fHOD AND APPARATUS FOR ROTARY ACTUATOR ARC COWP, NSAT'E%; CTION 4N
A" DI RECT 4S STORAGE DEVI CE The invention rel S&%:@ aI y toa »

met hod andl apparatus for rotary actuator arc conpensation correction in a% .

direct access storage device (DASD). 1 Conputers oftenqgfﬁkudeNQUX|I|ary
menory storage units having nedia on which data can be. il ¥ fen’ ande from
which data can be read for later use. Disk drive units incorporating

st acked, connDnIy rotated_riqi i di r orage of
data in magnetlc MRTHGR £ANE %Wf%@@g l‘%gc}ﬂ&lr ?@?g@c}gﬁén

concent ri ¢, coORSERISAY TN CORRECTIONT DN At DIRECT aB@CES 8r BRQBAGEN DEWVI CE
surfaces of t he di sks. Transducer heads driven in a path toward and away

fromthe drive axis wite data to the disks and read data fromthe disks.
Al'l DASD units nust have a nmethod to position each data head over the

proper raghal | %@*ﬂﬂ{h%ﬂﬁé& @eﬁéf&fllf‘% agﬁéehoat Qné% hP8rik Y8EY

close to the Sa ocation to read rack th the h er level files
usi ng a vaold@Isbi RCHPFEOhf axet uﬁP@PenﬁaFé@HbﬂrF\%&Wsrﬁ &t BETBFbvi ded

to | ocateubstadyadel devhieehqadsp) .a given track. Typically, track

Computers often include auxiliary'memory storage units having
media on which data can be written and from which data can be
read for later use. Disk drive units incorporating stacked,
commonly rotated rigid magnetic disks are used for storage of
data in magnetic form on the disk surfaces. Data is recorded
in concentric, radially spaced data information tracks
arrayed on the surfaces of the disks. Transducer heads
driven in a path toward and away from the drive axis write
data to the disks and read data from the disks.

Al]l DASD units must have a method to position each data head
over the proper radial location to write a track and again,
to position it very close to the same location to read the
track. With the higher level files using a voice coil type
of gctﬁator, a feedback mechanism must be provided to locate
and stably hold the head on a given track. Typically, track
accessing and track following is provided utilizing a
magnetically written pattern in the DASD unit. A dedicated
servo system employs one surface of one of the disks in the
DASD on which to have all the tracking and access
information. A sector servo system uses small portions of
~ tracks between each or between several sectors on each track
of each data surface to provide the tracking and access in-
formation. A hybrid servo system uses both to obtain
advantages of each type of servo.

The degree of tracking accuracy, i.e., the ability of the

actuator servo to keep the head position discretely over the
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accessing and track following is provided utilizing a magnetically witten
pattern in the DASD unit. A dedicated servo system enploys one surface of
one of the disks in the DASD on which to have all the tracking and access
i nformati on. A sector servo systemuses small portions of tracks between
each or between several sectors on each track of each data surface to
provide the tracking and access in-. fornmation. A hé/bgl d servo st.em
uses both to obt aFPACKd\idntIRYEETEE BXCHWR IAFTOFSser 9B Tacthfe lﬁe@pé 18t
tracki ng accuracy(spaae), the abhértis dfemporal athimel or Theveradialedgethe
-head position d'5£6f¥é§dbna¥ekdﬂﬁhe R e?3 d#l4ervo sectors N around the

2 et 8K, IS OVETNGT Whiboshag! Bler e Ea&aeorlmmpgga&%al RREE) eyt he

other is tenporal sSpacra corres e nu of
servo sectors N aatmimﬁhﬁhélxtefia&lo%l 83tq sformagnct i oS of-SMRRTF+ né&Ft"r
recordi ng densi tycoﬁmipbhdsftae,uebtnmé( bedaveerf sermas sectdhe aretipe saplingt or

corresponds to t JE RBLMREIs SRIMPoIEES VS thRE #diQtIanRl | dikk RRILbeHty
which is control I e ll;y the rotational disk velocity (RPM.

Track misregistration (TMR) error can be separated into two
major components, repeatable or synchronous with disk
rotation and non-repeatable or asynchronous with disk
rotation. The repeatable TMR component, which can be large
in case of a disk slip, can be reduced by correction
compensation. A correction for radial track misregistration
(TMR) versus radius is required for a DASD with a rotary
actuator when tracks are written approximately uniformly on
the rotary arc rather than in the radial direction. Both the
gain and phase effects with radius should be compensated.
Both gain and phase effects with radius produce comparable
amounts of TMR error in the system.

In DASD with a rotary actuator, the head does not move in a
radial direction. For many disk drives, the skew angle of
the head has the back end of the head further out on the disk
than the front when the head is at the inner radius. The
skew gets progressively larger at larger radii. This is used
to advantage in the drives by writing the tracks nearly
uniformly on the arc that the head ﬁransverses from the inner
radius to the outer radius. Due to the larger skew angles,
the written tracks are physically smaller near the outer
radius than near the inner radius. The positioning of the
tracks on the arc causes the radial track pitch to be smaller
at the outer radii than at inner radii, which is consistent
with the smaller written tracks.

A radial movement of a disk, such as that due to disk slip,
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Track m sregistration (TMR) error can be separated into two nmjor
conponents, repeatable or synchronous with disk rotation and

non-r epeat abl e or asynchronous with disk roBation. The repeatable TWMR
conponent, which can be large in case of a disk slip, can be reduced by
correction conpersethen. vAbzakiensi profeeing Aimlanpexertniotte@fsrpapfofor
(TMR) versus radiHe tfaéRfUnéess fitHe a1ildASEhe bimé pfaioal anildtainde Wieany
tracks are witten a{}grox tel% unlfortrpé% on__the rgtary rc &aétel{cethan
in the radial diFagt PREYRe: gL d°phaze*¥Prele s TR 18
shoul d be conpenseagdred B f rggitiocasdoplmpateht edlwlwatlhymhliﬁsilﬁrt@dmﬁe

conpar abl e amouppsi pé1 I NGE §f u:%tbﬁ\e&herﬁaﬁtﬁrﬁcn hmnaé\s&awﬁéa@ 1rsoiné*§r)éd
actuator, the head oes .not i.rect

drives, the skewPhnfP® Hfew tar?@\iﬁe58rhasgﬁee“ F& ugndt%% 1?%‘{ H‘&%f? pé: f“ﬂXFd
out on the disk funaher hehdn ce whdhal ovesedti of dthe Hésknnand riddisysmothe

skew gets progresgi Mel-¥ éf%lglefl(?&nt! HO%he 8dLer rér&‘iﬁ WHRrES @Ghe Tsﬂeadaﬁa&age
in the drives by, vvrltln%é e tracks nearly uniformy on the arc that fhe

head transversesifrbATIFE a2t AMeYs '88ithe outer radius. Due to the
| arger skew angles, the witten tracks are physically smaller near the

outer radius than pepts + angﬁr (1[‘%1'1%31: E;Hef&f%éam &%Rofthgfeelst gagks.-on
the arc causes t e radial trac (G be smal | e radi|
than at inner ra®ipedydt Pre sr%%Wsﬁ §tr’e|"i‘t ILIfRR HYRREL (Al (U8 Efy tlf’t ERet ELKS.

A radi al novenmensyofe @ish, mitchbas thbatsathee waludl sdt sbther R@3193 0Bdr
example, a difference between the outside diameter (OD) and
the inéide diameter (ID). can be about 7%. At progressively
higher track density this has some significance as an error
in the corrections. Also, when a prewritten servo disk is
uéed, there can be significant repeatable runout, thus

increasing the magnitude of the error.

In known disk files which used dedicated servo control, it
was necessary to add a reference profile to correct for
runout due to disk slip or relative thermal motion between
each head and the corresponding tracks on the data surface.
These reference profiles, measured for each data surface,
would have been correct if a linear actuator was used, since
a linear actuator will normally follow a radial trajectory on
a disk. On the other hand, a rotary actuator follows an arc
rather than a radial line on the disk, thus there will be a
phase error between the track where the runout was measured

and any other track.

Known feedforward or profile compensation techniques used for
rotary actuators to correct for runout or disk slip have a
systematic error, for example, such as, up to 10% of the
runout for 3.5" DASD caused by the arc made by the product
head. A disk slip and/or imbalance will occur in a radial

RO 9 93 014



i

3. or other vibrations producing an apparent out-of-round for the track,’
noves the disk the same physical distance at any radius ———-—g-&

the servo system the distance is measured in fractionsTHIS SHB‘ETt HAS I\‘\
Typically this- distance is in 1/512 of a cystomer trac p| tcﬁEP[&GEﬁe t he
head is noved at the skew angle for a given radius, the“hreas—rmosT bDe noved

further than thediﬁé&@ioﬁmvsﬂanhoef allmgditsle, m@ tah:lc_s, Mt theé SmEREEred

significant at the ere the skew ng! i.s larger an., at
inner radii. g resu {E‘ ny c%’r%pe%orartec %o hreacﬁ a?ICkTI\‘% fmderde?%r-
m ned at one radn%@sulfﬁﬂaefgi-vehlhmﬁwr d:fraaﬂsstmllnhaﬁe apripsorspsteprofile
not be the sanme p& UWpimdt MeImdAdidompenkgtiogxanpl e, a difference between
the outside dianeter (OD) and the inside dianmeter (I1D) can be about 7% At
progressively higher track density this has sonme significance as an error
in the correcti cimpoiany; oli@cts wiewhiet prasert vimwingionsargstd, prorei@e can
be significant rxﬁ‘&&i’é@béﬁdrﬁﬁﬁﬂi’at‘EQU?or' %E§f§' agtﬁé”@ofragféta&ﬁp@ﬁsmfon

error. I n known di sk, v%f dedi cat ed aeryo contr W%
necessary to adoc%r’?eecftequé‘héé‘ B ’f*?“et @G%&?r%faraﬂ&r eYh‘r'\%uttodBEOdeﬁl%‘kc
slip or rel ati ven¢ttimdreindreppamabeswekat caplensetds afuk tehemadi r psepdeiti med
tracks on the daf \gﬁlbgé&‘foficéervg@é&éfé %&%ﬁﬁﬁ P Joh 8 i oHBSE W 84 skOT aR@CHL

data surface, have been caqrrect | i near "actuat or was used, since
a linear actuat®FN¥i9e nSPABI IRLERIG O\ﬁ/ng raémazflatilﬁajsé{ﬁs&aﬁltdﬁllé{ drsihony,
t he ot her hand, megatiarey efCecasoanfiothawsowmrcame mamy ke theadisadeahtzdgds ne

on the disk, thl{?f YW Wt % adgements.

In brief, the objects and advantages of the present invention
are achieved by a method and apparatus for providing rotary

‘ actuator arc c_ompensation correction in a direct access
storage device (DASD). A reference feedforward correction
signal is g’eneriated at each of a plurality of sectors around
a predetermined track on a disk surface. A specific selected
track is identified, and both magnitude and phase of the
generated reference feedforward correction signal are
modified to correct for the arced trajectory caused by the
rotary actuator at the specific selected track.

