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A method and apparatus for compensating for repeatable mun-out errors in a disc drive (100) is disclosed. The compensation (228)
is created by delaemining transfer function values for a servo loop (232) in the drive (100) as well as a sequence of repeatable run—out
values for a portion of a disc. The repeatable run—out values are divided by respective transfer function values to produce compensation
values that are inverse transformed to produce time-domain compensation values (228). These time-domain compensation values (228) are
injected into the servo loop (232} to compensate for repeatable run—out errors.
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unpr edi ct'ﬁtﬁ' pressure effects on the wite head from25 the aerodynan cs
of its flight over the disc, and from vibrations in the ginbal used to

support the Memshz23¢9 Because of these witten-in errors, a pgﬂ% 3
pePfectIy tracks the path followed by the servo wite hea w.‘f“ﬂ #&

follow a circular path. 30 The second type of error that
prevents circular paths is known as a track followi ng error. ~Track
following.errors arise as a head attenpts &~ foll ow the path defined by

the servo fields. iﬁfg _ - 2-
fol | owing errors can %jeé NOREFN F@RSWEMP_QU%UN'OUEn@RR%UonaI
effects that create witten-in erEIESD OF THH N ﬁln, Erack f ol ljo}m n?
errors can arise because qpal LV em i.s.unabl e to respond fas
enough to 5 high frequency c angﬁ%gml %n?%éél%? ﬁe&&FFﬁetd’ FFTVRSERIaNRS
fields. in dl&Fi frivefn efRoPariicudprenthefpresent oimsention

repeat abl e r uB- ouredatesstdecamsSenddtelorr R 'etf&@r.gagg se;-vgrgpgée&;ch ti me-

t he head passes al ong a track. k&80 .#ﬁwﬁﬁgﬁ-ncrease, t hese

repeat abl e run-out - errors e 2 pi tc‘h.
Speci fical ly Disc drives read and write information along
concentric tracks formed on discs. To locate a

particular track on a disc, disc drives typically use

10 embedded servo fields on the disc. These embedded
fields are utilized by a servo subsystem to position a
head over a particular track. The servo fields are
written onto the disc when the disc drive is
manufactured and are thereafter simply read by the disc

15 drive to determine position.

Ideally, a head following the center of a
track moves along a perfectly circular path around the
disc. However, two types of errors prevent heads from
following this ideal path. The first type of error is

20 a written-in error that arises during the creation of
the servo fields. Written-in errors occur because the
write head used to proauce the servo fields does not
always follow a perfectly circular path due to

_ unpredictable pressure effects on the write head from

25 the aerodynamics of its flight over the disé, and from
vibrations in the gimbal wused to support the head.
Because of these written-in errors, a head that
prerfectly tracks the path followed by the servo write
head will not follow a circular path.

30 The second type of error that prevents
circular paths is known as a track following error.
Track following errors arise as a head attempts to
follow the path defined by the servo fields. The track



vari ations Yetween the ideal track path and the actual . track path
created by the servo fields can result in an i nner track path that
interferes with an outer track 15 path. This is especially acute when a
first witteHOPH22369 _
I deal circular path and a second witten-in error causes - the head to
be inside of an outer track's ideal circular path. To avoid
limtations on the track pitch, a system.20. is needed to conpensate for

repeat able run-out errors.
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repeatable run-out errors because they cause the same
errors each time the head passes along a track. As
track densities increase, these xrepeatable run-out
errors begin to limit the track pitch. Specifically,
variations hetween the ideal track path and the actual
track path created by the servo fields can result in an
inner track path that interferes with an outer track
path. This is especially acute when a first written-in
error causes a head to be ocutside of an inner track’s
ideal circular path and a second written-in exror causes
the head to be inside of an outer track’s ideal circular
path. To avoid limitations on the track pitch, a system
is needed to compensate for repeatable run-out errors.

The present invention addresses these 'and
other problems, and offers other advantages over the
prior art. '

SUMMARY OF THE INVENTION

A method and apparatus for compensating for
repeatable run-out errors in a disc drive is disclosed.
The compensation is created by determining transfer
function values for a servo loop in the drive as well as
a sequence of repeatable run-out values for a portion of
a disc. The repeatable run-out values are divided by
respective transfer function values to preoduce
compensation values that are inverse transformed to
produce time-domain compensation values. These time-



domai n conpensation values are injected into the servo | oop to

conpensate for repeatable run-out errors. BRI EF DESCRI PTI ON
OF THE DRAWWOS9/22369 FIG 1 is a plan view of a d| f,w 3pf t he
5 present invention. FIG 2 is a top view of a sectron of a
di sc showi ng an ideal track and a realized witten-in track.

FIG 3 is a block diagramof a prior art servo | oop. 10 ' " FIG
4 is a block diagramof a servo |oop of -3 "the present i nventi on.

FIG 5 i a !l oagnagh g ket i Yiies, ard SHTHCKELTRRY! LI of he

present invention
iterative 15 enbSEPNERtCHFPEMRALS %trqmlﬁm'out exrors. FIG 7 is

a graph of frequency-donai BRIEF DESPRODBELONNOF VEHE ESRAWHOIEE ned under . the

pr esent i nventi on. ra h _of . epeat
run-out errors 20 for an 1lfmcorrpensa%égsf'leg’\?'c(?%’s%s’??em&an gré’ 8% EF‘Ed
servo systemPof PRESEREsHRYERt M i on. . DETAI LED DESCRI PTI ON OF THE

PREFERRED EMODI MENTS cm_; 2 isFaGop Vveew Praa Heewioh 8fdnsaidki ve
100 t hat i ncLydesn nd 4 Li%}q mttkaaﬁa dsflpea?f,rze wr)lt%e%.&apgg%g& [Ve 100

104 (sections of top ¢ renpve
further includes a disc pa%RG-l(?GJ-stllE}PCk dliagrmﬂUﬂﬁe%I prricr syithéea vt or
(not shown). D 3ocopack 106 can i ncI ude a plurality of individual discs

whi ch arg nounted for fal of alrﬁjoép AU A a%@%lr %(EH%A)S%' Ea h°§g°f-dl SC

surface has an associ at ed ead S
mounted to disc BPPvErEEEn?dnventl%mmm cat | on with the di sc surf ace.
Each HGA 112 i ncl udesFEG gi Bhaisanrd flewi dlagrsii CBh6RiAgeSa ORBNOr

more read and writg heagds. ofSsdy it U i PR +4n%¥ntion.
FIG. 6 is a flow diagram showing an iterative
15 embodiment of the present invention. .
FIG. 7 is a graph of frequency-domain
compensation values obtained under the present
invention. _ L _
FIG. 8 is a graph of repeatable run-out errors
20 for an uncompensated servo. system and a compensated
servo system of the present invention.
DETAILED DESCRIPTION OF THE PREFERRED. EMBODIMENTS
FIG. 1 is a plan view of a disc drive 100 that
includes a housing with a base plate 102 and a top cover
25 104 (sections of top cover 104 are removed for clarity).
Disc drive 100 further includes a disc pack 106, which
is mounted on a spindle motor (not shown). Disc pack
106 can include a plurality of individual discs which
are mounted for co-rotation about a central axis. Each
30 disc surface has an associated head gimbal assembly
(HGA) 112 which is mounted to disc drive 100 for
communication with the disc surface. Each HGA 112
includes a gimbal and a slider, which carries one or
more read and write heads. Each HGA 112 is supported by




