2n/total_sectors)) + Bi(r)sin(i(s2n/total_sectors))}

where H represents a set of harmonics to be compensated; i represents a particular RRO
harmonic number to be compensated; Ai(r) represents Ai(r) = an” + ag ™V + . +arr +
ag; Bi(r) represents Bi(r) = bur” + bp.r™" + ... + byr + by; s represents a sector number

20  along track r; and total_sectors represents a total number of sectors along track r.
The above polynomial equation Ai(r) represents a best fit curve of real values

calculated from discrete Fourier transforms of RRO measurements of a limited number of

disk tracks across the disk. Similarly, the above polynomial equation Bi(r) represents a




The above pol ynom al equation Ai(r) represents a best fit curve of real
values calculated fromdiscrete Fourier transfornms of RRO neasurenents of
a limted nunber of disk tracks across the disk. Simlarly, the above

pol ynom al equation B;(r) represents a 18 best fit curve of inmaginary

val ues calculated fromthe same discrete Fourier transforms of the RRO
nmeasur enents. The pol ynom al coefficients are generated during calibration
and stored in nenory for use in subsequent RRO conpensation as will be

an RO cal (VG v rtienint s elshidid ORI g ool Tinider Gansbimsiatn

process may be erforrred once for a disk drive (e.g. after or as art of

i ts manuf aché n&qasgememsm The, pelynemiat soeflisientspse eneratedfduring Qilﬂlgt@tl@nl ve
(e.g. during each spin up or power up, or periodically when in idle node).
Repeat abl e andustarad i RRO0Nye@s use e subseduent RRMD compeisatibn,aasl witl bedesuridedr of
N di sk tracks across 10 the disk are obtained (step 602 of FIG 6). Each
RRO neasur efighér lefseci ated with a track includes a plurality of position
error signal (PES) neasurenents for all of the equally-spaced sectors

al ong the track f: @%1““ ack
I s based on averpcalgﬁl(;8 %ﬁp ehart ectorlzg?géllfj(%rﬁ{mé|£u @@%ﬁ?a?%ng&%eg%ﬁ?f&ét he
nunmber N of dis acks f ch. measurenents are taken i h.l.ess than
the total  PESIMBRICHIOY @a&%ﬂ%@ﬂ@rw&m& F PECSTOTCE FE Ao Sy be
between 5 - 10 for a disk having 60, 000 tracks For each RRO neasur enent
associ at ed affef Ar & Rargeidts manyfactwie), o1 plirality of timesfayeneperaion)ofithe disk dovered
on the RROto identify real and i magi nary val ues therefor (step 604
(e.g. during each spin up or power up, or periodically when in idle mode). Repeatable

runout (RRO) measurements for each track of a limited number of N disk tracks across

10 the disk are obtained (step 602 of FIG. 6). Each RRO measurement associated with a

track includes a plurality of position error signal (PES) measurements for all of the

equally-spaced sectors along the track. Prefer_ably, each RRO measurement associated

with a track is based on average PES for each sector on the track, Also preferably, the

number N of disk tracks for which measurements are taken is much less than the total

15 number of tracks on the disk. For example, the number N may be between 5 — 10 for a
disk having 60,000 tracks.

For each RRO measurement associated with a track, a discrete Fourier transform

(DFT) is performed on the RRO to identify real and imaginary values therefor (step 604

of FIG. 6). This is done for each RRO harmonic in consideration, which is preferably

20 more than one or two harmonics (e.g. 3 RRO harmonics such as harmonics 1 through 3).

Referring to FIG. 5, a table 500 is shown which illustrates one form of generic results

from Fourier transforms taken of RRO measurements across the disk. The 1% column in




of FIG 6). This is done for each RRO harnonic in consideration, which is
preferably 20 nore than one or two harnonics (e.g. 3 RRO harnonics such as
harrmonics 1 through 3). Referring to FIG 5, a table 500 is shown which
illustrates one formof generic results from Fourier transforns taken of
RRO neasurenents across the disk. The 151 columm in 19 table 500 provides
the RRO harnonic in consideration (i = 1X, 2X, 3X ...), the 2nd colum
provi des the track nunber in consideration (1, 2, ..., N, and the |ast
col um provggess t he %T re uIt in two subcol utms which incl udes the real
val ue conpdalft>00:prgvidee ‘f’r%& O Bagymaepig i ceriidrariann ((7dRuelX. 34 -of thehd DFT
results. 5 Next, a |east-squares nth-order polynomal fit calculation is
performed otelurhe prewifles thaltrask numbed émtchhsidexation €k, X et., o), and-khe last yolommal
coefficients of a first nth-order polynom al function (step 606 of FIG
6) . Sim | argrgvides RaBFTsesaGas thohsubtslamnd Whigd chldes fthd read etk %hf)?ﬁnélﬁ
performed on the inaginary values to identify a second set of

pol ynori al - £a6hd ki hilird vthe BoRBERRT (VAL O I3fr ¥ LA functi on (step 608

of FIG 6). 10 The 1 east-squar | magl nary portlons are
performed for

Pe por formed, 1 oot TR RHURRE Ao er G eaGE i hon TRBeriari g e

However, any_suitable technique my be used to identify suitable

pol ynoni al abiesttoc idsatily anfrshrset @itt Gagilk nebmprish avefficiantsi ohe. first orth-ordes
606, the nth-order polynom al function derived fromthe "real"” values 15
may be reprmdeonsbl fanétion (vep606 of BlG.rg). Similarky, a(least-dquaresinth-brder polynenial +
ao, where an, a(n_1), ..., al, ao are the real polynom al coefficients.
From step Gﬁ&alddltﬁldﬂtiié @Eﬁﬁﬁe@@hﬁﬁ@%@élnarﬁrwmﬁds% 1d&ﬁtif¥%jséc6ﬁﬂ”sétk'8f (n+1)