In accordance with another feature of the invention, an

- improved actuator servo control is provided by using pseudo.
sector compensation to interpolate the feedforward corréction
signai between physical servo sectors.

The present invention together with the above and other
objects and advantages may best be understood from the
following detailed description of the embodiments of the
invention illustrated in the drawings, wherein:

FIG. 1 is a schematic and block diagram of a data storage
disk file embodying the present invention;
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phase error between the track where the runout was neasured and any ot her
track. Known feedforward or profile conpensation techniques used for
rotary actuators to correct for runout or disk slip have a systematic
error, for exanple, such as, up to 10% of the runout for 3.5" DASD caused

by the arc made by the product head. di sk slip and/or inbal ance wll
ogcur in a radFapY ﬁojgpgg %ﬁagram shoéané the éé%ESSQDg néggan%sm fgr a

-4 - directiongiagllendtiskl sugfabe dfacharappatrbtastdf AEGAsUk;ed profile will
only be correct at the track or cylinder of nmeasurenment. All other tracks
wi Il have an incorrect profile for optinmal +unout conpensation. A
need thus exi sF3Gto3pisvRrdeiagRRRhbHLBHradngr PR 1S (R Gh GRAEMNIBSE Sltar ¢
conpensati on ceneegbtapyi aré dbmpehsacims Torretagen deytloeds tarqora@dinde tauch

met hod and app t es f efq :
servo sectors g#%u#gegggévgﬁu ﬁgﬁg%fﬁ% ﬁfes%;ﬁgﬁgk?gé%?o\iﬁiﬂg%sl&c %retﬁﬁ%;d and
appar atus subsflantially w thout negative effects and that overcone many of

t he di sadvantages of prior art arrangenents. In brief, enbodinents

of the present_inveptjon pLQvi.d S | di
otary actuat oF KA ch i Ut 1P EEaE i Mo RBEh b ot et Srllles
devi ce (DASD). ralpti¥echeclogbatbrveack @sidresspdn signal is generated at

each of a plurality of sectors around a predeterm ned track on a disk
surface. A specific_selected track.is identified nd. pat h ani d
phase of the ggﬁér a?e&sr@f@g’@ﬁéze lfl&&élﬁft&a&é?%l %%Wae]? Z]ecf)irol Ilsl‘llné)ﬁla ag‘&%q?r:ﬁ%’lgfi ed
to correct forrehativeeto tseajtent onjezansed thg inwideodiapeserubiDy and @te

specific sel ectgd bhfgkde diametet N(GHCHHIAACEnWaSEaatihay; preferred
feature of the invention, an inproved actuator servo control is provided by

usi ng pseudo sector conpensation to interpolate the
FIG. 6 is a chart illustrating normalized runout error due to

phase shift between the inside diameter (ID) and the outside
diameter (OD) relative to sector index n; and

FIG. 7 is a chart illustrating simulated runout correction
relative to pseudo sector index m.

In FIG. 1 there is shown a partly schematic block diagram of
parts of a data storage disk file 10 including a data storage
medium generally designated as 12 and a control unit
generally designated as 14. 1In the preferred embodiment of
this invention, the data storage medium 12 is embodied in a
rigid magnetic disk drive unit 12, although other
mechanically moving memory configurations may be used. Unit
12 is illustrated in simplified form sufficient for an
understanding of the present invention because the utility of
the present invention is not limited to the details of a
particular drive unit construction.

Referring now to FIGS. 1 and 2 of the drawings, disk drive
unit 12 includes a stack 16 of disks 18 having at least one
magnetic surface 20. The disks 18 are mounted in parallel
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feedf orward correction signal between physical servo sectors. The
present invention may best be understood fromthe follow ng detail ed
description of the enbodi nents of the invention illustrated in the

dr awi ngs, wherein: FIG 1 is a scheatic and bl ock diagram of a
data storage disk file enbodying the present invention;

5 FIG 2 is afgragianlsanerny i@ tdeoneeniay REHadindeorated spimdle anidkk
surface offthe ma{raassemﬁlfLﬁ. 1pata ffermdti®ndoni eiraiiskl ustdad iﬁ&dd
apparatus for carrvin e rotary arc. c nsat.ion [r | ne S
according to t%rérdélr 8%32#%%%/%%‘%%%&% )rll)ytﬁec%rgﬁr%%s??‘ i3 etglggﬁgﬁ?lg%o a‘g}é
FIG 4 is a chamoviblesarapsagtheedii o viiufacer eBetion angles relative to
| ogi cal track addresses; FIG 5 is a chart illustrating normalized
runout anplitud rel.ative to.sector inde at e inside.di angter (I.D
tnd at “the out SFABSGRSRE BESIDGE RO HobP oAl PITE SDELRRE s dagy el
chart illustrat byganosnd? izeewediregetberofod sdmud tapeage sivdtabaomementhe
i nsi de di aneter gpblk andupPSroUsSifieie 34. One of the arms 32 includes an

extension 36 driven in a pivotal motion by a head drive motor
38. Although several drive arrangements are commonly used,
the motor 38 can include a voice coil motor 40 cooperating
with a magnet and core assembly (not seen) operatively con-
trolled for moving the transducer heads 28 in synchronism in
a radial direction in order to position the heads in
registration with data information tracks or data cylinders
42 to be foilowed and access particular data sectors 44.
Data storage disk file 10 is a modular unit including an
enclosure or housing 46. The various components of the'disk
file 10 are controlled in operation by signals generated by
control unit 14 slich as motor control signals on line 26A and
position control signals on line 38A.

Numerous data information tracks 42, each at a specific ra-
dial location, are arrayed in a concentric pattern in the
magnetic medium of each disk surface 20 of data disks 18. 2
data cylinder includes a set of corresponding data
information tracks 42 for the data surfaces 20 in the data..
storage disk file 10. Data information tracks 42 include a
plurality of segments or data sectors 44, each for containing
a predefined size of individual groups of data records which
are saved for later retrieval and updates. The data informa-
tion tracks 42 are disposed at predetermined positions rela-
tive to a servo reference index. In FIG. 2 one sector 44 is
illustrated as SECTOR 0 with a fixed index or mark INDEX for
properly locating the first data sector. The location of
each next sector 44 is identified by a sector identification
pulse (SID) read by transducer heads 28 from surfaces 20.
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diameter (OD) relative to sector index n; and FIG 7 is a chart
illustrating sinulated runout correction relative to pseudo sector index
m In FIG 1 there is shown a partly schematic bl ock diagramof parts
of a data storage disk file 10 including7a data storage nedium generally
desi.gnated as 12 and a control unit generally designated as 14. In the
preferred @émhAreerdance mhith | phendnyentipa.davstemribie ssgoImaEn | be

enbodi ed i '&fffedezwéhmrﬁﬁiﬂa@éakf&fIé&ry%&alﬂe&d@ﬂ Reugk e&h% a very
nmechani cal I'y nmovin configurations, used. Unit 12

i |1 ustrat e§1MP1S ‘i"F’?éEIK‘F‘oFFPI 93¢ %Pl‘f“?%i/ Eﬁachﬁﬁgr Qeérfd?%rtﬁetﬁ@r

present i negdH andiecaiss tdaa:aﬂsdzrttace)f TheemptReENS iMPYeNhbONf i 8sNehe
limted to_the detalls artic drive u construction.

R o1 s ng ROWE ST eeSt §1 RanBBl b e iin SF g RRhCi Hlliion to
i ncl udes aobtadn thefcors&st 18uhauitngoapehsati onndonmag exaci i f acackO.

The di sks % e Wﬁﬂ§t§9¥é s Bakal gk @gﬁgs%gr&egratagen.lndle and

for taneous Fon on—and py “an

Referring now to FIG. 3 there is shown a block diagram
illustrating rotary arc compensation correction apparatus
generally'designated 50. A servo processor 52 provides a
control signal to a digital-to-anélog converter (DAC) 54
coupled to a current driver 56. Current driver 56 provides
a control current to a rotary actuator 58 for moving the
transducer heads 28 of a R/W channel 60. Detected position
data indicated at a block 62 is coupled to the servo
processor 52. Feedforward contrel block 64, coupled to the
servo processor 52, provides control information for both
magniéude and phase compensation correction versus track
number or change in radius and for pseudo sector correction
compensation. For proper compensation of feedforward signals
to the file, both the magnitude and phase of the correction
must be compensated versus the track number or change in
radius.

Referring to FIG. 2, the angle o(r) defined by A-0-X, where
X is the intersection between a circle of radius r centered
at O and the arc B-C can conveniently be found from the Law '
of Cosines. This angle is referred to as o(r).
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notor assenbly 26. Data information on each disk 18 are read from and/ or
Wwitten to by a correspondi ng transducer head 28 novabl e across the disk
surface 20. Transducer heads 28 are nounted on flexure springs 30
carried by arns 32 ganged together for sirfultaneous pivotal novenent
about a support spindle 34. One of . the arns 32 includes an extensi on 36
driven in a piv@hg cRSLNENtBy*4Thedd BtV ifoEigratign IAPehetigh severa
drive arrangenents are conmonly used, the notor 38 can include a voice
coil notor 40 cooperating wi t hpgomagpet_ gnd core assenbly (not seen)
operatively con- trolled for noving the transducer heads 28 in
synchronismin a ra@P8l dF! eTtion o position thelhkads in
registration with data information traciks or data cylinders 42 to be
foll owed and access particul ar data sectors 44. Data storage disk file 10
is a nmodular unit including an enclosure or housing 46. The various
conponents of tFaedcoRinef tpethe apgle ontR| lied fpundply asilst bukiomas r
gener at ed by cORbr 8h R{LAt1dn SUCibE®e JRfidfingentrol signals on line 26A
and position control signals on |ine 38A. Nuner ous data information
tracks 42, each at a specific ra- dial location, are arrayed in a
concentric pattern in the magnekb2 teftdim B8k2each di sk surface 20 of data
disks 18. A data cybkndego)ifcludes a set of correspoyghing data
information tracks 42 for the data su%%} es 20 in the data storage disk
file 10. Data information tracks 42 i e a plurality of segnents or
data sectors 44, each for containing a predefined size of individua

groups of data recepdSphbRbwn Bh&: SAYEhfferkdber ahGiEi VA Badrdhrdal @)
The data informa- _- ilon tragks 42 are dliﬁgée%?g%ﬁ8%§Qeternlned posi t1ons
I

rela- tive to23%Ri%9 (EePENRRPT GRS SsBLYQriypmderavea
illustrated as SEGMORiIubatiocms{i xed i ndex or mark | NDEX for properly
| ocating the first data sgcige. The gpratiggn of

o(r) = [1-__ ] (Ro - 1) (3)
Rb TrRO i

Let L be an arbitrary logical cylinder number corresponding
to a cylinder of radius r, and let Lo be the total number of
cylinders in the data band defined by (Ro - Ri).
Furthermore, let L be equal to zero for r = Ro, and L = Lo
for r = Ri. It is now possible to express Equation 3 in
terms of m as