-4- a suspension 118 which is in turn attached to a track

accessing arm 120 known generally as a fixture, of an actuator assenbly
122. Actuator assenbly.122 is rotated about a shaft 5 126
by a voice cWO#¥6dr 124, which is controlled by ser vBCTABISN0134
circuitry within internal circuit 128. HGA 112 travels in an arcuate
path 130 between a disc I nner dianeter 132 and a disc outer dianeter
134. Wen the head is properly positigned, wite circuity within 10
internal -circuitry 128 encodes data for storage on t he di sc and sends
an encoded si gnad sospérsheadiis vbiﬁ@clili’s in tumﬁlahtw:hédisté@ i:fﬁél& nation

to the disc. Aﬁg@&@é{n tiﬁr@ Qfg}g %e ts stored

i nformation fromt | S I‘OVI overed S|gna

det ector circui t??]’“é"f‘l?ﬁe%%%&b]c try WI thin internal ci rcw _try_ 128
to produce a recovered datZctuapot assembly 122 is roEhCedZabcuthat ghaFt ew of
a section 198 of18s by adiagcsnoutnomapobdeah, ﬁEEﬁCE%YcS%;E%Hi%dt%f"k 200

and an actual track Sect |Qn 198 fu es ura
radi al | y ext endi AG%8r FB“FFBild§1§6’b‘Pr .14 é'@r'-'\}"&nf |’e‘F"d%I“al CM’d:ndl%ﬁ. The

servo fields incHG8el32r tvavelsrimtannarcuate path 130 between a disc
inner diameter 132 and a disc outer diameter 134. When
the head is properly positioned, write circuity within
10 internal circuitry 128 encodes data for storage on the
disc and sends an encoded signal to the head in HGA 112,
which writes the information to the disc. At other
times, the read head in HGA 112 reads stored information
from the disc and provides a recovered signal to
15 detector circuitry and decoder circuitry within internal
circuitry 128 to produce a recovered data signal.

FIG. 2 is a top view of a section 198 of a
disc showing an ideal, perfectly circular track 200 and
an actual track 202. Section 198 includes a plurality

20 of radially extending servo fields such as servo fields
204 and 206. The servo fields include servo information
that identifies-the location of actual t:;a.ck 202 along
disc section 198.

Any variation in the position of a head away

25 from circular track 200 is considered a position error.
The portions of track 202 that do not follow circular
track 200 create written-in repeatable run-out poéition
errors. A position error is considered a -repeatable
run-out error if the same error occurs each time the

30 head passes a particular circumferential location on the
disc. Track 202 creates a repeatable run-out error
because each time a head follows the servo fields that
define track 202, it produces the same position error
relative to ideal track 200.



that identifies the l.ocation of actual track 202 al ong di sc section

198. Any variation in the position of a h$ﬁd ama¥ 25 ;rom
circular tr bs considered a position error. e portions o
track 202 tgg,tb%%ﬁg(b)t fol I ow circul ar track 200 create HGHYSEHI3IM
repeat abl e run-out position errors. A position error is considered a
repeat abl e run-out error if the same error occurs each tine the 30
head passes a particular circunferential I|-dcation on the disc. . Track
202 creates a repeatable r dPUt because each tine a head

follows the servo fields t the(?é"feiq‘?é‘tt iOxension, @ head ardenptiagsane
position error to wxiltst FOeOrcreaﬂaaEbrotw tracR(EN2 will not follow track

- 5- t NVRIUel O, a
wite to or read jopnmgltﬁarr:aclgﬁwa%eai 1I’l0t f ol I%v%iy 'd'c;ﬁ&sg%frg%t t"l‘."P(stead
will more closely Yol t.gW peFRELt | Tt ulsr ascEplighed upingi @

acconpl i shed &usi r@@e®mmmabnthagrwevms hevaei-go tdiastsean \Fofy/ St em
from t racki ngdienj AtdBIQH ] SRS erz%.%i]st 'z%%uflrtg% E%g §P§
irregul ar shape qof 1rack 20? of track-202 ck™dragram of a
servo | oop 208 ﬁt PS ofr Frackrag servo | oop includes a servo

FIG. 3 is a block diagram of a servo loop 208
of the prior art. The servo loop includes a sgervo

10 controller 210, having a gain of "K" and a disc drive
212 having a gain of "P". Servo controller 210 is the
servo control circuitry within internal circuit 128 of
FIG. 1. Disc drive 212 includes actuator assembly 122,
voice coil motor 124, track accessing arm 120,

15 suspension 118, and head gimbal assembly 112, all of
FIG. 1.

Sexrvo controller 210 generates a control
current 214 that drives the voice coil motor of disc
drive 212. 1In response, disc drive 212 produces head

20 motion 216. In FIG. 3, the written-in error, d,, is
represented as a separate input signal 218 even though
the written-in error would otherwise appear implicitly
in head motion 216. The separation of written-in error
218 from head motion 216 provides a better understanding

25 of the present invention. In addition, noise in the
servo system has been separated and appears as noise
220, which is added to the head motion. The sum of head
motion 216, written-in error 218 and noise 220 results
in the head’s servo measurement signal 222. Servo

30 measurement signal 222 is subtracted from a reference
signal 224, which is generated by internal circuitry 128
based on a desired location for the head. Subtracting
head measurement 222 from reference signal 224 produces



10 controller 210, having a gain of "K' and a disc drive 212 havi ng
a gain of "P'. Servo controller 210 is the servo control circuitry
within internal circuit 128 of FIG 1. Disc drive 212 includes

act uat or assWoIPP2EP2, voi ce coil nmotor 124, track acceesiusemBisn 120,
15 suspension 118, and head gi nbal assenbly 112, all of - FIG 1.
Servo controller 210 generates a control current 214 that drives the
voi ce coil notor of disc drive 212. ln response, disc drive 212
produces- head 20 notion 216. In FIG 3, -the witten-in error, d[err}, is
represented as apSSPicH cekpbrt sighddl 248 ewebnt QWIBnLue @esg{m&ten-l n
error would othqémmégiﬁﬁﬁggg inmplicitly I n head nnylon 216. e
separation of wr T En2 et Sy 218 from head notion 216 provides a
better understanding 25 @&he [Renycedaep iof/ FRG.08 has na adlibsednlospi se in
the - Servo syéé{éném&ﬁa&e&sseaaealséea@s.appearS as noi se 220,
which is addgd to the head notion. The sum of head . motion 216,
witten-in efror 218 and noise 220 results . in the head's servo - °
measur enent signal 222. Servo 30 neggkirement signal 222 is subtracted
froma reference signal 224, wMF (rarrehht ed by internal circuitry
128 based on a desired location for the head. Subtracting head
measur enent 222 fromreference signal 224 produces

. . Equation 1

where "y" is head motion 216, "P" is the gain

- of disc drive 212, "K" is the gain of servo controller

10 210, "r" is reference signal 224, "n" is noise signal
220, and "d," is the written-in error.