"i magi nary" values may be representable in the formB

polynomial coefficients of a second nth-order polynomial function (step 608 of FIG. 6).
10 The least-squares fit for real and imaginary portions are performed for each RRO
harmonic in consideration. A least-squares fit may be performed, for example, with use
of a Gauss Jordan Reduction method. However, any suitable technique may be used to

identify suitable polynomial coefficients and/or suitable polynomial functions.
From step 606, the nth-order polynomial function derived from the “real” values
15 may be representable in the form A(r) = ag” + ap ™ + ... + ayr + ag, where a,, an-1),
., a1, ag are the real polynomial coefficients. From step 608, the nth-order polynomial
function derived from the “imaginary” values may be representable in the form Bi(r) =
bar" + byt™" + ... + byr + by, where by, b1y, ..., b1, by are the imaginary polynomial
coefficients. In FIG. 6, a table 600 of generic polynomial coefficients for polynomial

20  functions obtained from the calibration process of FIG. 6 is shown. The 1* column in

table 600 provides the harmonic in consideration (i = 1X, 2X, 3X, ...), the 2" column

provides the component in consideration (real or imaginary), and the last column




b" r" + b("_orlo-11 + ... + b,r + bo, where bn, b(n_1), ..., bl: bo are the
i magi nary polynom al coefficients. In FIG 6, a table 600 of generic

pol ynom al coefficients for polynom al 20 functions obtained fromthe
calibration process of FIG 6 is shown. The O colum in table 600 provides
the harnonic in consideration (i =1X 2X 3X, ...), the 2nd colum

provi des the conponent in consideration (real or imaginary), and the |ast
colum 20 provides the polynom al coefficients in n+l subcol ums

(nth-order, (n-1)th order.. ... ..0d . order). | of .th | ynom al
coeffi ci ent%rgﬁléiF%ehﬁH?é’ﬂlom}P]i Wﬁﬁﬁ?qtﬁﬁﬁoﬂ}bgP@}@FéP@?rﬁ?ﬁ&%m LIRS
data storage device. For exanple, the polynom al coefficients may be
stored in erdenr omll ©dIthg pelyasminl goptisianindetbmeined during icglibration yre( SeRAGK) |
flash 5 nmenory, etc. Referring back to FIG 7, a flowhart of a method of
per f or mi ng memBROf thengata stetageniepicec e axaimiplenake pelydeminl icbefficienti maphecess
uses the stored calibration results fromthe method of FIG 6 to
conpensat e dibred RRQeleResiaddllyt Basabld/pdgdntiRablé abidbAl | RRMBHPGEEBRAMRE AR 1 N
relation to FIG 6, a firsft set of (n+l) coefficients of "a 10 first
nth-order pgl ?%ﬁl function, which is representable in the formAi (r) =
n

a" rn +a(,, - "1l) + ... + air + ao, are calculated and stored in
menory (i.e. fr te 04). ddi tion, a second set of (n+1)
coefficients of Ogg’fg nga‘iﬁ i ﬁGE?" ﬁohﬂ’f ot £, frathag, of Rﬁﬁé’@ﬁlﬁgsan RRO

representable in the formB;(r) = barn + btn i~ -1) + ... + bir + bo, are
al so cal cliompeasaion Rroenss gvillnngws thsr des¢tibag; this mypesse psa0tie. stasd Toatibratiohy |
the disk drive perforns a "SEEK" operation when positioning its read/wite
QFSE to a pa:_ﬂtliscfxbmr thei mkthiod caft Fith ®rtd arontpensata dher REOQ.0nR evallwihiat, | fagmt thet he
. calibration process described in relation to FIG. 6, a first set of (n+1) coefficients of a
10 first nth-order polynomial function, which is representable in the form A;(r) = an" + ag.
1)r(“'” + ... + arr + ap, are calculated and stored in memory (i.e. from step 604). In
addition, a second set of (n+1) coefficients of a second nth-order polynomial function,
which is representable in the form Bi(r) = by + b(n-l)r(“']’ + ... + bir + by, are also
calculated and stored in memory (i.e. from step 606).
15 Typically, the disk drive performs a “SEEK” operation when positioning its
read/write head to a particular disk location prior to reading from or writing to the disk.
A current track number and sector number are identified to position the read/write head.