K2
®(L) = K1 [1 - 1 L (4)
K3 - L

where coefficients K1, K2 and K3 are given by

0.563 (Ro - Ri)

K1 (5)

LoRb
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each next sector 44 is identified by a sector identification pul se (SI D)
tTead by transducer heads 28 from surfaces 20. RO 9 93 014
7 In accordance with the invention, systematic error can be effectively
elimnated for each individual track using very sinple algorithmto
yield optimal tracking performance for each individual data surface. The
nmethod sinply nodifies the FRgugiemrgoefficients as functions of the track
position to obtainFége C rrect runout conpensation for a sqﬁgific track
before the inverse r7 er® tramsform+s- t aken. Ref erring wto FIG 3
there is shown a bl ock diagrae(Re |-uRidating rotary arc conpensation
correction apparatus generally designated 50. A servo processor 52
provides a control _si | to a digital-to-analog converter (DAC) 54
coupled to a cu??%nf’ﬁ%ﬁ&ér 56. Current driver 56 provides a contro
current to a rotary actuator 58 for noving the transducer heads 28 of a
R/'Wchannel 60. Detected positigp, data indicated at a block 62 is coupled
to the servo processor 52. Feedforward control block 64, coupled to the
servo processor 52, %ﬁd@@ﬁbs—eaﬁ%%ﬁ+~+ﬂfornation for both gnltude and
phase conpensation correction(Reerswsi)track nunber or change in radius and
for pseudo sector correction conpensation. For proper conpensation of
feedforward signals to the file, both the nltude and %hase of the
correction For a certmin 3.5 drive with }

45.52 mm, Ri = 20.68 mm, and at a track dens1ty of 3300 tpi,

the total number of data tracks Lo = 3227. The values for

the K's are K1 = 7.603 X 10-5, K2 = 1555.4 and K3 = 5913.6.

The corresponding angles o(Ro) and o(Ri) are 59.71° and

o:

65.63°, respectively. The difference angle at the inner
cylinder, i.e., cylinder 3227, 'using the approximation
formula in Equat-iion 4 yields @(Lo) = 5.9189° compared to the
correct value of 5.9195°. This ,corresponds to a maximum
error of about 6.0195.

Nonlinear phase error is only a function of the hard disk
drive geometry as illustrated in FIG. 2. It is therefore a
predictable and systematic error and can be calculated within
a very small margin for any logical cylinder L using Equation
4,
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must be conpensated versus the track nunmber or change in radius.
Referring to FIG 2, the angle [err](r) defined by A-O- X, where X is the
i ntersection between a circle of radius r centered at O and the arc B-C
can conveniently be found fromthe Law of10Oosi nes. This angle is referred
to as [err](r).

8 The cosi neAﬁ%“I&‘ErSOIf se% |tHaEqE%?|W°PtbéFo‘RFasured for each of Npy-

+r1r2 - Ra2 sectors at the outer track (OD) and let us designate the
measured by x(n), where n is an integer n =0, 1, ..., N - 1.
Furthermore, assume that -the first harmonic runout component
x1(n) is extracted from the OD measurement x(n). This can
easily be done by Fourier Harmonic Filtering. Let the
piscrete Fourier Transform (DFT) of x(n) be

X(k) = a(k) + jB(k) (8)

where A(k) and B(k) are the real and imaginary Fourier
coefficients, respectively. The index k takes on integer
values kx =0, 1, ..., N - 1.

Cohsidering that the fundamental runout component x1(n)
corresponds to k = 1, then it can shown that

2
x1(n) = ___ [A(l) cos won - B(1l) siri won] (9)
N
n-1
A(l) = = x(n) cos won (10)
n=0
and
N-1
B(1) = - 2 x(n) sin won (11)
=0
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cos a(r) = (1) [err] The cosine to the angle [err]

(Ro) is found by substitution of r = Ro in Equation 1 above, giVving:

Rb2 + Ro2 - Ra2 cos a(Ro) = (2)

2RbRo It can be shown that the differencqiangle [err](r) between a(r)

and a(Ro) can be approxi mated by the sinple algorithmderived from

si nul ati ons: It [camr ]b(elr )sherm that foereiL) << 1 ra%laerwthlch 1s Eﬁ@ cas et
rbitrar 0gi [ rrespondi 0. & ¢y

Fadi ue o and | TG SO SR AT R MDA ESRPRIIAY ChPEREAtad: B rband

defined by (RAamongdc rumgpt hekgmak, x1 @, L) bmnechfalanmrmmtfe@r by =tie,

and L = Lo for dquatRion It is now possible to express Equation 3 in

terms of mas [err](L) = [err]

2
x1(n,L) = [C(1,L) cos won - D(1,L) sin won] (12)
N

where the first harmonic phase corrected Fourier coefficients
for cylinder (track) L C(1,L) and D(1,L) are

C{n,L)
D{n,L)

A(1) + e(L) B(1) (13)
B(1) - e(L) A(1) (14)

The first harmonic phase corrected Fourier coefficients
C(1,L) and D(1,L) in Equations 13 and 14 are easily
calculated from Equations 4, 10 and 11. o

Application of the phase correct"ied feedforward runout sign'al
X(n,L) in Equation 12 for an arbitrary cylinder L will
optimize the feedforward compensation and reduce the
systematic error to near zero.

In accordance with another feature of the invention, a éimple
quadratic correction for amplitude corrected feedforward-
compensation as follows can provide excellent fit to the
actual curve, making an assumption that the angles are small
and the curve fit is for a small range. First, the radial
pitch equals the pitch on the arc multiplied by the cosine of
the skew angle. The cosine is the square root of 1-sine2.
The sine of the skew angle is approximately.the skew angle in
radians. The skew angle can be approximated by using an
offset and an amount proportional to a radial distance.
Then, even though the track pitch varies somewhat, a radial
distance is related approximately linearly to a number of
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where coefficients K1, K2 and K3 are given by [err] RO 9 93 014

9 Rb2 - Ra2 [err] and finally Ro
K3 = M (7) (Ro - Ri) For
a certain 3.5" drive with Ra =52 nm Rb =127 mm Ro =

cylinders.

Now, let Nc = logical cylinder number, where Nc = 0 on the
outer track, and Nc = 4118 on the inner track. Also, for
reference, Nc = 3002 at the switch radius where the skew
angle is 11.27 degrees.

With the previous approximations, the cosine of the skew
angle 1is approximated as:

cos(skew) = 1 - ((N1 - Nc)/N2)2 (15)
where N1 is the offset, and N2 is a scaling constant.

For Nc = 0 at SKEW = 22.36 degrees

Nc = 4118 at SKEW = 6.57 degrees

Then N1 = 5831, and N2 = 21144

Then using: i

Pitch(approx) = 6.23 um (1-((N1 - Nc)/N2)2 and comparing to
actual values we have:

RADIAL POSITION ACTUAL RAD. PITCH PITCH (approx) Inner
Radius 20.68 mm 6.19 um 6.19 um Switch Point 27.50
mm 6.11 um 6.12 um Outer Radius 45.52 mm 5.76 um
5.76 um

Note that for a given radial distance of repeatable runout,
the number of servo counts is inversely proportional to the
radial pitch.
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45.52 nm Ri = 20.68 nm and at a track density of 3300 tpi, t he total
Aunber of data tracks Lo- 3227. The val ues for the Ks are KL = 7.603
X 10-5, K2 = 1555.4 and K3 =5913. 6. The corresponding angl es a(Ro) and

a(R) are 59.71[err] and 65. 63, respectlﬁé The difference angle at
t he inner cylinder, i.e., cylinder 3227 |ng t he approxi mation
formula in Equatif)rméo yd&inct% 8% eb@lired- 9.;18@}@&;{ ]ze%rmaeeﬁots.)ntﬁfe 2),
correct val ue of hi s corresponds a ﬁHXIﬁ%P] erro f about
0.01% Nonl |'|'4é%1?‘ ﬁHSs@%’rrSPngsoﬁlty %Pq | OAL 1Y etrhea"r”1‘31r6a iged as
drive geonetry agolldwstrated in FIG 2. It is therefore a predictable
and systematic error and can be calculated within a very small margin for
any | ogical cylinder L using Equation 4. RO 9 93 014
N22 - N12
RRO Error Counts=RRO Error Counts X (16)
(CYLINDER Nc) (CYLINDER 0) N22 - (N1 - Nc)2

If desired, the factor on the right can be further simplified
by the series for the reciprocal, using only up to the second
order term in the numerator. Also, moderate improvement is
provided using only up to the linear term in the series.

Following is a Table 1 listing a more complete calculation of
the effect of a uniform track density on the arc, which
generates a nonlinear variation with radius. The ACTUATOR
ANGLE in degrees is the angle from the actuator axis to disk
axis line, and to the actuator axis to the head gap line.
For this example, theidistance from the actuator axis to disk
axis is 56.50 mm. The distance from actuator akis to gap is
.55.00 mm. These distances along with the radius describe a
triangle, and the Law of Cosine relates the angles to the
sides. The distance along the arc is assumed to be linearly
proportional to the track number. The inner track radius,
outer track radius and number of tracks defines the track
pitch on the arc. This geometry is also used to calculate
the circumferential phase error. This was taken with the
zero reference at track zero, which is at the outer data ra-
dius. The phase error is the change in the radial line to
the head gap compared to the line with the head at the outer
track.

The CORRECTION-ACTUAL column is the reciprocal of the COSINE
of the head skew angle. This is the factor applied to the
servo counts to move' the same distance compared to the
straight radial distance. If a measurement is taken at one

radius, the amount to move at a second radius can be obtained
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10 Assune for exanple that the runout is nmeasured for each of N sectors
at the outer track (OD) and |l et us designate the neasured by x(n), where n
is an integer n =0, 1, ..., N- 1. Furthernore, assunme that the first
har moni ¢ runout conponent x1(n) is extract® fromthe OD neasurenent x(n).
Thi s can easil¥3 be done by Fourier Harnonic Filtering. . Let the Discrete
Fourier TransfoP (BEY}A6RIx(RY pEhe factog kfor Atkg +fixgk) radius and
(8)  where A(kunianglBiky byethdefacedr dd ithegbsesyd Feadies.
coefficients, respectively. The index k takes on integer values k =0, 1,
..., N- 1. - Considering that the fundanental runout conponent x1(n)
corresponds to Khe CORREEFIPON-ARRRGKoWS Bhafuadratic appgoximgifen er the
[A(1) cos won - cBetpcBidnWpRdm th&: previous colubh, [fi¢¥ding the 000 track,
the 4134 inner track, and the 2067 middle track. There is a
7.4% difference between the inner and outer values, so a
fixed fraction of a track runout correction would lead to a
7.4% error on the opposite end of the band. Note that the
simple quadratic fit has a very small maximum error of

0.00019.