From Egquation 1, it is clear that heads in
servo loops of the prior art move in response to
written-in errors. This movement is undesirable since

15 it places the head ocutside of the ideally'circular_tgack

path. Further, because the transfer function,
PK/ (14PK), is frequency dependent, the transfer function
suffers from peaking at certain frequencies. This

peaking causes even greatexr position errors because it
20 amplifies the written-in error at certain frequencies.
An alternative descriptidn of the response of
the closed loop system of FIG. 3 is:

1

P -
ES 1+PK

(r-n-d,)

Equation 2

where PES is PES signal 226 of FIG. 3. Using

25 Equation 2, an estimation of d, can be produced by
ignoring reference signal 224 and noise signal 220 and

" only using the portions of position error signal 226



position error, signal 226 which is input to servo controller 210.
The servo loop of FIG 3 has a closed | oop response that is calcul ated

as: 5 WO 99/22369 [err]

Equation 1 where "y" is head notion 216, "p"PF?Hﬂ%9%ﬁ5-n

of disc drive 212, "K" is the gain of servo controller 10 210, "r" is
reference signal 224, "n" is noise signal 220, and "d" is the -
witten-in error. Fron1EqUék10n 1, it is clear that heads in

servo | oops of the prior art n_res to witten-in errors.
This movenent i stg'1 "geg’FF_alﬁaé’ ?ne%y 5393582%%\0&?% REENSIF Bt si FRISF t he
i deal |y circul arreg@s in: path. Further, because the transfer
function, PK/ (1+PK), is frequency dependent the transfer function
suffers fron1peak|ng at certain frequgnCLes___;Ihls peaki ng causes
even greater position errors because It 2&-%2§ﬁ|lfles the witten-in error
at certain frequencies.:- An &1t ative description of the
response of the closed | oop systemof FIG 3 is:
[err]
Equation 3
5 where R is the repeatable run-out portion of
position error signal 226.
To eliminate the unwanted head motion created
by the written-in error, the present invention adds a
compensation signal to the sexrvo loop of the prior art.
10 This added signal is shown in servo loop 232 of the
present invention, which is shown in FIG. 4. In FIG. 4,
the elements that are common to FIG. 3 are numbered the.
same. The compensation signal added to the servo loop
is compensation signal 228, which is produced by
15 compensation circuitry 229. In FIG. 4, compensation
' sigr;al 228 is inserted after the summation of written-in
error 218 and head motion 216. However, those skilled
in the art will recognize that the compensation signal
can be added at other locations within the servo loép._
20 : With the addition of compensation signal 228,
the closed loop response of servo loop 232 is expressed
as:

PK T,
y 1+PK(I n-d,~d_).

Equation 4

25 where d, is compensation signal 228. From
Equation 4, it is apparent that the effects of written-

in error, 4d,, will be eliminated by compensation signal,



Equation 2 where PES is PES signal 226 of FIG 3. Using 25

Equation 2, an estimation of d[err] can be produced by '~ ignoring
ref erence SI 4 and noi se signal 220 and only using the portions
of position er ?98? gnal 226 _ PCT/US98/13134 - /-
that are caused by repeatabl e run-out e]rror. Thi s results in:

R [err

Equation 3 5 where R is the rgpeatable run-out portion of
position error signal 226. To elimnate the unwanted head

motion created d.r Bf the eotipenmatiioremignalt he pgeaEntoi thveHdput AAAS a

conpensati on si gj@lt}{é)“;ﬁqtgﬁr ¥R beppyof the prior art. 10 Thi's added
signal is shown in servo 232 of .the resent invention, which is
shown in EIG 4. In FIG :|. g equatlons 3 and 4 above, an est:.mat:.on-

of the compensatlon signal, d., needed to el:.mlnate the
5 effects of written-in error, qa,, appears as:
R
= —3—
{(1+PK)

Equation 5
where R is the fepeatable run-out component of
the position error measurement.
10 In terms of frequencies, Equation 5 can be
described as:

d(je) -—ELI0)

1
NEvsT3) (jw)

Equation 6

The compensation signal injected into the

i5 servo loop of the present invention is a time-domain
signal. Preferably, this time-dowain signal is
determined using the frequency domain relationship shown

in Equation 6 to produce a frequency-domain compensation
signal and transforming the resulting frequency-domain

20 compensation signal inté a time-domain compensation

signal. The method of the present invention for
determining the time-domain compensation signal is shown
in FIG. 5.

The method begins at state 250 and proceeds to

25 state 252 where the transfer function of the servo
system is measured at selected frequencies. The
transfer function measured in state 252 is 1/(1 + PK)



the elements that are.common to FIG 3 are nunbered the sane. The

conpensation signal added to the servo | oop I S conpensation signal 228,
which is prod¥@&¥23¢§? 15 conpensation circuitry 229. In Fl Gerf 8,%
conpensati on signal 228 is inserted after the summtlon of witten-in
error 218 and head notion 216. However, those skilled in the art wll
recogni ze that the conpensation signal can be added at other |ocations
within the servo | oop. 20 wth The addi ti on of conpensation

si gnal 228, () o1 0veil ol AUIAANSELE 1681 ¥ln! W fmlSef PLESSET

EZuat ion 4 25  Kmown techni e%’[ Y’%‘]"cpsafﬁrﬁ)%‘ﬁ%’é’ck?% iy JRiBczese Tifeom
Equation 4, it i sc%}'ﬁ?éﬂehtb}'hétrapkélaf.f Al ok \Woirkivamn-. Esséﬁt£5.1
dlerr], will be einedeateeh®iqEedPEAS é&tog. %i:.Mrblan{:e : ntone /22%rvo of
Eﬁé Wi ttceiLelrg] 'é}{)é&'%n Caq';rH)?nesaastulr%n aS Iz.%su tlliige%lignalown.tgln the servo ’
system. The ratio of the injected signal to the
measured signal provides the transfer function.
The transfer function measured in state 252 is
only measured at selected frequencies. The selected
10 frequencies are integral harmonics of the sj)indle
- frequency. The reason _that the transfer function is
only measured at the integral harmonics of the spindle
frequency is that the repeatable run-out component of
the position error —measurement only has frequency
is5 components that are integral harmonics of the spindle
frequency. This occurs because the repeatable run-out
exror is only measured at the servo fields, and the
servo fields are equally spaced around the disc.
_ Thus, the lowest frequency that appears in the
20 repeatable run-out signal is equal to the spindle
frequency itself, and the highest frequency is equal to
the spindle frequency times one-half the number of servo
fields along a track.
As those skilled in the art will recognize,
25 the transfer function only needs to be measured for
those frequencies that are integral harmonics of the
spindle frequency between the spindle frequency and one-
half the number of servo fields on the disc times the
spindle frequency. This upper frequency is known as the
30 Nyquist frequency. X
Once the transfer function has been measured
at the selected frequencies, the method continues at
state 254 where a time-domain sequence of repeatable
run-out values is determined for a track. The



Usi ng equations 3 and 4 above, an estimation of the conpensation

signal, d[err], needed to elimnate the 5 effects of witten-in error,
"d", appear '

[err] W Ssre ERERVSI3S
where R is the repeatabl e run-out conponent of the position error

measur enent .
descri bed as:
[err]

The conpensat i orremegwaﬂallenj gotreduitnt ovalivesls cager b | ocgl@ilatied prigsent

signal is

10

In terms of frequencies, Equation 5 can be

-10- 1. _ .
Equation 6

invention is a tidp azn £f0118WiAg! - the RIRIA abb¥r Lhi SumbdE-gOMain
det er.m ned us ng tclﬂe fre uencg domai.,n ,rel ati onsh) own
dfeﬁ’PJﬂ’L’feé’n& f SiEtaEl BrRaRitdon, exrror & 1 and

in Equation 6 t
transform ng t hebtesined ngtf reawﬂncysm:al rfmld caveans&llon offl gnelie i nto a

f or

time-domain §0”H?élfﬂdtfi'bns SigRps. is TARsERIDOE Yyt Eﬁeprﬁéﬁﬁw1ﬂg?
determ nlqlgat e time-domai n conpensation signal is shown -

FIG 5. 1%e net hod begins at state 250 and proceeds to
state 252 where the transfer functiongof the servo system is ne
at selected frequencies. - Tjgek)-.lz PES [k + (_1 1) * N

10

15

20

25

30

.i-1

Equation 7

where R(k) is a sequence of time-domain

repeatable run-out values, V is the number of

revolutions, N is the number of servo fields along a

track, and PES[k + (i - 1)N] is the position error

signal generated at the Kkt servo field at each i*
revolution.