Using these values, RRO compensation is calculated (step 702 of FIG. 7) based on the

relation

20

Drro(1, 8) = Yiforan v {Ai(r)cos(i(s2n/total_sectors)) + Bi(r)sin(i(s2n/total_sectors))}




A current track number and sector nunber are identified to position the
read/ wite head. Using these val ues, RRO conpensation is calculated (step
702 of FIG 7) based on the relation 20 DRRO(r, S) _ Y_; for all H{A
(r)cos(i(s2ir/total _sectors)) + B;(r)sin(i(s27t/total _sectors))} 21 where H
represents a set of harnonics to be conpensated; i represents a particul ar
har noni ¢ nunber to be conpensated; A (r) represents Ai(r) =a" r" +
a("-1)r(n-1+ ... +air + .ao; B, (r) represents B;(r) = burn + b(,-, n-1)
+ ... + blr wheroll sepressntssesetsof hamranies ouh® compgnssiry; tir ipresents gnparticular
total -sectors represents a total nunber of sectors along track r. The 5
cal cul at ed REGainPEnbattd ba compenppteded;(t)aepresenseAin) <mdt+ ah. K68 Lo+ megduce
or elimnate the RRO (step 704 of FIG 7) (e.g. see FIG 5). Prior to

conpensat i 0By, By} kepieseidsiB@) Egih+ b .«é\r{wlwglaﬂﬁﬂ%&! § Eepaétdn A seld tdir tndimibsr
al so perforned (e.g. see FIG 5). F 10 is a graph 1000 whi ch shows an

exanpl e of %Qﬁ%fcﬁrr,eaﬁcﬂﬁ)tﬁf §e%fo[r5§%rezs€m%?m‘:?f)f bGP n%nt}ack r. The

application. Al RRO error signa 02, which inthis 1o exanple 1s a
fourth har i f R | hown.to "ranp' fro I As _apparent,
= conpensar SACER! 88 ST PmafioT SR o, 1o AW Robda Ry Bo 2ERB o
reduce this r Ing. Ln this. exanple, ensated RRO err.or signal, 1004 is
generated  HESRROUNCR 74+ of bl Haak: B HoR) ATridrin cPBASafion. & rasiafion B
addition to the method which has been described, an ag;ﬁ)ar atus for use in
15 reduci ngtirrBlatatedt valye andsleAGomats ghalso pesformed 4¢.8. e §lGgP- devi ce conpri ses
menory and processor instructions stored in the nmenory which are
execut abl e to pefFiGr 1 ishegraph 1000 which shows an example of RRO before and after RRO
compensation of the present application. An RRO error signal 1002, which in this
10 example is a fourth harmonic of the RRO, is shown to “ramp” from OD to ID. As
apparent, a compensated RRO error signal 1004 of the present application is shown to
reduce this ramping. In this example, compensated RRO error signal 1004 is generated
based on 3™ order real polynomial functions (i.e. n=3).
In addition to the method which has been described, an apparatus for use in
15 reducing RRO error in a servo signal for a data storage device comprises memory and
processor instructions stored in the memory which are executable to perform the
methods. Also, a data storage device includes at least one rotatable magnetic disk; a disk
drive motor for use in rotating the at least one rotatable magnetic disk; a magnetic head
for use in reading or writing data to the at least one rotatable magnetic disk; an actuator

20  for use in positioning the magnetic head; and one or more processors of the data storage

device for use in performing the methods described herein.
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nmet hods. Al so, a data storage device includes at |east one rotatable
magnetic disk; a disk drive notor for use in rotating the at | east one
rotatabl e magnetic disk; a magnetic head for use in reading or witing
data to the at | east one rotatable magnetic disk; an actuator 20 for use in
positioning the nmagnetic head; and one or nore processors of the data
storage device for use in perform ng the nethods described herein. 22 As
apparent, the present technique expresses the RRO characteristics as a set
of conpl ex coef fAs@pparest. tesprasanh tachnique ¢xRRSemts BRENeharacteritice es ededof i ng
spin up .and/or an idle sweep recalibration process, allow ng for radial
vari ati ons cimplbe cefficidntcdasedneld dimipddaBRRDimdaberemBals ddlletteé sdurlngnigie dip
file-level, servo-track RRO neasurenents to 5 generate a "conti nuous"

descri pti onaRRseHh ik SWddp QbcAibrati6A ploce sl aNGwing!fyNallabarddtions of HRGmMisde SO
that a particular anplitude and phase can be estinmated fromthe outernost

oD i ' d d ' |
(D) 10" Mgrmsinall B 986 L P E8IF RN FRTRENERR PR SRIN O |

control. This rovi des an efficlent way y'ranping o

RRO at the ID caused by. a thermal.expansjon njsmatch between the hu nd
the i s nBReTHY for FATEPUT S PRPHE Dol G Pheoragalrancoaiaa PHBHOBIL Y or
periodically distributed stress due to torque force of a screw which is
appl i ed at tignsp s@ that gepagicafar ampligndeTand nga&@fm be estiater romsthg gutermost
restricted to "phase coherent” RRO (i.e. phase that is the sane across the
entire di sk(@DY faaimeymimst (B))dvicke dunng éetl forwarduermapensdtioneigrsees ¢antrol.  This
conpensate for "non-coherent" phase which is | earned across the disk. One
source of 1prosided aneffidenavant soheseadilQ @nipigy 6fhe tIRFD-at the TRREAGEE bl @

pitch node interactions during servo witing. This technique can be
appl i ed to #eanaexPRRidH iRkt bivedP®R@bY%nd the disk, non-uniform surface flatness
10 of the spacers, and non-evenly or periodically distributed stress due to torque force of a
screw which is applied at the top of the disk clamp.