However, even if the radial magnitude of a correction is
perfect, it will not have the right result if it is not
applied at the correct phase angle of the disk's rotation.
Note in table 1 that the PHASE ERROR has a range of 11.05
degrees. If a perfect correction for the inner track were
applied with the phése_from the outer track, there would be
a residual error of 19% of the correction.

The last column shows a qQuadratic approximation-of the phase
error. The selection of coefficients here left a maximum
error of 0.15 degrees. With this correction, the residual
maximum error would be about the sine of this angle, or
0.0026 or about 1/4%.

This calculation was obtained assuming the track density was -
perfectly uniform on the arc. This is a fair approximation.
However, providing some variation of track density on the arc -
allows packing the tracks a little more tightly where there
is Dbetter performance, thereby obtaining a 1little more
capacity. In general, the center of the band can be packed
2 or 3 percent more than the ends and then applied in an
approximate quadratic wvariation. Although the following
table 1 does not take this effect into account, it would only
require a slight change in the coefficients to include it.
Thus we could also compensate for this added variation.

RO 9 93 014



¥

~and [err]

RO 9 93 014
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Table 1
ACTUATOR CORREC- CORREC- PHASE PHASE
TRACK ANGLE RADIUS TION TION ERROR ERROR
N deg mm ACTUAL APPROX (deqg) APPROX

000 48.17 45.52 1.0813 1.0813 0.00 0.00
200 46.87 44.37 1.0760 1.0760 0.59 0.59
400 45.57 43.20 1.0708 1.0709 1.19 1.18
600 44.28 42,04 1.0658 1.0660 1.78 1.76
800 42.94 40.87 1.061l1 1.0612 2.36 2.33
1000 41.68 39.69 1.0565 1.0566 2.94 2.90
1200 40.38 38.51 1.0520 1.0522 3.52 3.47
1400 39.08 37.32 1.0478 1.0480 4.10 4.02
1600 37.79 36.13 1.0437 1.0439 4.66 4.58
1800 36.49 34.94 1.0398 1.0400 5.23 5.12
2000 35.19 33.74 1.0361 1.0362 5.78 5.67
2200 33.89 32.53 1.0325 1.0326 6.33 6.20
2400 32.59 31.32 1.0291 1.0292 6.88 6.73
2600 31.30 30.11 1.0259 1.0260 7.41 7.26
2800 30.00 28.89 1.0228 1.0229 7.93 7.78
3000 28.70 27.67 1.0199 1.0200 8.45 8.29
3200 27.40 26.45 1.0172 1.0172 8.95 8.80
3400 26.10 25.22 1.0146 1.0146 9.44 9.30
3600 24.81 23.99 1.0122 1.0122 9.90 9.80
3800 23.51 22.76 1.0100 1.0100 10.36 10.29
4000 22.21 21.53 1.0079 1.0079 10.78 10.78
4134 21.34 20.70 1.0066 1.0066 11.05 11.10

FIG. 4 is a chart illustrating feedforward correction angles
relative to logical track addresses, taking for an example a
3.5" drive with Ra = 52 mm, Rb = 57 mm, Ro = 45.52 mm, Ri =
20.68 mm, and at a track density of 3300 tpi. FIG. 4 shows
the required magnitude of the required correction angle @ (L)
as a function of the logical track address L.. It can be seen
that the maximum error occurs at L"2900. Note that the phase
error is non-linear; and therefore, it is more complicated to
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It can be shown that for [err](L) << 1 radian, which is the case her e,
that the phase corrected feedforward conpensated first har noni ¢ runout

signal x1(n,L) can be approxi mated by the equation [err] where the
first harnonic phase corrected Fourier coefficients for cylinder (track)
L C(1,L) and D(1,L) are C(n,L) = Al4) + [err](L) B(1)

(13) : D(n,L) = B(1) - [err](L) A(1) (14) The first

har noni ¢ phasePé-'&Vrlé"@tE AEBUEPEPCREARS FOR [ GOFTECLEPR: L) and D(1,L) in
Equations 13 and 14 are easily calculated from Equations 4, 10 and

1 arPRlicaton of ihe phass aauactedheclaRIRLAS ol S aRal ot L

in Equation 12°fOr an-arbitrary orvvard
conpensat i on af¢leddyeete k%eCtsgrstl@ﬁﬁﬁl B & the insidedizgeser (ID) pnd at

accordance wt Qh@@hhgﬁdée@izﬁﬁ@c@} (fdﬂﬁ bHMﬁlﬁltirQ'dot%eal MRphe. QREHM cslx
correction for I}]‘), corrected

| |
can provi de exC&T aneﬂe‘?r?oa]f%(?ssgg'te a%oE\L,]\-ﬁ\}g eﬁ%ﬂ’ ks t&?gg%gué’g tﬁlat

the angl es aretsmmis| of the first harmonic runout measured for the servo
sectors at the outer track radius Ro and the inner track
radius Ri, there is a leading phase shift of 5.9° as measured
at the inner track radius. This phase shift is clearly ev-
ident in FIG. 5, which shows normalized runout amplitudes at
the extreme cylinders. The difference between the runout
amplitudes in FIG. 5 is shown in FIG. 6.

FIG. 6 is a chart illustrating normalized runout error due to
phase shift between the inside diameter (ID) and the outside
diameter (OD) .relative to sector index n. This is the
normalized feedforward error between inner and outer tracks.

" It can be seen from FIG. 6 that this error, is about 10% of
the runout amplitude in FIG. 5.

In accordance with another feature of the invention, much
better actuator servo control and improved TMR is provided by
interpolating between a sparse number of servo sectors to
vield many more feedforward outputs. Typically there are 60-
90 servo sectors per track. For a given linear density and
data blocking format, the number of servo sectors per track
decreases linearly with decreasing form factors (FF). This
can be seen from Table 2 below.
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and the curve fit is for a small range. First, the radial pitch equals the
«.pitch on the arc nultiplied by the cosine of the skew angle. The cosine is
the square root of 1-sine2. The sine of the skew angle is approxinmately
the skew angle in radians. The skeM/anglf can be approxi mated by using an
of fset and an anount proportional to a rad 41 di st ance. Then, even though
the track pitch varies sonmewhat, a radial,,;@di gtance is related
approximately linearly to a nunber  of F%% 93 014

12 = cylinders. Now, let Nc = logical cylinder nunber, where Nc = 0 on
the outer track and Ncserddl1Seotot htunburefolr skll F¥ SR SH or

reference, Nc = 3002 at the swt p ﬁf&%&ﬁiﬂ“@gge %leég angle is 11.27"

degr ees. Wth the previous approXi nations, i ne of the skew
angl e i s approxi mat ed BQRM FACTO cos(skeﬁFRvolsECTQﬁﬁ_n- Nc) / N2) 2
(15) 3.5m 76

2.5" : 54

1.8" 39

1.3¢ 28

1.0v 21

While usually a smaller 1.0" drive spins much faster than a
3.5" drive to keep the recording heads flying, 21 sectors per
track provides inadequate spacial resolution to maintain good
tracking at high track densities. Thus, the method of the
invention provides more spatial resolution without increasing
the servo sector overhead on the disk surface.

First consider where wo, the discrete frequency for N servo
sectors is expressed as '
21

WO (17)

N

The cos won and sin won, used in the above Equations 12, 13,
and 14 are generated by a simple code in the servo micro-
processor 52. Note that Equations 10 and 11 are only updated _
during periodic measurements that may be a function of the
ambient conditions, while Equation 12 is being used
continuously.

Assume now that we modify Equation 12 by changing the dis-
crete frequency wo to a lower discrete fregquency wl. Let
this frequency be

2n
wl = . M >N (18)

M
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where N1 is the offset, and N2 is a scaling constant. For Nc = 0

«at SKEW = 22. 36 degrees Nc = 4118 at SKEW = 6. 57 degrees
N1 = 5831, and N2 = 21144 Then usi ng: Pi-t ch(approx) = 6.23 um (1-
- Nc)/N2)2 and conparing to actual val ues8we have: RADIAL PCSITICN

ACTUAL RAD. PITCH PITCH%éPprox) | nner , Radi us 20.68 mm

6.19 um Swi t cH Bt A

Then
((N1

€ hfnbeg. Pf yhrctual OrI?SE?QQnSGGFQFSFéﬂlﬁsNhS 52

mm 5. 76 um 5.1/t unbe tYiod ddwmio fsectarginéex raditalthditsasca af Mr epeagabl e

runout ,

radi al

t he

pi tch.

Wﬂﬁﬂ?rEaﬁaﬁgéggjggqg%g be HOUEESERY B QAU A LO:iffcea

fundamental feedforward compensation.

2
x1{m,L)=__[C(1,L) cos wlm-D(1,L) sin wim],0<n<M-1 (19)
N

If M = P x N where P is an integer, then there will be (P -
1) pseudo correction samples generated by Equation 19 between
each of the N physical servo sectors.

Referring to FIG. 7, there is shown an arbitrary normalized
runout correction for a hypothetical 1.0" form factor DASD
with N = 21 sectors indicated by squares and M = 63 pseudo
sectors (P = 3) indicated by asterisks. If the 1.0" file
only compensated for repeatable runout for every physical
servo sector (see squares) then the correction signal which
is generated by a zero-order-hold (Z0OH) or the digital-to-
analog converter (DAC) 54 would be rather coarse around the
zero crossings of the sine wave. The pseudo sector compensa-
tion (see asterisks) provides much better resolution. The
increased resolution provides a smoother control signal for
the actuator 58 and thus reduces the excitation of actuator
and suspension resonances. This would be the case for seek,
settle, and track follow operational modes.