Thus, at each revolution, the position ef_f:jror
signal for each servo field is recorded. The recorded
position error signals for a particular servo field are
then summed togethei' and divided by the number of

vent I on

25
asur ed

revolutions. This is- repeéted for each servo field

resulting in a sequence of repeatable run-out wvalues
comprising one repeatable run-out error for each sexvo
field. This sequence of repeatable run-out values is
represented by R(k).

_ After state 254, the method continues at state
256, where the sequence of time-domain repeatable run-
out values created in state 254 is transformed into a
sequence of frequency-domain repeatable run-out values,
R(jw) . Preferably, the time-domain sequence of
repeatable run-out values is transformed using a Fast
Fourier Transform(FFT). This results in a sequence of



transfer function nmeasured in state 252 is 1/(1 + PK)

(j[err]). This transfer function can be neasured using known

t echni ques, Wbedn2ae9e described in "D screte Tine Contr 34
Franklin, Paul & Workman. Essentially, these techni ques i'nj 834,

di sturbance into the servo 5 systemand nmeasure a resulting signal
within the servo system The ratio of the injected signal to the
neasured signal provides the transfer fumddion. The transfer

t ne at sel ect ed
Ut on, ERSUT Sy BhB 9Boh SopmoroBIL R iy AL o
the spindle a fyaldirentor epgh r%ﬁs§het Haytadyalt rm&mldmnbﬂ Qthe S
only nmeasured at sphadiat®tcrlenosy BBﬂt:@éanhet Bﬁiﬁ&l@cﬁz%tqugr?cgr éggwgcy i's
that the repeatalleer u o] posi tl
rregsurerrent pI%nI ynhgs %ég]u}éﬁlg%gg Q&n ﬂ%ﬁv%nl%eﬁ'ﬁgt t'aﬁ:%e“? nFBEr aE”cfbﬁ]rﬁ)m cts
of the spindPe ~£reapeRe¥iency. This occurs because the repeatabl e run-eu
error is only neasured at Imesteevasetils redpédchive fre @15 are
equal 'y spaced aEQgQQSLQfe di'&:cf-%tr.t values are dl\l%;(féd Ll:>§(e Owlevsa': e:e fJency

that appears in t r epeat a U out
spi ndl gp fre§ B@n(:‘?WPséPPP &n&llaﬁ’éfﬁrgrf@wtﬁ-PEq@@ndahe SreRprEtt 1ve

frequencies. This provides a sequence of frequency-

10 domain compensation values. ‘For example, the repeatable
run-out value associated with the spindle freguency is
divided by the value of the transfer function at the
spindle frequency to produce a compensation value at the
spindle frequency. Similarly, the repeatable run-out

15 value at twice the spindle frequency is divided by the
value of the transfer function at twice the spindle
frequency to produce a compensation value at twice the
spindle frequency, and so forth. This process is
-described by the equation:

d.(jw) -—R—(ji"—)-—,w-m-(z-ufs) Jm=1,..., %’
1+PK('70)
20
Equation 8

where f, is the spindle frequency, m is a
harmonics integer, and N is the number of servo burst
fields around a circumferential track..

25 Once the frequency-domain compensation values
have been produced in state 258, the method continues in
state 260 where an inverse transform of the frequency-
domain compensation values is taken to produce a
sequence of time-domain compensation values, having one

30 compensation value for each of the servo fields.



t he spindle frequency tines one-half the nunber of servo

fields al ong

a track. As those skilled in the art wll recognize, 25 the
transfer fun&h gﬁgﬁply needs to be nmeasured for t hose frequencies that
are integral "Ra I cs of the spi ndl e frequency bet weeRCT/HE9843134d| e
frequency and one- hal f the nunber of servo fields on the disc tines

t he spindl e frequency. This upper frequency is known as the 30

Nyqui st frequency. Once theggransfer function has been
measured- at the selected frequencies, the method continues. at state
254 where a ti nRxafexiablysqtdise inverepeatrabbform isuanouhvevrakU®asti S
determned for pouridr@@ansebbf.

-10- repeat abl e run- gut values gan calculated by repeatedly -
following the track over t%@v giRmain  gaguenes agifng t he

position error ﬂcgmnsatloobtraﬂ.ned as m:;ér:tsexivmtfo el @eetvaalloopl akhe 5

revol utions.g

10

15

20

25

30

a @o&peh%aﬁﬁéﬁréiﬁfkﬂy aniNEhe il Y BBds at SAUAL 9

Except for the step of measuring the transfer
function of the servo system, the method described in
FIG. 5 is preferably repeated for each track on the
disc. The transfer function of the sexrvo system may be
measured as little as once for the method or may be
measured at an inner track, a middle track and an outer
track. If more than one transfer function is measured,
the transfer function associated with a track that is
closest to the track currently being examined is used in
the computations of the compensation wvalues for the
track. In addition, a separate transfer function may be
measured for each head. '

The quality of the compensation value produced
through the method of FIG. 5 1is dependent upon-—the
number of revelutions used to determine the repeatable

run-out values in state 254. As the number of
revolutions increases, the accuracy of the repeatable
run-out values improves. However, each revolution

increases the time required to build the disc drive and
thus should be minimized if possible. Preferably, the
number of revolutions should be kept at five or fewer
revolutions per track.

To accommodate a lower number of revolutions,
one embodiment of the present invention utilizes an
iterative process. Such an iterative process is shown
in FIG. 6. The method of FIG. 6 starts at state 280 and
continues at state 282 where the transfer function is
measured at discrete harmonic frequencies between the



[err] : Equation 7
where R(k) is a sequence of tinme-domain 10 repeatable run-out val ues,

V is the wowersseof revolutions, Nis the nunber of sgtyvo i s
along a  .track, and PES[k + (i - 1)N is the position error S’E@anm
generated at the k[err] servo field at each i[err] revol ution. 15
Thus, at each revolution, the position error signal for each servo
field is recorded. The recorded positidon error signals for a

articular servogii ar, en. sumed, toget her and. di vi ded by the
IElurrber of rg_%ﬁég?on%equ?ﬁﬁcy]i%’éreﬁggt 889 or ¥ cRUERRY, 9% eFETY0
resulting in a séhﬁ@ﬂ%etkﬁeﬁeﬁhﬁu%ﬂﬂﬂﬁ%ﬁuﬁ#ﬁﬂﬁ%ﬂﬂYUes © conprising one
repeat abl e run-out error tmrtfm&#ﬂdﬁ&ﬂﬁ)sequi?ﬁfﬂdi réEEhia%@QUQGQQOBEAft r
repeat abl e run- ' represent e k). . . e
state 254, the %%%%%étﬁg%tﬂilﬁe&ege&e Stafe 28 s%%?%%r‘?%gg&?&éﬁé’e%f

ti me- domai n Pepe@P@¥ee r Freferablyythegnumbedr coff ctlevolst toms 26deds to -

transformed int odeéterminé eghenafepiatabaeueAsy-Slaya1 18R AlAhl u 41Nt aut
val ues, R(jEgLE]) - Preferably, the  tine-domain sequence of

repeatabl e run-out values is transfornmed using a Fast 30 Fourier :
Transform(FFT). This resuf®sState 38Guechhe sepeatable run-out values

are compared against a limit for repeatable run-out
10 values and if the repeatable run-out values are below
the limit, the process ends at state 288. .