The present technique is not restricted to “phase coherent” RRO (i.e. phase that is
the same across the entire disk surface) but provides a certain number of degrees to
compensate for “non-coherent” phase which is learned across the disk. One source of

15  such non-coherent phase RRO is the “written-in” RRO due to pitch mode interactions
during servo writing. This technique can be applied to reduce RRO during error recovery
by compensating with the best-estimated amplitudes and phases. The scheme is also
adaptive to different track formats in which the servo sector numbers (or wedges) can be
different from the OD to ID. Since it is adaptive to different track formats, the linear

20  density (bpi) of the disk may be increased to thereby increase the overall capacity of the

data storage device by increaéing the number of servo sectors at the OD.
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by conpensating with the best-esti mted anplitudes and phases. The schene
is also adaptive to different track formats in which the servo sector
nunbers (or wedges) can be different fromthe ODto ID. Since it is
adaptive to different track formats, the |inear 20 density (bpi) of the
di sk may be increased to thereby increase the overall capacity of the data
st orage device by increasing the nunber of servo sectors at the OD. 23 Sone
conventional RRO conpensation schenes provide for conpensation based on
di sk | ocati on i nSamkicehventionslyRR Boempensatinh ecliRR@sqoopida dat dompensdtiomebaséd t he
present application characterizes and conpensates the RROfully in an
accurate andn ddlf lcvhton immanhalied Byl CHoneV&s the) RROMRUINAENsAlon GEkdng of Al
use of nenory are obtained 5 with the present RRO conpensation schenme. It
is to be un : | SERPHIRN;
enbodi nment sggé?é%th %1%5\}24& {:ﬁﬁaﬁ%&&\é?%ﬁ d\?gﬁrdlé g%ast%cﬁgngre{?? Eclg}%{]g{r)fgltl %ﬁ%,g{e;%gj
vari ations . _be e Mkihout departing fromthe {rue Lrit and,sco of
Uhe fnvent i itisr® SRS, Elriciiles SE8BbllHon.| &Tigh, Sd (4o Beoly, BUTREERE,
or phrases in the specifjcation and cLai ns have to been given any speci al
particular W %B’egffm FRMPFISAYGT ¥0¥P%i n | anguage neani ng, and
therefore the specification is not to be used to define terns in an unduly
narrow sense. Wt i $ dicapndagsiped thet theppbeselis meredy dadgssipsipagel gesfersed a
met hod of reducing repeatable runout (RRO) error conprising:

embodiments of the invention and that various changes, alterations, and variations may

be made without departing from the true spirit and scope of the invention as set for in the
appended claims. Few if any of the terms or phrases in the specification and claims have
10  been given any special particular meaning different from its plain language meaning, and

therefore the specification is not to be used to define terms in an unduly narrow sense.

What is claimed is:

24



5 receiving a plurality of RRO neasurenents for a plurality of disk tracks;
for each one of one or nore RRO harnonics to be conpensated: performng a
di screte Fourier transform (DFT) on each RRO neasurenment for the RRO
harrmonic to identify a real value and an i nmaginary val ue associated wth
each disk track; 10 identifying, fromthe real values, a first set of (n+l)
pol ynom al coefficients of a first nth-order polynomal function as a
function of disk track; identifying, fromthe inmaginary val ues, a second
set of (n+l ClpdMMhom al coefficients of- a second nth-order pol ynom al
function as a function of disk track; and 15 storing the first and the
second sets of (n+l) polynom al coefficients for use in RRO conpensation.
2. The nethod of claim1l1l, wherein the first set of polynom al coefficients

are identified ?y pend %rdgtef‘gtofagl%% fop SAURRT Of fed &n% F?‘?%%%e ML’F?W?:Q a

the second set of 20 polynom al “coefficlients are iIden y pe
| east - squar es fiot Onsiﬁ he i maginary values. 25 3. The nethod of claim1l,
wherein the 'B?h‘%é‘i‘*i"%y 8f di sk tracks conprises a |limted nunber of disk

tracks on the disk., 4. The th f claim1l, wherein_the first nth-order
pol ynomi &l funct FRSRIVIRS %B‘r\lﬁgf%egﬂg%owgwqm&ﬁ%épmlw diskdracksi| yes and
wherein the second nth-order polynom al function conprises a best fit
curve for the i mégieagh gne/ef angr more RRO harmonics to be compensated:

performing a discrete Fourier transform (DFT) on each RRO measurement
for the RRO harmonic to identify a real value and an imaginary value associated
with each disk track;
10 identifying, from the real values, a first set of (n+l1) polynomial
coefficients of a first nth-order polynomial function as a function of disk track;
identifying, from the imaginary values, a second set of (n+1) polynomial
coefficients of a second nth-order polynomial function as a function of disk track;
and
15 storing the first and the second sets of (nt1) polynomial coefficients for

use in RRO compensation.