The number of pseudo sectors M is arbitrary and can be
considered to be variable. For example, during data recovery
procedures (DRP) the number of pseudo sectors M can be
increased to provide better tracking. The phase corrected
feedforwafd compensation as given by Equation 18
advantageously can be implemented in a separate module for
complete freedom in the selection of M. This will minimize
the impact on the regular actuator servo code.
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13 I f RRO counts are neasured at track zero (at Roin FIG 2), then the
RRO counts at another cylinder are defined as follows:

N22 - N12 RRO Error Counts=RRO Error Counts X (16)

( CYLI NDER Nc) (CYLINDER 0) N22 - (Nlqgy Nc)2 | f desired, the factor
on the right can be further sinplified by the series for the reciprocal,

using only up txxtB5Roseg0omS &{diﬁ:rstrcﬂdmﬂlﬁtt he iU RS ey - cﬂsﬁe R ats
i mprovenent is rleo OVI d usi near termin the se

Fol | owing i s a R A L S T TR R gt
of a uniformt r@ﬂ&@’er@fl‘ye%ntm heiald, mewe chiskyaranlatestatendidr neegtomer

variation with gagd.us. Tth@ewémaJAﬁQRtné\l\@élfbldqwﬁﬁe% | EhdthenAngd! £a g gom

th t uat t axis line, and to the actuator axis to the
ban 1o Chor e tani m RmonPeh LA ceot AR 6 BERLErRe e (KR oy

axis is 56.50 nm The distance fromactuator axis to gap is 55.00 nm

These di Stance%@lmgfvw'std?miaqg r%@au rgg's%'e@% anvgﬁ'tila lfncﬂ.l'ilﬁje-theP
Cosine relates the angles to ) | st ance ongt arc 1s
assunmed to be IS9F&FSQtyon is prov1ded for feedforward runout compensation

due to recording heads arced trajectory caused by rotary
actuator. Amplitude or magnitude correction also is provided
for feedforward runout compensation. Using pseudo sector
compensation by measuring runout using N physical sectors and
estimating runout compensation for M pseudo sectors per track
per surface where M > N yields a smoother feedforward control
and enables improved TMR and higher track giensities. Only
two RAM locations for each head are requi}:ed for periodic
updating of algorithms, i.e., A{(1l) and B(1), Equations 10 and
11. Rotary arc compensation correction can be utilized in
various known feedforward compensation arrangements useéd with
rotary aitctuators, e.g., an iterative feedforward method. The
efficient non-linear correction algorithms enable a micro-
code implementation. Rotary arc compensation correction can
be used for all servo methods used with rotary actuators,
e.g., dedicated servo, hybrid or dedicated plus reference
track servo and sector servo. Also, existing disk files can
be retrofitted by a simple micro-code change to take
advantage of the tracking improvements.
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proportional to the track nunber. The inner track radi us;—outertrack —
radi us and nunber of tracks defines the track pitch on the arc. This

geonetry is also used to calculate the circunferential p s She cen Repfaced
was taken with the zero reference at.trackOzero, which is H”llr
I
e

data ra- dius. The phase error is the change in the radia
head gap conpared to the line with the head at the outer track.

CORRECTI ON- ACTUAL colum is the reci pfb8EMS of the COSINE of the head skew
angle. This is the factor applied to the servo counts to nove the sane

di st ance cormarled t%the str l,al- di stance, |If a measurenent js

I ght_radi, |
taken at one radi us?pflﬁgtgﬁmﬁ ROV B9t YR O t RS CARPERS BB ned

RO 9 93 014 correction in a direct access stbtagebgedioe d{prshy t he
factor for the firstompgtigsngad multiplying by the factor for the second
radi us. The CORRECTI ON- APPROX is a quadratic approximtion of the

correction fromthe previous colum, fitting the 000 track, the 4134 inner
track, and the 2067meaddl £ot rgaierditiore ai seferchcd/faclifervace dtmesdldmhe

i nner and outer val yesnaso & Lh¥RO J¢ a5t 90011 Ayt LRCksSMIGH SRBLES! 0N

would lead to a . .
predetermined track on a disk surface;

means for identifying a specific selected track; and

means responsive to said identified specific selected
track®” for modifying both magnitude and phase of said
generated reference feedforward correction signal.

2. Apparatus as recited in claim 1 wherein said means for
generating a .reference feedforward correction signal
includes:

means for measuring a runout error at each of said
plurality of sectors around said predetermined track;
and

Fourier harmonic filtering means for extracting a first
harmonic runout component from said measured runout ..
error at each of said plurality of sectors around said
predetermined track.

3. Apparatus as recited in claim 2 wherein said means
responsive to said identified specific selected track
for modifying both magnitude and phase of said generated
reference feedforward correction signal include:

means for modifying said first harmonic runout component
responsive to said identified specific selected track.

RO 9 93 014
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Replaced

7.4%error on the opposite end of the band. Note t st Shegj&as Y guadratic
fit has a very small maxi mumerror of 0.00019. ‘ ﬂmif he
radi al magnitude of a correction is perfect, it w e Night
result if it is not -applied at the correcii phase angle of the disk's
rotation. Note in table 1 that the PHASE ERROR has a range of 11.
degrees. |f adperfzpparatiechsonrdaitddiein nokaihr ackvhesresin apipi d e chesinish
the phase fromthe pblgindifkeotDel® YOULM iRa Boklldual BbhREaCT LK Of
The ows a t he

the correction. ast colum s a quadratic approximtion o
phase error. The 5eF &didyisg boehmagreiiudenzrd nhese af RBddrgrneeAtss of
0. 15 degrees. Wt hrétesenes r eeédorwde daseditdbn gayhabmiacLiodeWmidathsbe
about the sine of this @Iat%rn 0.0026 or about 1/4% Thi s cal cul ation
was obt ai ned assunmi ng the trac c?e'nsi‘ty was perfectly uniformon the arc.
This is a fair approxi mation. However, providing sone variation of track
density on the arc allows packiong the tracks a little nore tightly where
there is better perfor e,_thereby.obtaining a little,mre capacity. In
general, the center o l{[ﬁ’e%ba_nd—can (el'g'zcﬁg%l & or Ds’(tlpg?cgﬁfl fof'¢ than the
ends and then applied in an appfoximate quadratic variation. Al t hough
the followwng table 1 does not take this effect into account, it would
only require a slight e(:hq:[ e i{l tge \??oeffici entﬂs to includ idt.F Thus_we
coui d al so conpensal® for th s added VAFIETion PRa8S o9 FrFEed Fourier
. coefficients for track L C(1,L) and D(1,L) are
C(n,L) A(l) + e(L) B(1)
D(n,L) B(1) - e(L) A(1)

where A(1l) and B(l) are real and imaginary Fourier

I

coefficients for said measured runout error and (L) is

a difference angle between a transducer :head angle at

the predetermined track on a disk surface and at the

specific selected track. ' !

5. Apparatus as recited in claim 4 further includes means
for calculating:

2
Xl(m,L)= _ [c(1,1) cos wlm-D(l,L) sin wlm], 0<n<M-1
N .

where M = P X N, where P is an integer for generating
(P - 1) pseudo correction samples between each of the N
physical servo sectors around the track on the disk

surface.
6. Apparatus as recited in claim 4 further includes means
for storing 2(1) and B{l) values for each transducer

head in the DASD.

7. Apparatus as recited in claim 1 wherein said means for

RO 9 93 014
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15 - Table 1 AT CORREC-
CORREC-  PHASE PHASE TRACK ANGLE RADI US TI ON a5 Boo d ERROR
N deg mm  ACTUAL APPROX (deg) APPROX MM’” l 45. 52
1.0813 1.0813 0.00  0.00 200 46.87 44.37 'T 0 0.59

0. 59 400 45.57 43.20 1.0708 1. 0709 1.19 1.18 600 44. 28

42.04 1.0658 1.0 . - 0 061 612
2.36  2.33 1000%659’4?3?.%8&’%39? 6%&%8%‘2% feel&%%%%ré%%irdtl%omg%%o

40.38 38.51 1.0520ncludeszy 3,52 3.47 1400 39.08 37.32 1.0478
1.0480 4.10 4.02 1600 37.79 36.13 1.0437 1.0439 . 4.66 4.58

1800 36.49 34.94  1.039 400 . 5.23 _ B 12 0 9 33.74
1.0361 1.0362 5. o gf’%?]’“gaz%gﬁlnés%. 85““%2&5?“%?0%2% %'éf% os‘z’g d

6. 33 6.20 2400 pluzaligdy Pf 39eryo(segtors apend g2kl DPregetarmined
31.30 30.11 1.025%rack 926H thé 4dbtary7a@fuatciB@d a 8Padh s@8p89 1.0228
1.0229 7.93 7.78 3000 28.70 27.67 1.0199 1.0200 8. 45 8. 29
3200 27.40 26.45 1.0172 1.0172  8.95 8.80 3400 26.10 25.22
1.0146 1.0146. 9.Mmethod §0r PBREOLIiNg £08ary acyptor grgocomgeRyablon

9.90 9.80 3800 cordection?2if6a BiGER® ackeB830Qtok@yd6 devilze?9(DASD)
comprising the steps of:

" generating a reference feedforward correction signal at
each of a plurality of sectors around a predetermined
reference track on a disk surface;

identifying a specific selected track; and

modifying both magnitude and phase of said generated
reference feedforward correction signal responsive to
said identified specific selected track.

9. A method as recited in claim 8 wherein said step of
generating a reference feedforward correction signal at
each of a plurality of sectors around a predetermined
reference track on a disk surface includes the steps of:

measuring a runout error at each of said plurality of -

sectors around said predetermined track; and

extracting a first harmonic runout component from said
measured runout error at each of said plurality of
sectors around said predetermined track.

10. A method as recited in claim 8 wherein said step of
- modifying phase of said generated referenced feedforward
correction signal includes the step of calculating the
change in the radial line to a transducer head at said

RO 9 93 014
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4000 22.21 21.53 1.0079 1.0079 10.78 10. 78 4134 21 34
1. 0066 1.0066 11.05 11.10 FIG 4 is a chart il Repace
feedf orward correction angles relative to | ogical trac HLulaklng
for an exanple a 3.5" drive with Ra = 52 nm Rb =

R = 20.68 mm and at a track density 0f233300 tpi. FIG 4 shows t he
requi red magnitude of the required correction angle [err](L) as a
function of the | ogiReFiGiaER1g8EPESETaCKk pompareddosEba Tadipd 1dne Wasd num
error occurs at L~2300. tNahedubat tHwadhase theelpPdddSefiitdd Nearerande
therefore, it is myre gonplicated to RO 9 93 014

16 provi de phase conpensati on correction. FIG 5 is a chart
illustrating normalized runout anplitude relative to sector index n at the

i nsi de di aret er1 (| D)pp&ﬂﬁtﬁis fbheprpitisiidey gbedmt abtﬁﬁar Moﬁﬁeﬂﬁt&%

i ne. Seventy-six éog %%tors gr ass med for this _ex a e andélg%{):

6. In terns of the TiT ar noni rﬁ?& fe5SiPed &aglehe ors
at the outer trackqoémﬁwlm and the inner track radius R, there is a

| eadi ng phase shift of 5. 9[err] as neasured at the inner track radius.