If the time-domain repeatable run-out wvalues
are above the desired limits for the disc drive, they
are transformed into a sequence of frequency-domain

1s repeatable run-out values in state 290.. Preferably, the
transform is performed using a Fast Fourier Transform
that results in repeatable run-out values for a set of
discrete frequencies consisting of integer harmonics of
the spindle frequency between the spindle frequency and

20 one-half the number of servo fields times the spindle
£requency. ' '

In state 232, each of the frequency-domain
repeatable run-out values is divided by the values of
the transfer function at the frequencies of the

25 respective run-out values using equation 8 above. These
divisions produce a sequence of frequency-domain
current-iteration compensation values. Thus, the
repeatable run-out value associated with the spindle
frequency is divided by the value of the transfer

30 function at the spindle frequency to produce a current-
iteration compensation value at the spindle frequency.
Similarly, the repeatable run-out value at four times
the spindle frequency is divided by the value of the
transfer function at four times the spindle frequency to



-11- frequency-domai n repeatabl e run-out val ues that i ncludes a

val ue for each of the integral harnonics of the spi ndl e frequency

bet ween t he &ﬁla!f}%lsg frequency and one- hal f the nunber of servo fields
times the spi % frequency. I n state 258PCE/H8ASPHect i ve
frequency-domai n repeat abl e run-out values are divided by the val ue of
the servo loop's transfer function at the respective frequenci es.

This provides a sequence of frequency- 103glomai n conpensati on val ues. For
exanpl e, "'the repeat abl e run-out value associated with the spindle

frequency is prfiduicted lopurireatvikerabionheotpemsdteiod walhieoatatEchie

spi ndl e frequenq4ues m}gd%g_nalgoggg&ggﬁggp val ue at the - spi ndl e
frequency. Simlarly, the epsei:at ablg% un-out ,15 value at twi ce_the spindle

frequency is divided by tH& St3%% 3% of “hRc1PVEFET cFXARAER¥BNOAL thRice .t he
spi ndl e T r edirsanenay diogadoe carrenpehtetabion atonperisdtiiore viallaes
spindl e fremiencys taaith ¥ bRdice aTBeSuBHBECSE ¢ fine-aorBF dlisdnky the

Bouation s iteratiod Chmbenpftion valusfe BrefArEbiveqtRif inveres o
har noni ¢cs i nt egetxangfibrm | st Be rinvserseof Fashy vBobuietr Tranbkfekus thmaund a
circunferential jddifles in one compensation for each servo field.
In state 296, each current-iteration
10 compensation value is multiplied by an adaption gain
parameter to produce a sequence of incremental values.
The incremental values represent changes to be made to
the compensation wvalues currently being used by the
servo loop. These current compensation values are added
- 15 to the incremental wvalues to produce a sequence of
replacement compensation values to be used by the servo
loop in the next iteration. On the first pass through
the iteration of FIG. 6 the current compensation value
at each servo field is equal to zero. '
20 The adaption gain parameter discussed in state
296 has a value between zero and one. This means that
only a fraction of the derived compensation value is
used to adjust the compensation value used by the servo
loop. This causes the servo loop’s compensation value
25 to increase in a controlled manner until it reaches the
value that provides repeatable run-out values within the
limits set within state 286.
In state 298, the new compensation values
created in state 296 are injected into the servo loop as
30 a compensation signal and control is returned to state
284. Steps 284, 286, 290, 292, 294, 296 and 298 repeat
such that the compensation values grow until they reach
values that cause the repeatable run-out values to be
within the limits set by state 286.



25 Once the frequency-domai n conpensati on val ues have been
produced in state 258, the nmethod continues in state 260 where an

i nverse trans¥méomzsgo t he frequency- dormai n conpensati on Meﬁﬂﬁﬁﬁs t aken
to produce a sequence of tinme-domain conpensation val ues, havi ne 30
conpensation value for each of the servo fields.

-12- Preferably, this inverse transformis an inverse Fast Fouri er

Transform

In state 262, tfﬂiﬁﬁ ne donain sequence of

conpensati on values is inj ed,intqQ the | 0 as ,5 a conpensati
signal, and the nethod endgigtdgta & F57P % °°mp nsatiqn ¥aluep aside step

descri bed in

ifiventions Prieé akaflitudepesat ek fdampaféatt;ro@p ka®feb 5

of measuring the fungtdosr of fyeguersy ofpudfmosd: vusingt ethet hpramehod

on

di sc. The transf ncijo rvo system neasur e

little as once f%h({vﬁl i]'llt ﬁ‘o%frotrlg%h%g on ¥eﬁ‘é’a§ a’?‘lz?nﬁ@td t‘l'J&%k a
m ddl e track Sand faemensy of tPFaERNP¢mS¢ﬁﬂQP1M@%me@n98ts&nwhelnfnartzon is
measur ed, t heord mms&entau nstien3223S ot 2@ nai-:hoﬁlé (¥ %h@héblhéle
closest to the tr ﬁg%%¥oggé2 ugéanlneqﬁ a&ue re%gesgnted by

conput ati ons of t

10

an open circle.

FIG. 8 provides graphs of repeatable run-out
error with and without the compensation signal of the

present invention. In .FIG. 8, the magnitude of the

repeatable run-out error is shown in microinches on

vertical axis 340 and time is shown on horizontal axis

15

20

25

342. Graph 344 of FiIG. 8 shows the repeatable run-out
error in a servo system th_ét does not use the
compensation signal of the present invention. Graph 346
shows the repeatable run-out error for a servo system
that .uses a compensation signal of the present
invention.

In summary, a method of compensating
repeatable run-out errors in a disc drive includes a
state 252 of determining a transfer function for a servo
loop in the disc drive and states 254, 256 of
determining a sequence of repeatable run-out values for
a portion of the disc drive. It also includes a state
258 of dividing each repeatable run-out value by a
respective transfer function value to produce a sequence
of compensation wvalues. In a state 260, an inverse
transform is applied to the sequence of compensation

30 values to produce a sequence of time-domain compensation
values and in a state 262, the sequence of time-domain

compensation values is injected into the servo loop.
In further embodiments of the present
invention, compensated repeatable run-out values are



track. In addition, a separate transfer function may be measured for

each head. The quality of the conpensation val ue produced

t hrough t he thod of FIG 5 is dependent upon-the 20 nunber of

revol utions @38’71389 determ ne the repeatabl e run-out vaPOBYSIS/IaI34st at e
254. As "the nunber of revol utions increases, the accuracy of the
repeat abl e run-out val ues i nproves. However, each revolution
increases the tine required to build the_gfsc drive and 25 thus should be
mnimzed if possible. Preferably, the nunber of revol utions should be

kept at five or detwarmined fiavstate®rzB4perodratker injecting a ref®ned

d I : | . di t th
or csant I nvent | GBIy o SRuEpasalib atuen SO0E SEREE FE TEE A

present invention Uti| rocess. ra3tive
process i s showfompengated crepeafadlfet F3R-GULE algiest gxeeeds st ane 280
and cont i nuesceptadlat eep8atabbe enirhantr aasfer L uneitate 286, the
measured at gis I ' ' : . L : .
15 B oy R cenpeaant PO AEVEERLALES in grates 292, | o
ti mes the spind #%r &f8antyd 298. In state 282, spuppnaatedzgpentabie
repeat abl e run- anin-out values are divided by respective transfer

function values to produce current-iteration
compensation values. An inverse transform is applied to
10 the current-iteration compensation values to produce
time-domain current-iteration compensation values in a
state 294. ‘These time-domain current-iteration
compensation wvalues are arithmetically combined with
refined compensation wvalues in state 296 to form
15 replacement compensation values that replace the refined
compensation values in a state 298. o
In a disc drive of the present invention a
servo loop includes a servo controller 210, an actuator
122, a head 112 and a sensor located in the head. ~The
20 servo loop of the present invention also includés a
compensation circuit 229 for injecting a compensation
signal 228, where the compensation signal is formed from
initial compensation values created by determining a
sequence of repeatable run-out values in a state 254,
25 transforming the sequence of repeatable run-out wvalues
into a sequence of frequency-domain repeatable run-out
values in a state 256 and dividing each frequency domain
repeatable run-out value by a respective transfer
function value of the servo loop in a state 258. This
30 produces a sequence of frequency-domain compensation
values that are inverse transformed in a state 260 to
produce the initial time-domain compensation values that

are used to create the compensation signal 228.



values is then determined in state 284 using Equation 7 5 above.