2. The method of claim 1, wherein the first set of polynomial coefficients are
identified by performing a least-squares fit on the real values and the second set of
20  polynomial coefficients are identified by performing a least-squares fit on the imaginary

values.
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5. The method of claim11, wherein perform ng RRO conpensation conprises:
10 providing an RRO function which is a function of current disk track and
a current sector nunber; identifying a current disk track and a current
sector nunber; selecting polynom al coefficients fromthe first and the
second sets which correspond to the current disk track; 15 executing the
RRO function based on the current disk track, the current sector nunber,
and the sel ected pol ynom al coefficients, to thereby estimate a current RRO
error; and perfoBni ng TRR®athwbehslaim dn whesdd thenplutedite of diskttrd@ROcemprises 20

6. The nethod of claim 1, wherein RRO conpensation is based on a

pr edet er m n#shited Rginbenofdisictiadks of Xl dislsi bl e as: 26 DRRO(r, S) Y_ i1 for all
H {Ai (r)cos(i(s2n/total -sectors)) + B; (r)sin(i (s27rltotal _sectors)) }
where r is.a track nunber; s is a sector nunber at track nunber r; i is an

RRO 5 harnonic nunber; His a set of harnonics to be conpensat ed,;

t ot al - sect O'I" sis a to&ﬁ% m&HSHT’Sf cﬁgmsle%h%hs_lnﬂlo? t ' -ﬁﬁe?clf’gf nBB]l?IIn%ﬁlc%?n

Ai(r) = anr" + a{h. 1n- +arr + |rs
function which i.s a est |t curverﬂ_)1 e real v Es determ ned from.the
e FEN

DFTs; and wh¥PRISS (%) er“’% Bretrve foy valpes, and whergy, the 5oqnd pHEOIdEk ond

nt h-order pol ynom al
polynomial function comprises a best fit curve for the imaginary values.

5. The method of claim 1, wherein performing RRO compensation
comprises:
10 providing an RRO function which is a function of current disk track and a current
sector number;
identifying a current disk track and a current sector number;
selecting polynomial coefficients from the first and the second sets which
correspond to the current disk track;
15 executing the RRO function based on the current disk track, the current sector
number, and the selected polynomial coefficients, to thereby estimate a current RRO
error; and

performing RRO compensation based on the current RRO error.

20 6. The method of claim 1, wherein RRO compensation is based on a

predetermined function which is expressible as:
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to function which is a best fit curve of the imagi nary val ues determ ned
fromthe DFTs. 7. An apparatus for use in reducing a repeatabl e runout
(RRO) error for a data storage device, the apparatus conprising: menory,;
15 processor instructions stored in the nenory; the processor instructions
execut abl e by a processor for: receiving a plurality of RRO neasurenents
associated with a plurality of disk tracks; for each one of one or nore
RRO harnoni cs to be conpensated: 20 perform ng a discrete Fourier transform
(DFT) on each RRDgrétBasus)enent fBr the RRO har nqmije)cos(i(s2etotalf secwrs)pal +
value and an imaginary value associated with each disk track; 27
identifying, fromdsRi(Rakorplse@ss)@ first set of (n+l) polynom al
coefficients of a first nth-order polynom al function as a function of disk
track; 5 identifying, fromthe imagi nary val ues, a second set of (n+l)

pol ynom al coefficients of a second nth-order polynonm al function as a

o O 0L RS BRI L AR 4Rk SRR 151 2 B k)

5 harmonic number; H is a set of harmonics to be compensated; total sectors is a total
number of sectors along track number r;
where Ai(r) = air" + ap.r ™) + ..+ ayr + ag is the first nth-order polynomial
function which is a best fit curve of the real values determined from the DFTs; and
where B(r) is byr" + b(n-l)r("'” + ... + byr + by is the second nth-order polynomial

10 function which is a best fit curve of the imaginary values determined from the DFTs.

7. An apparatus for use in reducing a repeatable runout (RRO) error for a
data storage device, the apparatus comprising:
memory;
15 processor instructions stored in the memory;
the processor instructions executable by a processor for:
receiving a plurality of RRO measurements associated with a plurality of
disk tracks;
for each one of one or more RRO harmonics to be compensated:
20 performing a discrete Fourier transform (DFT) on each RRO
measurement for the RRO harmonic to identify a real value and an

imaginary value associated with each disk track;
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10 8. The apparatus of claim7, wherein the processor conprises a digital
signal processor (DSP). 9. The apparatus of claim 7, wherein the first set
of polynom al coefficients are identified by performng a | east-squares
fit on the real values and the second set of 15 polynom al coefficients are
identified by performng a | east-squares it on the imaginary values. 10.
The apparatus of claim7, wherein the plurality of disk tracks conprises a
limted nunmber of disk tracks on the disk. 20 28 11. The apparatus of claim
7, wherein the first nth-ondbatifypud, \fir@nithé réalnatiesna fzsingt ofés+H dgtorhiat
curve for the real values and wherein the second nth-order polynom al
function conprises a bedficikhfs ofur 8t hthcortdbrepdlPRahiaRfinciad de8 fulctibd- of TSk
apparatus of claim7, wherein RRO conpensation is based on a predeterm ned
function which is expgggsi ble as: DRRo(r, s) I1 for all H{A
(r)cos(i(s2zJdtotal _sectors)) + Bl(r)sin(i(s2aJtotal _sectors)) } 10 where r

I's atrack number; s is a ek ringr]uﬁrgr%rth%t irrtlargzlalgza,%y ”v‘éi‘ﬂ%%,r ars‘;ecion(!l %ef0f I?Ir:\;ﬁQl)
5 polynomial coefficients of a second nth-order polynomial function as a

function of disk track; and
storing the first and the second sets of (n+1) polynomial

coefficients for use in RRO compensation.