Thi h hift i I r
S phase s t ?ne%nesa %gr 1dent1fy1ng a2 track misregistration (TMR)

signal at each of a plurality of sectors around a

predetermined reference track on a disk surface;
means for identifying a selected track radius; -and
means responsive to said identified selected track

radius for modifying both magnitude and phase of said
generated TMR signal.

e

RN
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ident in FIG 5, which shows nornal i.zed runout anplitudgg the extrene

fcylinders.  The difference between the runout anpli tud mﬁnl&;ﬂa&d

shown in FIG 6. FIG 6 is a chart illustrating norrra ror
due to phase shift between the inside diamdter (1D) and

dianeter (OD) relative to sector index n. This is the normallze

feedf orward error between inner and outer tracks. It can be seen fromFI G
6 that this error, NSrEj® ol Q¥raRaTute FORROTaRMRIOTOAGOR AREI G 5. In

accordance with ano i 'o (;ri?st er actuator
servo control and |#§rﬁ%§é§ﬁ%|§5§%€?%}d’%§;h PREEY p?ﬁ‘ {1 Ng between a
sparse nunber of servo sectors toSTQRAGE DEYAYEnore feedforward out puts.
Typically there are 60- 90 servo sectors per track. For a given |inear

density and data bl ocking r_mat nber of servo sectors per track
decreases linearly with decf‘%&&rﬁlﬁt E g%\c‘?’cﬁé This can be seen
from Tabl e 2 bel ow. RO 9 93 014

Rotary actuator arc compensation correction method and
apparatus are provided for a direct access storage device
(DASD). A reference feedforward correction signal (64) is
generated at each of a plurality of sectors around a
predetermined track on a disk surface. A specific selected
track is identified, and both magnitude and phase of the
generated reference feedforward correction signal are
modified to correct for the arced trajectory caused by the
rotary actuator (58) at the specific selected track. Impro-
ved actuator servo control is provided by using pseudo sector
compensétion.to interpolate thé feedforward correction signal
betwéen servo sectors.

(Fig. 3)

RO 9 93 014
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14~ Table 2 Servo Sector Nunber

$or Smal| FF DASD at Fixed Linear Density

FORM FACTOR SERVO SECTORS n . -3.5"

76 2.5" 54 1.8"

39 1.3" 28/4 1.0"

21 While usually a snmaller 1.0" drive spins nuch faster than a 3.5"

drive to keep the recording heads flying, 21 sectors per track provides

| nadequat e spaci utiop to nmaintain good tracking at high track
densities. Thus, afigetho of the invention provides nore spatial

resol ution without i ncreasing the servo ong t he ;gi sk
sur f ace. First consider where wi&4thel dicOdT&OE UNEGuerty forTDDservo
2 Wo—j

sectors is expressed as 2[ err] 384
(17) N 20 16\ N 28 r———J 36~
N N
: P
\ 40
3
184
R
20K 46
4\
8_ N
\

‘25

INDEX
SECTOR O
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The cos won and sin won, used in the above Equations 12, 13, and 14 are
generated by a sinple code in the servo micro- processor 52. Note that
Equations 10 and 11 are only updated during periodic nmeasurenents that may
be a function of the anbient conditions,, mhile Equation 12 is being used
conti nuously. Assune now that we nodify Equation 12 by changing the dis-
crete frequency wo to a lower discrete frequency w. Let this frequency
be J[err] RO 9 93 014 ' .18 where
Mis the nunber of virtual or pseudo sectors (M> N). Let mbe the pseudo
sector index s t O [enr] m[err] M- 1 so that Equation 12 can be
nodified to yigFg:E -estiggted fundanmental feedforward conpensati on.

2 .

SERVO DAC DRIVER
PROCESSOR :
32 54 56
A
A4
Ej() ROTARY
A ACTUATOR
58
\
FEED POSITION R/W
FORWARD DATA < CHANNEL
CONTROL 64 62 60
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| (mL)=
N

servo sectors.
normal i zed
wth N = 21 sectors in
i ndi cated by asterisks

runout for every physical

=5 G

by
e

S
1.

[C(1,L) cos wimD(1,L) sin wlnj
M= P x Nwhere Pis an integer
correction sanples generated by Equation 19 between
Referring to FIG 7,

runout correction for a hypothgfical
ares and M = 63 pseudo

file only conpensated for

,O0[err]n[err]M1
then there will be (P -

each of the N physi cal

1)

there is shown an arbitrary

1.0"

form factor
sectors (P = 3)
repeat abl e

(19)

pséudo

DASD

servo sector (see squares) then the correction

40

signal which is generglegd—by—a-—=zero—oider—hal-d{(ZOH—-or—th =t 0-
anal og converter Kfﬂxj éLmouId be rat her codgrse aréund 1~ zerd Cr@ssings
of the sine wave.®OThe pgeudo seg¢tor cofrpensa-i tion e apterisks)
provi des nuch betXer reggelutioni ~The {incredsed reSolution proviidesfa
snoot her control simgnal Jior the actuajor 58jiangsthus reduces the
excitation of act@atior [and suspensionjresonapces. iThis woul d be it hef case
for seek, Sett|d:%gnd<ﬂ ack-foblow aperatiofial nodes The nudber] of
pseudo sectors M$P$3arbijftrary ahd can pe omsi dered to be vari all e.| For
exanpl e, during i@ reqovery proceduy (DRP) t hel nunber} of pséudoj
sectors M can begglncretsed t-o—provi-de; L tracki-ng—IiRe-phase rrected
f eedf orward coﬁpensatl)n as jgive by Equat ijon 19 advant ageously
can be |nplenenteg alseparati ulie for iconpldgte fregdominitheg
selection of M Eggg ﬁ -2 t+he—rpast—on—-tihe—+egylar—aei-uatior
servo code. 3 014 /7C
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19 It should be understood that this nethod can be used to reduce the
‘nunber of physical servo sectors on larger form factor drives to yield
nore disk real estate for custoner data. This would be the case for
drives that have |arger repeat abl e TMR conponents conpared to

non-r epeat abl e TVR In brief sunmary,4fteat ures of the invention

i ncl ude: Phase corr?gi)ai s prpyided for feedforward runout conpensation
due to recordi ng head traje€tory caused by rotary act uat or.

Anpl i tude or magni tud& correction also is provided for feedforward runout
conpensati on. Usi ng E?tuuu SECtOT i conpensatton uy ucaaU{IHQ ooyt u5|ng
N physi cal sectors n estijmting; runout congensat§on for M pseudg
sectors per track’ g:per sur-fabe \Ahux-e-_M_z_N_yJ_ lds-a cmnt?mr feedidrward
control and enabl% ijdproved TMR and hijgher tirack #ensi t!l es. Only t wo

RAM | ocati ons for each|head_aie rgggred for periodit ugdailvn\ of
ot ar

algorithns, i.e., @19: and B(i), Equatl ons 10 gnd - 11_~H rc
conpensation correcgiorican be uti li zed iin  vari ousiKnown feedf&@atrd
conpensation arran@enerfds used w th rotiary agtuatdgrs, e.ig., aij itgrative
f eedf orward nmet hod S2Thg ef fii ci entj non- lii near jcopf ecti on ial goriit hng enabl e
a mcro- code i eIt atN g Rotiary—arc—conperfsationrcgrrecttHon—¢an be
used for all servot‘detf )_ds‘b‘sed wi tth rotdry acjliat oris, é.g., dedi¢ated
servo, hybrid or d&di cfted—plds—efierenc LA ack-servo—-and-sectorservo.
Al so, existing diskxfiljes car / :

LL' -t

. N o

No

I
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&
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be -retrofitted by a sinple m cr o- code change to take advant age of the

tracki ng i nprovenents. RO 9 93 014 1.
Apparatus for providing rotary actuator arc conpensation corr ction in a
direct access storage device (DASD) conpré#sing: means for

generating a reference feedforward correction signal_at each of a plurality

of sectors A&HIGEHRAN andRetgdang B hef UELERS B8 meagiestt PEfHe 3dk onlyhe RFFeRiR! Migans
f [ t h ' it f .sect d
ol d pr odet SR SEAYEPAE AR Rt RE, AL oRh Rk Pa ey helrer b protie 1o
extracting %ﬁ{ﬂgrfﬁﬁmgﬁrdgw'regiamﬁput conponent from said nmeasured runout

efror at eac sal d Ity of sectors around said predeterm ned track;
A need thus exists to provide a method and apparatus for rotary actuator arc

compensation correction in a direct access storage device; to provide such method and -
apparatus that compensates for a small predefined number of servo sectors around a
revolution of a disk; and to provide such method and apparatus substantially without
negative effects and that overcome manif of the disadvantages of prior art arrangements.

In brief, embodiments of the present invention provide a method and apparatus
for providing rotary actuator arc compensation correction in a direct access storage device
(DASD). A reference feedforward correction signal is generated at each of a plurality of
sectors around a predetermined track on a disk surface. A specific selected track is
identified, and both magnitude and phase of the generated reference feedforward
correction signal are modified to correct for the arced trajectory caused by the rotary
actuator at the specific selected track.

In accordance with another preferred feature of the invention, an improved
actuator servo control is provided by using pseudo sector compensation to interpolate the
feedforward correction signal between physical servo sectors.

The present invention may best be understood from the following detailed
description of the einbodimenfs of thé invention illustrated in the drawings, wherein:

FIG. 1 is a schematic and block diagram of a data storage disk file embodying

. the present invention; REPLACEMENT SHEET

0 7 FEB 208
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Fla lon



™

means for identi fy| ng a specific "sel ect ed track; and FF%%E‘ -—m—f SHEE
respon5| ve to said identified specific selected track for ngd
magni t ude and phase of said generated reference feedforward c rrectl nang
- signal, includi ng means for nodifying sagd-first harnonic anolut hewi
responsive to said identified specific selected track. 2 Apparat.us
for providi hg rot Apparays den providing @M@ﬁ@&@t@ﬁ mp@eau@mqwomtn adirect
access storage device neans for pnerating a
ref erence fé 8%?%8@%6%%3&%:@? “at each of a plurality of sectors

d d d
?(r:lgﬁ'? | f;ll ﬁéeaeggég fot;efeﬁ Elf‘\ﬂg‘q’t rac%@nc%ufffe&’fﬁﬁward correcﬁgﬂ%@%%n&e%%a P % said
identified speqitfios s&.@ér@%&ﬁldtarﬁ}%etérﬁﬁné@éﬂécﬁd’dmﬂ dRRt fr B thidiee MdAnPhAs e

of said generated reference feedforward correction signal, |ncI udi ng .nmeans
f or cal cul ameagringer runout error at eaclvxbésadtph&aﬁtyraftsetmrmund pdid peedetenmartied
Fouri er coeff|C|ents for track L_C(1,L)

A(1) + [erriragq pn (119““31' harmonipy ﬁlttr)n&mg% for Fé‘i‘?“]n%rgﬂ m‘(sg)harmcg:(xc mz‘QMer e

A(1) and B( are ‘ji a Qurier efaf ured

imbut er rofmRteps FPm PS meBREe Ryl Bitbe HLcaEf &risal ke BF sfirt el cad

angle at t h&lﬁbﬁé&@ﬂeﬁﬁﬁb&‘ﬁ%ﬁ rack on a di sk surface and at the specific

sel ected track: ’ -21- 3.

Appar at us as reci ineshsi for identifying 4 spetifie selected watks andans for cal cul ati ng:

err

| ! means responsive to said identified specific selected track for modifying both
magnitude and phase of said generated reference feedforward correction signal, including |
means for modifying said first harmonic runout component responsive to said identified

specific selected track.