Preferably the nunber of revolutions used to determ ne the repeatabl e
run-out val we99/223eual to five. | n st at ectRSes/izisy
repeat abl e run-out val ues are conpared against a limt for repeatable
run-out 10 values and if the repeatable run-out values are bel ow t he
limt, the process ends at state 288. —17- If the tinme-domain
repeat abl e run-out val ues are above ?‘he desired |limts for the disc
drive, they are trangfor FBd ¢4t Be? GRALBHESRS tfHaQ:qUQ%)ﬁ'def\ hiS -
repeat abl e run-out val ues in

st$te.2€0. Prefdaraﬁlaﬁla the. . _ tran rmis
perfornmed usi ng AP FoIPERCTPAREFOFT 27 nEAGeS sOf n YRPLaRah e
run-out val ues fembedimantsf of the tiregemte ifhventdonikave Sesrssehngfotthnt eger
ggr noni Cf, lo; th-intthﬁa smz;&j_ﬁnfgr w@&%m?ah\ﬁee?géhﬁefpdélﬂéhedéﬁsgyénsr and
one- ha e_.numher seryv ields tines €. spin reguency.
In state 292° eat® g’fjiwg'uffeﬁﬁ‘grgc o ﬁgevaﬂ'%‘b%ft‘%dgwpoﬁtf ggﬁu'es i s
di vided by the vihvemtign, thisedisahesaref dactildmsirativef ranjgencand of
the 25 respecti¥Raigél Qidy Yol ne8eUsh dewsiia! ie¥petidlaveinTh8Eers of
di vi si ons produce_a sgquenc g;: freque cg%dor-r%tn . .cu&?ent-tteta I on
conpensation vaPTRsCrUrSRRS arypRgementy of RRIpf MHHET FRS/BFIRCARLSE at ed
wi th the spindl eof theg prggentyinventiionide® bhet flell, @xkenyt inddcatedsbyr 30
function ataibhe gRéndir8alir genenaY weaRiAHGUGE kel t8Phs in vHESR! A8
conpensation val ue atdt(Pe c?_%ir&‘dsl e f‘raequ%:?ée/s Si Irar Ie% tge repgat abl e
run-out val ue at*FRUFTT nd t i sp? ??%’quen f S H}‘P &4 b§ fhe
val ue of the parbicular Blemenss may MAYY ppending ofpithel partdquéaty to
application for the servo system while maintaining

substantially the same functionality without departing

15 from the scope and spirit of thé present invention. 1In

addition, although the preférred embodiment described

herein is directed to a servo loop for a disc drive

system, it will be appreciated by those skilled in the

. art that the teaéhihgs of the present invention can be

20 applied to other systems, without departing from the
scope and spirit of the present invention.



-14- produce a current-i terau—en—eenﬂpensat—'reﬁ—val_ue at four tinmes
the spindle frequency. In state 294, the inverse transform of

t he freawsy mai n current 'I Jll ! SHIIIMH tion values 5 is taken
to produce a seg%zesgge of time- dom““ i terati oRCEURFEA4t i on
val ues. Preferably, this inverse trans ormi’s an inverse Fast Fourier
Transform t hat results in one conpensation for each servo field.

I n state 296, each current-iteratiLgg-10 conpensation value is

mul tiplied by an adaption gain parameter to produce a sequence of

I ncrenment al val T IS ntal val ues represent changes to be made

to the conpepsation val m@%hearaenhbmpgﬁgaglﬂg?% Yrddiea gw,ga: oop.

These current conpensation,val u é |ncreman
to produce a seq‘tn}g% &FIGrs in a ‘gﬁ BepBRERPH FoMRF{RNG $hRPssed by
t he servo l@bp in the next iteration. On the first pass through .

the iteration of FIG 6 ”'(%)Cl:lﬁe'i:%%lﬁ.@. eEfr&'ﬁbP@rVﬂz‘:&mn vuAEh,SEervo
field is equal to zero. 20 adapt |- dgal n_par anet er di scussed

in state 296 has a val ue BefiEER 18?8 3RdBA s t hat
only a fraction of the der(h)edetemnsaglarseqaiewel of repeaﬂsahlléa:mdj ust

the conpensation val ue used by GRev83LLR for al BOPridRi SF CMSEgiddIe servo
| oop' s conpensation val ue

(c) dlv:l.d::.ng each repeatable run-out value by
a respective transfer function value to
produce a sequence of compensation
values;

(d) applying an inverse transform to the
sequence of compensation values to
produce a sequence of time-domain
compensation valueg; and '

(e) injecting the 'sequence of time-domain
compensation values into the servo loop.

2. The method of claim 1 wherein the transfer
values are produced from a frequency-domain transfer
function by determining the value of the frequency;
domain transfer function at selected frequencies.

3. The method of claim 1 wherein the sequence of
repeatable run-out values is a sequence of discrete
frequency-domain repeatable run-out values produced by
applying a transform to a sequence of discrete time-
domain repeatable run-out values.

4. The method of claim 3 wherein each frequency-
domain repeatable run-out wvalue is associated with a
different frequency and each respective frei;uency
matches a frequency associated with the transfer



—_—

25 to increase. in a controlled manner until it reaches the val ue that

provi des repeat abl e run-out vimmmulmml limts set within state
286. WO0%922369| n state 2U ’ m,ensat i on val ueeTusesnsiseat ed
in state 296 are injected into'thé skrvb Ioop as 30 a conpensation signal

and control is returned to state 284. Steps 284, 286, 290, 292, 294,
296 and 298 repeat such that the compt nsation val ues grow until they
reach - val ues that cause the repeatabl™ run-out values to be

within the limtguaetiby shaLe Afat is divided into each respective

-15- ' FL 7158 alé‘;aphaﬁélcorrpensatlon values das a |
function of freghE&RE9 FucEPT thg &Sy £8cnProduce h\antregpectice

magni t ude of thecouppragtiomvaklaces is shown in mcroinches on _
vertical axis 320 and the 5 frequency of the conpensation values is shown

in Hertz on porizontal __axi s%ﬁqzqzﬁd At each, harnoni c. of the spindle

frequency there Ps a competR&at® _ %ec}-éb‘?‘e%éfmeé'ﬁiﬁyea?h aeRastiveLrcl e.
FIG 8 provides §reghency fepeattsirimonien-foekuedcyenifora epindled mdtdiout t he

C]?W?ﬁgsat ion sigpataBiohl® freqRéfSeMitHIVERHeORigc! 8- H& 8, the magnitude
0 _
6. The method of claim S wherein the respective
frequencies represent a subset of the harmonic
frequencies of the spindle motor rotational frequency
between the spindle motor rotational frequency and one-
half a number of servo fields around a disc times the
spindle motor rotational frequency.

7. The method of claim 1 further comprising steps
of:

(£) multiplying'__. the time-domain compensation
values By an .adéption gain parameter to
produce refined compensation values; and

(g) injecting the refined compensation values
instead of the time-domain compensation
values into the servo loop at step (e).