10 8. The apparatus of claim 7, wherein the processor comprises a digital signal
processor (DSP).
9. The apparatus of claim 7, wherein the first set of polynomial coefficients

are identified by performing a least-squares fit on the real values and the second set of
15  polynomial coefficients are identified by performing a least-squares it on the imaginary

values.
10.  The apparatus of claim 7, wherein the plurality of disk tracks comprises a

limited number of disk tracks on the disk.

20
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har moni ¢ nunber; His a set of harnonics to be conpensated; total sectors
Is a total nunber of sectors along track nunber r; where Al(r) = a,,r +

a(n.1'1) + ... +air + aois the first nth-order polynomal 15 function
which is a best fit curve of the real values determ ned fromthe DFTs; and
where B1(r) is barn + b(,_1 n-1) + ... + blr + bo is the second nth-order

pol ynom al function which is a best fit curve of the inaginary val ues
determ ned fromthe DFTs. 13. A data storage device, conprising: 20 at

| east one rotatable nmapaapparatls 8K claim di, sihethin e firet sth-draér poSndniial ffafiég
the at |east one rotatable magnetic disk; 29 5 10 15 a magnetic head for

use in readb&ﬁgﬁgw/ 2rbedf iffti BFvEAbA the rfehe valued GART whBRIW WALBHR nlRGABE | C
di sk; an actuator for use in positioning the nagnetic head; one or nore

v g ot SRR

for each one of one or nore RRO harm)nl cs to be conpensated: performng a
di screte Fourier transform (DFT) on each RRO neasurenent for the RRO

harrmonic to identify a real value and an
5 12. © The apparatus of claim 7, wherein RRO compensation is based on a

predetermined function which is expressible as:

Drroft, S8) = ¥i for al H {Ai(r)cos(i(s2n/total_sectors))  +
Bi(r)sin(i(s2n/total_sectors))}
10
where 1 is a track number; s is a sector number at track number r; i is an RRO
harmonic number; H is a set of harmonics to be compensated; total_sectors is a total
number of sectors along track number r;
where Ai(r) = a” + ap-1)f L T air + agp is the first nth-order polynomial
15 function which is a best fit curve of the real values determined from the DFTs; and
where Bi(r) is bar” + b.yr™" + ... + byr + by is the second nth-order polynomial

function which is a best fit curve of the imaginary values determined from the DFTs.
13. A data storage device, comprising:

20 at least one rotatable magnetic disk;

a disk drive motor for use in rotating the at least one rotatable magnetic disk;
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i magi nary val ue associated with each disk track; identifying, fromthe real
val ues, a first set of (n+l) polynom al <coefficients of a first nth-order
pol ynom al function as a function of disk track; identifying, fromthe

i mgi nary val ues, a second set of (n+l) polynom al coefficients of a
second nth-order polynom al function as a function of disk track; and
storing the first and the second sets of (n+l) polynomal coefficients for
use in RRO conpensation. 20 14. The data storage device of claim 13,

wherei n the firsanmghettd hqadlfynoseiialreadief diddorenttingadaaa tolbotat fdagtcbnrotatable
performng a | east-squares fit on the real values and the 30 second set of
pol ynomi al gRghdiicdignts are identified by performng a |east-squares fit on
the i magi nary val ues. 15. The data storage device of claim 13, wherein the

plurality aof di Sgnﬁétﬁéigﬁfoisugé)ﬂ%oisﬁf% i Idé% ﬁ'aﬁeqic\?#g@e_r of disk tracks on the

di sk. 16. The data storage devi'ce O erein the first nth-order
pol ynom al function coﬁr}r}grises a best fit curve for, the real values and

wherei n the secoff® OHPRCHrORESSAILPURG dpta staragredeviss febissiises a best fit

curve for the imginary values. 10 17. The data storage device of claim13,
wherei n $he processor Teceiving a pligality of BRQ srensurgmrmoassonistsdswith arplwialinhof
conpri ses:
disk tracks of the disk;
for each one of one or more RRO harmonics to be compensated:
performing a discrete Fourier transform (DFT) on each RRO
measurement for the RRO harmonic to identify a real value and an
10 imaginary value associated with each disk track;
identifying, from the real values, a first set of (n+1) polynomial
coefficients of a first nth-order polynomial function as a function of disk
track;
identifying, from the imaginary values, a second set of (nt+1)
15 polynomial coefficients of a second nth-order polynomial function as a
function of disk track; and

storing the first and the second sets of (n+1) polynomial

coefficients for use in RRO compensation.

20 14.  The data storage device of claim 13, wherein the first set of polynomial

coefficients are identified by performing a least-squares fit on the real values and the
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provi ding an RRO function which is a function of current disk track and a
current sector nunber; 15 identifying a current disk track and a current
sector nunber; selecting polynom al coefficients fromthe first and the
second sets which correspond to the current disk track; executing the RRO
function based on the current disk track, the current sector nunber, and
the sel ected polynom al coefficients, to thereby estinmate a current RRO 20
error; and perform ng RRO conpensation based on the current RRO error. 31
18. The dat secohdiseigel pdynoaneiabéoetlicents itk idelnificed by REretng elest-squmréssfitoased
on a predeterm ned function which is expressible as: DRRo(r, s) _ L; 5

Bj (r)sin(i(glifmdginaty wgdsors))} for all H {A (r)cos(i(s27r/total _sectors))
+ where r is a track nunber; s is a sector nunber at track number r; i is
an RRO har.nonic nunber; His a set of harnonics to be conpensat ed,;

total -sectors is a total nunber of sectors along track nunmber r; 10 where

Ai(r) = ant" + a i + ... +.a.r + .15.,the first nth-.order,.

pol( yalom' al f uncﬁ?ﬁn) \mAF }élﬁtai sforgeg, deyics pf g@ﬁ?éé ’ 8&‘%‘3%&1"(3@}“34}% B€§15k tracks
determ ned fromthe DFTs; and where Bi(r) is bnr” + bin-i.(n"i) + ... + bir
+ b4 i's theC¥BPIGA aionitesimyErbep of Gisk fragls on the disk.