2. Apparatus for providing rotary actuator arc compensation correction in a direct
access storage device (DASD) comprising:
| means for generating a reference feedforward correction signal at each of a

plurality of sectors around a predetermined track on a disk surface;

means for identifying a specific selected track; and

means responsive to said identified specific selected track for modifying both
magnitude and phase of said generated reference feedforward correction signal, including
means for calculating: |

x(n,L)= %[C (1, L)coswyn - D(1, L)sin wyn |

where the first harmonic phase corrected Fourier coefficients for track L C(1,L)
and D(1,L) are

Cn,Ly=A(1)+ 6 (L) BQ)

D(@L)=B(1)- & (L) A(1) |

Where A(1) and B(l) are real and imaginary Fourier coefficients for said
méasured runout error and & (L) is a difference angle between a transducer head angle at

* - the predetermined track on a disk surface and at the specific selected track. -
_\

A




where M= P x N, where P'is an i ni eger fof generating (P:
‘correction sanples between each of the N physical servo sdct round t
track on the disk surface. 4. Apparat us as recited iin klgimmBER &8¢
i'ncl udes neans for storing A(1) and B(i¥lval ues for each tyahsducer he
t he DASD. 5 par at u or.,prayviding rotary. actuat or conpensation
correcti on3'i n a ﬁma@% S scxgrggesc{ lgt%ar%géeﬁﬁéﬁggtém%ﬁéan% (g‘grrﬁf?ﬁ %QW :

nmeans for generatitpory= 1 §)E& v edbar MRidy #0), 0 &6t £ ap -Si each of a
plurality of sect'(ghg g?o‘ﬂ[ﬁ ar)predet ergiﬂn%d t‘rarck on a disk surface,

I ncl udi ng nmeans for neasuring runout error _at each of plurality of
servo sectors arWigie M xpNea'geréersmnf%%@rﬁﬁﬁa%(Prgl BIPdo comietisr at a
crash st op; ans for.identifyin LT ehecte k:.and
means res pml?feb?tge i“'a’?’f 8@&% gljf‘ 8§§g§%aécﬁ%@c§e§gq%@@ﬂat {hgct&acgoé‘{ %edld’l’sgi ng
bot h magni {yde. and phase of said generated reference feedforward correction
si gnal . 6. A nethod for providing rotary actuator arc conpensation
correction in a direct access storage device (DASD) conprising the steps

of : generating a reference feedforward correction signal at each of
a pluralit4 of sAppasatys as ragited o Qdaimd2 fusther insthdes meansfoe storiagld (bhand B(13k

surface, includjn he sub-steps of uring a runout error at each of
sai d pl uraYa(riF‘iﬁdeB\‘g@géFB? cﬁfrtéﬁﬂaéng‘&iﬁedeterm ned track and extracting a
first harnonic runout conponent from said neasured runout error at each of

said plurality of sectors around said predeterm ned track;

~identifying a spgppdraths $& protidehgl rofe} actamdr arc comdpenmmeohreaﬁ&phha BReshi t ude
and .phase of said generated reference feedforward correction signal
r esponsi veadcessstoraige dbvidtei (DIASD )spepribing: sel ect ed track.

means for generating a reference feedforward correction signal at each of a

a

h

plurality of sectors around a predetermined track on a disk surface, including means for .
measuring a runout error at each of a plurality of servo sectors around said predetermined
track with the rotary actuator at a crash stop;

means for identifying a specific selected track; and

means responsive to said identified specific selected track for modifying both

magnitude and phase of said generated reference feedforward corréction signal.

6. A method for providing rotary actuator arc compensation correction in a direct
access storage device (DASD) comprising the steps of:

generating a reference feedforward correction signal at each of a plurality of
sectors around a prcdetcnninéd referénce track on a disk surfacé, including the sub-stens
of measuring a runout error at each of said plurality of sectors around said predetermined
track and extracting a first harmonic runout component from said measured runout error
at each of said pluralify of sectors around said predetermined track;

idemifying a speéiﬁc selected track; and

modifying both magnitude and phase of said genera;cd reference feedforward
correction signal responsive to said ideni_iﬁed specific selectéd track. |

Iy M
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7. . Anmethod as recited in claim6 wherein said step of nBE?l#%ﬂ{fi%’gj\th;igt‘ ‘
‘of said generated referenced feedforward correction signal {i €S t he
step of calculating the change in the radial line to a trarsducgr? M 7 8%
said specific selected track conpared t@2the radial line wkhjthe
transducer _head at the predeterm ned reference track, 8..1 "Apparatus
for providing rofaPyhad @sdedieddn Clamn Sherin spdcser Sﬁﬂoéiffﬂl‘*g phage & std

Er ook o RS e nd R RRFOE oB 0, ony ity e PRI o
a predet er ghaagel i HeGa@ALBnd fo7£ kaBuéer Yok atiid |§15e%iﬁci el z?&k%%%ﬂgai g

measuring a runout error at each of said plurality of sectors ar
pr edet er m thedadirldide veittdthe dransdaceriwadatthe pfadeternined refe@nese frawk. extracting a
first harnonic runout conponent from said neasured runout error at each of
said plurality of sectors around said predeterm ned track; means
for identifying selected track radius. and nmeans_responsi,ve to
sai d i dent PT i ed BP%%‘E‘%E"W%@"@J&?’&% 3P TRAIO A% ?%WH‘F&S%PW°F§§?R‘1D{5‘d%dHFﬁi
phase of sai T i -gcl udi ng neans for nodifying said
first har %&%ﬁ%%ﬁ%&%@ﬁﬂggs%ﬁm ve to said identified selected
track radius.  feans for RRRRIYMS trheX midFepidndtiog (PMIRG REbnar wadaeh 6Pk HREAKION
signal to drive nmechanismof a rotatable actuator in a disk storage device,
conpr i si ngof sectors around apsedetarmined e fatenog) track &rf @ diskcerfhes diduding dieans foect i on
signal at each of a plurality of sgcqthérs g,round a predetermned track on a
di sk surf aB$2SUSIHE R WBPW TR AL fradPoFaph PRIRIBY 08 SE5teTt APgiataid pradetegmined
peri odi cal [ : r I 1] O the. i | d. means for
generati ng&gcgé?@r%@g; fhggra&gg vvaﬁ'fr %{ugolrn?g%t |%orn gé%ﬂgg ?MB@%%EE@“ r
measuring gorhpent fi6hl @i #HeafR6d n@buS@tdt Al dEiRbE 5hd YRR OF secRhURAngai d
ack;

predeterm ned tr means for identifyinga spécific selected
track; said predetersinédtrackal cul ating the change in the radial line to a
transducer head at said specific selected track conpared to the radial |ine
with the transdusemsieridentifyinga selected track radius; and

means responsive to said identified selected track radius for modifying both

magnitude and phase of said gencrated TMR signal, including means for modifying said

first harmonic runout component responsive to said identified selected track radius.

9. Apparatus for providing a feedforward correction signal to drive mechanism of 2
- rotatable actuator in a disk storage device, comprising: _
means for generating a reference feedforward correction signal at each of a
plurality of sectors around a predetermined track on a disk surface, said reference
feedforward correction signal varying periodically as a function of angular position of the
disk, said means for generating a reference feedforward correction signal includes means
for measuring a runout error at each of said plurality of sectors around said predetermined
track;
means.for identifying a specific selected track;
means for calculating the change in the radial line to a trans_ducef head at said
. specific selected track compared to the radial line with the transducer hcad at the ”

- predetermined reference track; and
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Sl rllgourl er coe%&;@]sgﬁtmss grld%n\rdggéﬁf&glgi C%d

Corrected
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where A( 1)
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nmeans responsive to said identified'speC|
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measur ed rlﬁeedfanverd@n'reamn ﬁgma)l ncdudinglinkérsrfencalcudatyige bet ween a transducer
head angl e at the &g\gfd tracZ) a disk surface and at the specific
b (&l

selected t
neans for
an integer

of

r ack. REHs 3 Lot |

cal cul atlng [err]

n claim9 further includes
where M= P x N, where Pis

for gemefeatht Figst GEmidni®5RALE RofEte@ Fbluddt defiRicts Retagen @@g,? of
the N physical servo sectors around the track on the di sk surface. 1

Appar atus asdPécL)am in claim9 further includes neans for storing A(1) and

D(1,L)= B(1)-6(L)4(1)
where A(l) and B(l) are real and imaginary Fourier coefficients for said

measured runout error and O(L) is a difference angle between a transducer head angle at

the predetermined track on a disk surface and at the specific selected track..

10. Appa:afus as recited in claim 9 further includes means for calculating:
x,(m,L)= %[C(I,L)cos wym — D(1, L)sin w,m ] ,0smsM-1

where M = P x N, where P is an integer for generating (P-1) pscudo correction
samples between each of the N physical servo sectors around the track on the disk
surface.

11. Apparatus as recited in claim 9 further includes means for storing A(1) and B(l.)

values for each transducer head in the disk storage device.

12. A method for providing a feedforward correction signai to a drive mechanism of
a rotatable actuator in a disk storage device, comprising the steps of: - |

generating a reference feedforward correction signal at each of a plurality of
sectors around a predetermined reference track on a disk surface, said reference
feedforward correction signal varying periodically as a function of angular position of the
disk;

said step of generating a reference feedforward correction signal at each of 2

B(1) val ues for transd ead in the disk storage devi ce. 12.
met hod for provi &iﬁz}a*@éﬁmd correction signal to a drive mechani sm

_g ) tude,.and-rpha e iof

t

and B(1) are real and imagi nary Fourier coeff|C|ents for sald

A

plurality of sectors around a predetermined reference track on 2 disk surface includes the ... --

substep of measuring a runout error at each of said plurality of sectors around said
predetermined reference track; e

g



€
a-rotatable actuator in a disk storage device, conprising-the, stepsl” QL":T"E"”‘
generating a reference feedforward correction signal at ieBEH-Bi=%-Y i3
of-sectors around a predetermi ned reference track on a di sk™Surface, sai
reference feedforward correction signal "V4rying peri odi cial | ygep BEB @A8tipn
of angul ar positi\c;lg?l_gf the d s# k_sai d step of gehefating a

i
ref erence feedfor 1@85?5@?‘?6dnse%e|ageﬁz§'iacdt each of a plufalTty of sectors

around a predet er rd.n@thtingftRE @R&EEe tih e rddial Aindi Bk Taddacs W‘@m&ﬂs—-——-
substep of neasuring a runout error at each of said plurdlity of sectors
around sai d gelestiel teaciti coenparedfte thenradiat Hae with the transducer head at the pegdeterpingg a
specific selected track; calculating the change in the radial |ine
to a transdutefrenreddcist said specific selected track conpared to the radial
line with the tran [ d . erdd.ned :
nodi fyi ng both mag ?éj{{}g%g faﬂ'ﬁ% %’Eggttélﬁgfﬁ %gﬁ%giﬂgﬁfeeéﬁg g?%ﬁ%%%%%ﬁ?%?%md
correction stgpation SERANRPHAsIVE té SlidlidefRfidd Specific spRReled iracls ehd cdié dhingadk and
said change in radial line; said step of nodifying both magnitude
and phase of ralibl ingener at ed ref erence feedforward correction signal

i ncl udes the substep, of c Icuci.