8. The method of claim 7 further comprising:

(h) determining a sequence of compensated
repeatable run-out values after

injecting the refined compensation
values;

(i) if a compensated repeatable run-out value
exceeds an acceptable repeatable run-out
limit, replacing the refined

.compensation values injected in the
servo loop through steps of:



repeatabl e run-out error is s vertical axis 340
and time is shown on horizontal axis m\k@aph 344 of FIG 8 shows the

repeat abl e rg9) 5 error N“mmlt that does not use
t he conpensat i on signal of ntion. G aphCEYIM4 shoys

the repeatable run-out error for *a ervo system that uses a
conpensati on signal of the present Invention. 20 I n
summary, a nethod of conpensating -20- repeatable run-out errors in a
disc drive includes a state 252 of determning a transfer function for
a servo | oop in the disc dfiivedigridlingatbe eewpenrssted repeadstldieni ning a

sequence of repeatable run-out val L@ﬁl.fdﬁl’t &,‘-Zal@bgoog |Q@1eofré A drive.
It also includes a state 258 qf E\\? g each r atable rup- out vaI ue
by a respective transfer functTSH ’p‘?’bd’ es E‘écﬁ?‘é?%{ﬁ?
conpensation values. 1In a state 260, saquenger sef currenmnsittsratiomppl i ed

to the sequence of conpensation 30 cd@éiﬁgtt;_gnp{,ggggg a sequence of

ti me-domai n conpensati on g# in a state 2 ge sequence of

ti me- domai n conpensation v ﬂ mﬁﬁt’éﬂ"?”rﬁeo ﬁé‘s EFVot?o‘g‘fF

In further enbodi nents of the presefmrrent jversftiam, cogRoemakion

repeat abl e run-out val ues are values to produce a sequence of
time-domain current-iteration
compensation values;

(3) arithmetically combining the
sequence of time-domain current-
iteration compensation values with
the refined compensation values to
produce replacement compensation
values;and

(4) replacing the refined compensation
values  with  the replacement
compensatién'values.- '

9. The method of «claim 8 wherein the

arithmetically combining step (i) (3) comprises steps of
multiplying the time-domain current-iteration

compensation values by the adaption gain parameter to
produce incremental values, and respectively adding the
incremental values to the refined compensation values.

10. A disc drive having a servo loop for
positioning a head over a disc, the servo loop
comprising: .
a servo controller which generates a serxrvo
control signal in reséonse to a received
position error signal;



-16- determined in states 284 290 after injecting a refined

sequence of conpensation values in a state 298. If a conpensat ed

repeat abl e rwo9emgizeyal ue eﬁﬂﬁ ept abl e repeat ab% run-out limt
in astate 286, the 5 ref ﬂnmu”uutlﬂm val ues are repl ?@’d’s?ﬂ"é?‘at es
292, 294, 296, and 298." I rf sttat @ 292, * conpensat ed repeat abl e

run-out values are divided by respective transfer function val ues

to produce current-iteration conp@hsation val ues. An inverse

transformis applied to 1Q thg cFrrent-iter tion  conpensation values to

pr oduce ti me-domai n cd¥r BftYR 8Fat??}f¥’](ﬁ£ﬁ€n§aﬁimlmﬁﬂ1@r.

state 294. These ti me- donwhdchcdsr eapabler afi awving ehepdes QD

values are arithnetically conmbipadoWsbhto thnéehd sat.i val ues in
Bolibb o thi SLLARS SRR ?éelﬁq{a]“clef t he

state 296 to form 15 replacenent conpensat]on val ues_that
refined _conpensation Val G885PFr o kQSgtedogn the head, whighg if sc
drive of the present inventioncapablesepfo sépeinignchertes arfuretG@H.r-ol | er
210, an actuator 122, a headcatdaarnsh acpensgisd o%%hedpj_,gh&gfnﬁe d. The
20 servo |loop of the present inventipn ais%incl-udes a conpensati on
circuit 229 for injecting a coffpENSaETEMRL thenefrom obhe spwre signal
conpensation signal is forned bedng combinefdawitbmaensdfisrencealsiemalr eat ed
by deternining a sequence @b RARRRICED! Ehd UBoRit i ¥R! HESokN s%%% ate 254,
25 transform ng the sequence qf .repeatabl e run-out val ues itd a
sequence of frequency-donain r«?Bga_t abl e run-out values in a state 256
and -di vi di ng each frequen® ¢ompensationreptutait e fam- dutjecdiney byara
respective transfer funct hest¥ah Ueored 2t 15561 \éQghQQpcéerf-’iééétoqi 258.
val ues

This 30 produces a sequence of._f.reguepcy-domai n conpensati,on
that are inverse transforned iﬂ'né;‘%g;tglé%bg Ain comRsRfat-19%e viatussy

ti me-domai n conpensation val uedntRatthe servo loop, the compensation
circuit comprising a storage device
which stores the initial time-domain
compensation wvalues, the initial time-
- domain. compensétidn values being formed
by:

détermining a sequence of repeatable
run-out values;

transforming the sequence of repeatable
run-out values into a sequence of
frequency-domain repeatable run-out
values;

dividing each of the frequency-domain
repeatable run-out values ' by
respective values of a transfer
function of the servo 1loop at
respective frequencies of the
frequency-domain repeatable run-ocut
values to produce a sequence of
frequency-domain compensation
values; and



are used to create the corpensation signal 228.

-17- ist f hat even though " nunmer ous
characteri stwés’Bé%Qadvanta ﬂmmnmi %nw enbodi ments of the present
i nvention hav set for egoi ng descr i pt POTUsStsagessher
with details of 5 the structure and function of various enbodi nents of the
invention, this disclosure is illustrative only, and changes may be
made in detail, especially in matters of _a3_ structure and arrangement of
parts within the principles of the present invention to the full extent
i ndi cated by 10 the broad geneu.aivem'sanltgamifdfiﬁrfger&hel Neddh&icd N
appended cl ai ns are expressed. e%@gy Jdo artl cungr el enent s
may vary depending on the particul ar a’lel cation for ?'HB g d st em
whi | e mai nt ai ni ng subst anti al | yVFPIBe§a£‘ie°q &het ivhbial timetdonain -
departing 15 fromthe scope and spi cotmpehsattopreshmdsj nvention. -In

addi tion, although the preferred enbodi nent described . -herei n--i-s
directed to a servo loop for a disc drive system it wll be-

appreci ated by those skilled in the art that the teachings of the
present invention can be 20 applied to other systens, w thout departing
fromthe scope and spirit of the present invention.