16. The data storage device of claim 13, wherein the first nth-order
polynomial function comprises a best fit curve for the real values and wherein the second

nth-order polynomial function comprises a best fit curve for the imaginary values.

1¢
17. The data storage device of claim 13, wherein the processor is for use in
performing RRO compensation which comprises:
providing an RRO function which is a function of current disk track and a current
sector number;
15 identifying a current disk track and a current sector number;

selecting polynomial coefficients from the first and the second sets which
correspond to the current disk track;
executing the RRO function based on the current disk track, the current sector
number, and the selected polynomial coefficients, to thereby estimate a current RRO
20  error; and

performing RRO compensation based on the current RRO error.
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function which is a best fit curve of the imaginary values determ ned from
the DFTs. 15 19. In a data storage device, a nethod for use in reducing
repeatabl e runout (RRO error conprising: estimating RRO error based on a
predeterm ned function; , perform ng RRO conpensation with use of the
estimated RRO error; the predeterm ned function being expressible as: 20
DRRO(r, S) Li for all H{A (r)cos(i(s27r/total _sectors)) + B
i(r)sin(i(s27rltotal _Sectors)) } 32 where r is a track nunber; s is a

sect or nunber at 18r acRhadataestorage device afitlaiR3, wdrengin RR O vompéensatibn & sabt
of one or nore harnonics to be conpensated; total-sectors is a total

nunber of sgfhQkdletrMkdifiadionWhHiklels ekpregsiblease A (r) = ar,r + a(" _"r(n"0
+ ... +air + a0 is a best fit curve o? real values froma discrete

Fourier transform (DFT) of a plurality of RRO neasurenents of a plurality
of disk tracks; and where B;(r) is brn + b(,,-1)r(n"1) + ... + bir + bg is

a best fit curveof imaginary values froma DFT, ,of, t asyr nts of
the plurality of Dare 1% tracks® 20% Th¥ nel hoé%}cg%&%ﬁwﬁ}é{%ﬁ t'he

pol ynom al coefficients for Ai(r) are determned by a | east-squares fit of
t he real? val ues 54@8@&&2&89 #ates)eoef fi ci ents for

where r is a track number; s is a sector number at track number r; i is an RRO
harmonic number; H is a set of harmonics to be compensated; total sectors is a total
number of sectors along track number r;
10 where Ai(r) = ag" + a(n-l)r(“'” + ... + air + ap is the first nth-order polynomial
function which is a best fit curve of the real values determined from the DFTs; and
where Bi(r) is bur” + b(,..l)r(“'”l + ... + byr + by is the second nth-order polynomial

function which is a best fit curve of the imaginary values determined from the DFTs.

15 19. In a data storage device, a method for use in reducing repeatable runout
(RRO) error comprising:
estimating RRO error based on a predetermined function;
performing RRO compensation with use of the estimated RRO error;
the predetermined function being expressible as:
20

Drroft, S) = Yi for a0 H {Ai(r)cos(i(s2n/total_sectors)) -+

Bi(r)sin(i(s2n/total_sectors))}




B;(r) are determ ned by a | east-squares fit of the imaginary values. 15 21
The nethod of claim19, wherein i ? 2. 22. The nmethod of claim 19, wherein
t he pol ynom al coefficients a and b are determ ned during calibration. 20
23. A data storage device, conprising: nmenory; 33 repeatable runout (RRO
data stored in the nenory; the RRO data conprising: a first set of (n+l)
pol ynom al coefficients of a first nth-order polynom al best fit function
for real values derived froma discrete Fourier transform (DFT) 5 of a
plurality of RRO neasurenments of a plurality of disk tracks across a disk;
a second set of (n+l) polynom al coefficients of a second nth-order

pol ynom al function Witk ¥ R @s&NhinterPesta §éc¥or%¥lﬁr GO fradkREGhB& Y | YA €S
derived fromthe DFT of the RRO nmeasurenents; and one or nmore processors

for use in reduc @g% & Aol Pis b TS forc b IR 00 ApBha10°

devi ce of clalm e first n -order m-al unc
representable in

and the second. nf‘ﬁ e?e(‘f é?%ﬁ’in&g %S’%@%@é%?@“ﬁ‘?efﬁe' i :)rrﬁ: rB Err;ioi s

bu r + b§ y oy _1) r ( n- 1) fn-1) R
where Ai(r) = ar" + ag. ;" + ... + air + ag is a best fit curve of real

values from a discrete Fourier transform (DFT) of a plurality of RRO
measurements of a plurality of disk tracks; and

where Bi(r) is byr" + beayr™ + ... + bir + by is a best fit curve of
imaginary values from a DFT of the RRO measurements of the plurality of disk

10 tracks.