-18- WHAT IS CLAIMED I S: 1. A nmet hod of conpensating for repeatable
run- out errors in a disc drive, the nethod conprising steps of:

(a) determ nWoPIREENsfer function val ues for Qdﬁﬂ%“hﬁ&pp in
the disc drive; (b) determ ning a sequence of repeatable run-

out values for a portion of the disc; (c) dividing each
repeat abl e run-out val ue by a respective transfer function
val ue to produce a sequence of conpensation

val ues; (d) applying an inverse tlWansformto the

sequence of conpensation values to - produce a sequence of
ti me-domain conpensati on val ues; and (e) injecting
t he sequence of time-donain conpensation values into the
servo | oop. 2. The met hod of cIaiwnlégherein the transfer

(©

=
=~/ E
9) ¥ N L @
8 el n .
N |©

102/

100 .
| \ 124
1267



val ues are produced froma frequency-domain transfer function by

determ ning the value of the frequency domain transfer function at selected
frequenci es.wo 99ha360 The nethod of claim1 wherein the seguence of '
repeat abl e run-out values is a sequence of discrete frequer?é%—"lﬁ?ﬁﬁl?l‘.
repeat abl e run-out val ues produced by applying a transformto a sequence of
di screte tine- domain repeatable Fun- o4lly val ues. 4, The net hod of
claim 3 wherein each frequency- donai n repeatable run-out value is
associated wth a different frequency and each respective frequency mnatches
a frequency associated with the transfer

-19- function value that is divided into each respective repeatable
run-out value to produce a respective conpensation val ue. 5. The
met hod of claim4 wherein each respective :

198

200




frequency is a harnonic frequency of a spindle notor rotational frequency
within the disc drive. 6. The nethod of claimb5 wherein the
respective fr‘%?ﬁ?@?éq es represent a subset of the harnonic freessshss Of
the spindle notor rotational frequency between the spindle notor rotational
frequency and one- half a nunber of servo fields around a disc tinmes the

spi ndl e notor rotational frequency. 7. The nmethod of claiml
further conprising steps of: 3(7) mul tiplying the tinme-domain
conpensati on val ues by an adaption gain paraneter to
produce refined conpensation val ues; and (g) injecting the
refined conpensati on val ues Instead of the tine- dOfTB.I n
conpensati on mal ues into 1jze_servo | oop at step (e) ﬁ8.
The method @ claim?7 furtheg nprisi ng]S N (h) determ ni r@@
seqguence of onpensat ed = r =§% abl e Y run out val Ueg o
after éc he ref|; 3 N R
83 X o f — o
val ues; ated r 3@@ |
exceeds an Ec =Ya % r Ul- out 3 p epf aci ng
t he ref i'ged conpensat i %vaﬂ
servo | oop & A O
E NG
§ =
O
= 9 \N\Z é
o
g > Q
N<) B a =
N > '
Q = N
= K L Z
S\ & | o E =
g g ~\N A &
a 3 g
7 2
- - 1z
e :
-+ . .
RN % > = | g
= % S g
5 | —
o~ o) = &
W 58 ~ & 8o ~
g - N O
w ~ & E
o “
w2 .
B NN\e ) %
Q oy & o
P 8
m
S 3
Z 3 @)
® = A <
N ~ & ﬁ = &
3 . -



- 20- '(1) di vidi ng the conpensated repeatable

run-out values by the respective transfer function

val ues to produce a sequence of current-iteration
conpensat i onvO3PAR3E (2) applying an inverse PCEUSSBOBI#L O t he
current-iteration conpensati on val ues to produce a
sequence of ti me-domain current-iteration
conpensati on val ues; (3) 4ﬁﬁ|thnet|cally comnbi ni ng t he
sequence of time-domain current- iteration conpensation
values with the refined conpensation values to

produce repl acenent conpensation val ues; and

(4) replacing the refined conpensati on val ues W th
t he repl acenent conpensat™Qn val ues. 9. The
nethod of claim 8 wherein he aBEGIMNticg onbi nijgp st engi) (3)

conpri ses steps of

MEASURE TRANSFER FUNCTION OF SERVO SYSTEM AT v
SELECTED FREQUENCIES .
l - 254
DETERMINE SEQUENCE OF REPEATABLE RUN-OUT VALUES IN
TIME-DOMAIN
256
| —

TRANSFORM SEQUENCE OF TIME-DOMAIN REPEATABLE RUN-
OUT VALUES INTO SEQUENCE OF FREQUENCY-DOMAIN
REPEATABLE RUN-OUT VALUES

DIVIDE RESPECTIVE FREQUENCY-DOMAIN REPEATABLE RUN-
OUT VALUES BY THE TRANSFER FUNCTION FOR A RESPECTIVE

FREQUENCY TO PRODUCE A FREQUENCY-DOMAIN SEQUENCE
OF COMPENSATION VALUES

l 5—- 260.

INVERSE TRANSFORM THE FREQUENCY-DOMAIN SEQUENCE OF
COMPENSATION VALUES TO PRODUCE A SEQUENCE OF TIME-
- DOMAIN COMPENSATION VALUES

l .5'————262

INJECT THE TIME-DOMAIN SEQUENCE OF COMPENSATION
VALUES INTO THE SERVO LOOP AS A COMPENSATION SIGNAL

264
(= DS me s




multiplying the ti me-domai n current-iterati on conpensation val ues

by the adaption gain paraneter to produce increnental values, and
respectively ﬁ‘?’ﬁ@"t he incremental values to the refined carqgeus»aaieg

val ues. 10. A disc drive having a servo loop for positioning
a head over a disc, the servo | oop conpri sing: a servo controller
whi ch generates a servo CQ krol signal in response to a
recei ved position error si% al ; i -21-
an actuator, coupled to the servo controller, whi ch i s capabl e of
noving the head in response to the servo control 'signal; a sensor,
| ocated in the head, which is capabte—t ensng 32@60 I nformati on.
| ocated on the d?i .n(Sproducing a ~gD> efrom the servo
si gnal bei ng conbined with a refer to produce thegy
posi tion err pr—si-ghaks ' —
MEASURE TRANSFER FUNCTION OF SERVO SYSTEM AT
SELECTED FREQUENCIES -
v 284
N DETERMINE SEQUENCE OF REPEATABLE RUN-OUT VALUES IN
TIME-DOMAIN

290 286 WITHIN LIMITS?
1 288

TRANSFORM_SEQUENCE OF TIME-DOMAIN REPEATABLE RUN-
OUT VALUES INTO SEQUENCE OF FREQUENCY-DOMAIN
REPEATABLE RUN-OUT VALUES

v 292

' DIVIDE RESPECTIVE FREQUENCY-DOMAIN REPEATABLE RUN-
OUT VALUES BY THE TRANSFER FUNCTION FOR A RESPECTIVE
FREQUENCY TO PRODUCE A FREQUENCY-DOMAIN SEQUENCE .

OF CURRENT-ITERATION COMPENSATION VALUES

3 294
INVERSE TRANSFORM THE FREQUENCY-DOMAIN SEQUENCE OF
CURRENT-ITERATION COMPENSATION VALUES TO PRODUCE A
SEQUENCE OF TIME-DOMAIN CURRENT-ITERATION
-COMPENSATION VALUES

v ~_296

MULTIPLY EACH CURRENT-ITERATION COMPENSATION VALUE
BY AN ADAPTION GAIN PARAMETER AND ADD EACH PRODUCT
TO A CURRENT COMPENSATION VALUE TO PRODUCE A
SEQUENCE OF REPLACEMENT COMPENSATION VALUES

v 298

INJECT THE REPLACEMENT COMPENSATION VALUES INTO THE
SERVO LOOP AS A COMPENSATION SIGNAL




and a conpensation circuit for injecting an initial conpensation signal

conpri sed of initial time-domain conpensation val ues into the servo
| oop, the coxpeszRkd ON circuirt conprising a storage dew&&&u ' M@ich
stores the initial tinme-domain conpensati on val ues, the PPRAIE i ne-
dormai n conpensati on val ues being forned by: determ ning a sequence
of repeatable run-out values; = transform ng the sequence of
r epeat abl e run-out val ues intob/d sequence of i
frequency-donai n repeat abl e run-out val ues; di vi di ng each of
t he frequency-domain repeat able run-out values by
respective values of a transfer function of the servo | oop at
respective frequencies of the frequency-donai n repeat abl e
run-out val ues to produce a sequence of f requency- donai n
conpensati on val ues; and
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-22- inverse transform ng the sequence of frequency- domai n

conpensati on values into the initial tinme-domain conpensati on
WO 99/22369 -

val ues. | PCT/US98/13134
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