20.  The method of claim 19, wherein the polynomial coefficients for Ai(r) are
determined by a least-squares fit of the real values and the polynomial coefficients for

B;(r) are determined by a least-squares fit of the imaginary values.

13
21. The method of claim 19, whereini > 2.
22.  The method of claim 19, wherein the polynomial coefficients a and b are
determined during calibration.
20
23. A data storage device, comprising:
memory;
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+ ... +b1r + bo, where i represents an RRO harnonic nunber. 15 25. The
data storage device of claim23, wherein the first and the second sets of
pol ynom al coefficients represent coefficients for a first RRO harnonic,
and wherein the RRO data further conprises additional first and second
sets of polynomial coefficients for a second RRO harnonic. 20 26. The data
storage device of claim23, further conprising: 34 wherein the first set of
(n+l) polynom al coefficients for the real values are derived froma

| east - squar es f i tepedtablbeuncen(RRA) dats stosetbinwhemeinori;he second set of (n+l)
pol ynom al coefficients for the imaginary values are derived froma

| east - squares fithe®{ROAta dBBPrisAEY val ues. 5 27. The data storage device of
claim 23, wherein the one or nore processors are for use in: estimating

RRO M th f . . i t] ; Th
O e R R A B L 08 e, ™

data storage device o
];)(r); dgts Zr Imnn egS]E LH%% :ﬁgﬁun%gﬁga%{ ral %IBQS (!Ilesrl%egffr(}np H iscrv::n(::I %Ioﬁrigrntganasform (DFT)
5 of a plurality of RRO measurements of a plurality of disk tracks across a disk;

a second set of (n+1) polynomial coefficients of a second nth-order
polynomial function which represents a best fit curve for imaginary values
derived from the DFT of the RRO measurements; and
one or more processors for use in reducing RRO with use of the RRO data.

10
24. The data storage device of claim 23, wherein the first nth-order
polynomial function is representable in the form A;(r) = a,r" + a(n-l)r(“") + ... +ar+ap
and the second nth-order polynomial is representable in the form Bi(r) is byr" + b(n-l)r("'”
+ ...+ byr + by, where i represents an RRQ harmonic number.
15
25.  The data storage device of claim 23, wherein the first and the second sets
of polynomial coefficients represent coefficients for a first RRO harmonic, and wherein

the RRO data further comprises additional first and second sets of polynomial

coefficients for a second RRO harmonic.

20

26.  The data storage device of claim 23, further comprising:

34




15 perform ng RRO conpensation with use of the estimated RRO error. 20 29.
The data storage device of claim 23, wherein the first nth-order

pol ynom al function is representable in the formAi(r) = air" + a(,_lyr'-i)
+ ... +air + ao and the second nth-order polynomal is representable in
the formB;(r) is bnr" + b(n_i n"i} + ... + bir + bo, where i represents
an RRO harnoni ¢ nunber, and wherein the one or nore processors are for:
estimating RRO error with use of the RRO data and a predeterm ned function;
35 perform ng RR@hewrirpeirs fikdt aset OF t(h+Lis polghornia costficierte forRO L&Y Qhiue ek t he
predeterm ned function being expressible as: DRRo(r, s) ji for all H

{A (r)cos(i§sael/fah glleagleﬁugfeg)ﬁ)t of the rgél(\,ra)u%g;%id( s2n/total _sectors))} where
r

is atrack nunber; s is a sector nunmber at track number r; i is an RRO

har nmoni ¢ nynber; ' f I I h InCS bg conpensat ed;
and total -sect or‘é‘yfllgﬁla e%? %qn(ansﬁngangrcl)? Hglé/g?lgf}% @%ﬁlﬁn{sﬁggﬁwnﬂﬁgﬂ YEITBS 30.
The data storage cht\é'i ce of claim 4,f wherein the one or nore processors
comprise a HFGPTME UPR-IFask SRAseLof chspjagingsy Values.

5
27.  The data storage device of claim 23, wherein the one or more processors
are for use in:

estimating RRO error with use of the RRO data and a predetermined function;

and
10
28.  The data storage device of claim 23, wherein the one or more processors
are for use in:
estimating RRO error with use of the RRO data and a predetermined function;
and
15 performing RRO compensation with use of the estimated RRO error.

29. The data storage device of claim 23, wherein the first nth-order
polynomial function is representable in the form Ai(r) = a,r" + a(n-ul'n'l) +...+tar+a
and the second nth-order polynomial is representable in the form By(r) is byt" + by ™"
20+ ...+ bir + by, where i represents an RRO harmonic number, and wherein the one or

more processors arc for:

estimating RRO error with use of the RRO data and a predetermined function;




performing RRO compensation with use of the estimated RRO error; and

the predetermined function being expressible as:

Drro(r, 5) i fr at  u  {Ar)cos(i(s2n/total_sectors))  +

5 Bi(r)sin(i(s2n/total_sectors)}}

where 1 is a track number; s is a sector number at track number r; i is an
RRO harmonic number; H is a set of one or more harmonics to be compensated;
and total_sectors is a total number of sectors along track number r.
10

30. The data storage device of claim 24, wherein the one or more processors

comprise a digital signal processor (DSP).