[err][C(1, L) cos[er¥d stepyqfdne ‘gtl'igsr%?ﬁ Hagpingde and SMS!’ og\%ﬂéz%eifﬁéedﬁefe&nce
h [ h | ey fb LI BE k L |, L d
T A | 51 g

[err] (L)A(1) x,(n, Lyeh&e(A)tds @ne- B, D)siawgnrleal and imaginary Fouri er
coefficients for said N

where the first harmonic phase corrected Fourier coefficients for track L C(1,L)
and D(1,L) are

Ct,L)= A(1)+86(L)3()

D(1.L)=B(1)-8(1)4)

wﬂac A(1) and B(1) are real and imaginary 'Fourier coefficients for said
measured runout efror and 8 (L) is a difference angle between 2 transducer head angle at

the predetermined refercnce track on a disk surface and at the specific selected track.

13. A method as recited in claim '12, wherein said step of modifying both magnitude

and phase of said generated reference feedforward correction signal further includes the

substep of calculating:
x,(m,L)= —;-,-[C(I,L)cos wm—D(1,L)sinwm ],0<m< M -1

where M = P x N, where P is an integer for generating (P-1) pseudo correction
samples between each of the N physical servo sectors around the track on the disk
surface. o

14, A method for providing a feedforward correction signal to a drive mechanism of
a rotatable actuator in a disk storage device, comprising the steps of:
generating a reference feedforward correction signal at each of a plurality of

sectors around ‘a predetermined reference track on a disk surface, said reference .
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measured runout error and [err](L) is a difference angl e~betweer—a

transducer head angle at the predeternined reference trafREMABERMERNK SHE
surface and at the specific selected track. 13. A frethoet-as—TeciTed
in claim12, wherein said step of nodifyfhg both magnit ugle ang pRE8sEnef

id f : f : . _ h
s 9one a5 e STLAGH oA 80, Bl o el s 1
Lerr]-D(1, L)gialerr] J[err]nferr] MI where M3 P x N, where P is

an integer for generating (P-1) pseudo correction sanpl es—betweemn each of
t he N physical serdenti§iong aspecHicoelected track;r ack on the di sk surface. 14.

A method for providing.a feedforward correction signal to a, drive nechani sm
of a rotat ablg actcﬁlé\”ang freac 5?(%&%%%6’@?@%‘?/?%&,“’3’5&%@ S‘F?‘Fba't F?égél’@ ¥ of:
generating asere@tfeg haBE @oxhg?gé o mggdiaqﬁﬁe%ﬁﬁ B FdnBier ﬁéa&eﬁ%'e g,feg&emih%da! ity
of sectors around a pre ermned reference track on a di sk surtaceé, said

reference reference track; -25 -
feedf orward correction signal varying periodically as a function of angul ar

position of the dinsddifying both magnitedsnaridf ghase) ofi saip generatedrefesence deedferwiard
calculating the change in the radigl. |i to a.trapsducer head at said
speci fic sel CEFEHPY F‘g’é KESPORPLT &9 ’@ﬁ%‘{}%&dﬁpﬁflﬁﬂﬁ? clfd: Mackn according I, thsr

head at the p{GACKEHILASH radial line.

£l

15. A method for providing a feedforward correction signal to a drive mechanism of
a rotatable actuator in a disk storage device, comprising the steps of:

generating a reference feedforward correction signal at each of a plurality of
sectors around a predeterm.ined reference track on a disk surface, said reference
feedforward correction signal varying periodically as a function of angular position of the
disk; | .

identifying a specific selected track on the disk surface;

determining the change in the radial to a transducer head at said specific selected
track compared to the radial line with the transducer head at the predetermined reference
track; and o

modifying said generated reference feedforward correction signal responsive to

said identified specific selected track according to the change in the radial line.

16. The method of claim 15, wherein the step of modifying said generated reference
feedforward correction signal comprises the step of modifying the magnitude of said
generated reference feedforward correction signal -according to the change in the radial

line.
17. The method of claim 15, wherein the step of modifying said generated reference

feedforward correction signal comprises the step of modifying the phase of said generated

' reference feedforward correction si gnal according to the change in the radial line.
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reference track; modi fyi ng ‘bot h magni tude and phase -of “sai g™, -

generated reference feedforward correction sign responsi yefitig.sgaig# OHEs

identified specific selected track according to the cal cyl ated—change 1n|

radi al |ine. 15. A nmet hod for pr ovizéi‘ng a feedforwdrd qprr EEEI AR

signal to a.,drive ,nechani of a. rotatable actuator in ajdijsk storage
g} el g

devi ce, co isi n(j\ Fhe € uscompnsmggenerati ng a rdf erence

feedforward corregilRRamiM Mt g@ﬁmﬁ%_@ré?@reﬁce%b&f@ﬁér& creqOR GipRhlat 3k
predeterm ned reference track™on a di sk surface, said ref ce

f eedf or war d phuralitgcefi sectars garalinds ar priedegenpanéd defexente task aonf andisk gnrfade, asamlul ar
position of the disk; identifying a specific selected track on
the di sk sur¢farsacc feedforward gemrestionrsigngl tvaeeh aagedirdln fe arfastion o6 apgular

t ransducer heag at &%i d.specific selected track conpared to the radial Iine
with the trZASHPREFDRAUSK: at the predeternined reference track; and

nodi fyi ng said ge k | S ].,.r esponsi ve
to said identifi egﬁ%ﬁ#%éﬁggg{jﬁ%c cvgg{?gtgg iaﬁlgséggt sgd C anede in the
radi al 1ine. 16 a mecharfifia thitide@emiies tHeashahgddbin thdrRidRil fliné fea Ghueyduedr head at
nodi fyi ng said generated reference feedforward correction signal conprises
the step of saddipksifingelebted rteagkicomperedfto $h¢ tadiad lneawith theefransdnesr Headdf thewar d
correction signal according to.the change in the radial |ine. 17. The
met hod of cIPE§dFtemIn fe TRk 8&p of nodifying said generated reference

Sai d gener at e r oAcPEEB L PR S, BEReFhRE oFioPe o] SobeRhE

change in t Rnapdiilnstve 16 said identified specific selected track according to the change in the

radial line.

19. The servo control apparatus of claim 18, wherein the mechanism that modifies
said generated reference feedforward correction signal modifies the magnitude of said
generated reference feedforward correction signal according to the change in the radial

line.

20. The servo control apparatus of claim 18, wherein the mechanism that modifies
said generated reference feedforward correction signal modifies the phase of said
generated reference feedforward comrection signal according to the change in the radial
line.

21 A disk drive apparatus comprising:

at least one disk having at least one recording surface for recording data when
the disk rotates about a disk axis; |

a rotatable actuator that supports at least one respective transducer head to access
data reco_rded on the at least one recording surface, the rotatable actuator having an axis
of rotation parallel to the disk axis;

a servo control system that rotates said actuator to position the transducer head,

: * [ L M S *

the servo control system comprising:




- 26'}.-- 18. A servo control apparatus conprising: a mechani sm
‘that generates a reference feedforward correction signal [a .G R
plurality of sectors around a predeterm ned reference trac%Egﬁ*&@%ﬁaﬁgﬂ
surface, said reference feedforward corretion signal varjyi ngaperl odi calTly
as a function of apgul ar osition of the disk; c i P§RE3
kdentifies a speci Pq?gg%plgﬁggdhqt PRI f%@er&ﬁcgﬁedémaé‘EEQ’TeCtl°“ @n@éﬁt éa‘%ﬂ
rechani sm t haf s 4ol gkl STRRebRCar6ANG Brddbreldified Attithod kil HPa ik APACYIGEY
cifl a

head at said sp sel ected track conpared to the radi Ine Wwth the

N
=
D

transducer hegferende fdadfopwardetozrentiote dighslfl warping @etiodicl]y and function of angular
mechani smthat nodifies said generated reference feedfocward correction
si gnal respomesitien efghedisk; i dentified specific selected track according to
the change in the | i.ne,

di al .19. h | f
cl'ai m 18, whor ci n {HE SRR e (S aapPiad S kR AR BRERE .
feedforward correctd @mehaiah ﬂﬁ?@été&xﬁﬁesﬁﬁ@cﬂiﬁ@é‘ﬁhﬁh‘@ﬁdﬂ{l‘ lifé4oth trﬂﬁ&\ﬁ:"e@%%ﬁ

reference feedforward correction signal according to the change Int

radi al |ine. at saiDspecific Shlectsé track campared toathp aadidl dme ofiticthaitrmdRicevifead at thet he
mechani smthat nodifies said generated reference feedforward correction

si gnal nodi f PEseteminghiefEerse tegkiangener at ed ref erence feedf orward

G5k ar i ve appar at () S SR s RokRAN U8 phetdifs FteRte b ifrand Shuotion)
one recor di ngighillcb@pRsii@to HRE RIehlifd Padific Weied Rkt ctbrdind! BUES clgslin Medi sk

axis;
radial line.

22, The disk drive apparatus of claim 21, wherein the servo control system positions

the transducer head in response to the change in the radial line.
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a rotatabl e actuator that supports at |east one respective trepgs»@IHJL . s?&qer
10 access data recorded on the at |east one recordi ng surfacg, LIh .
Fotatable actuator having an axis of rotation parallel to the gk aﬁ% an

a servo control systemthat rotates said28tuator to positioh th B29081
transducer head, the servo control system conprising: (a)
a nmecahnismthat generates a reference feedforward correctioh signal at
each of a plurali t42THODS QNDORPPARATUL RO rRARY RCOVOATORT AREhcetrack on a

di sk surface, said 6ﬁ§?ﬁ§ﬂf§?ﬁ %Qelro% Eﬁrgeﬁ%ﬁ)%%%ﬁk varying

periodically as a unc Ion n a tion o (b) a
mechani smthat identifies a spe C?ReIL PEY¥LEH track on the disk surface;
(c) a mechanismthat determ nes the change in the radial line to a

transducer head at said specif.i ci.ed k _conpared to the radial line
with the transducer head a I'ﬁ"lrgﬁ agtéﬁ}e rjr1‘e?1|931“‘e(i’%ence track; and

(d) a mechanismthat nodifies said generated reference feedfonvvard

correction signal r@%@%hﬁ%uﬁ@o%%ﬁ'e'Q&ﬁﬁéﬁs‘a‘i‘ioﬁp%ffé&tﬁ&{ d;ﬁf%& B

according to the change in "I??cejei i ne. di sk
appar at us of ARRFHIY vﬁf'eere?ﬁ:P‘f o %oq'&’?etﬂt ﬁFscteéﬁl FEORIEN L GHE 2
transducer heatbadpir.esponsef éxerndee feedifgewand t derreaxtiian Isig@al (64) is

‘generated at each ©of a plurality of sectors arocund =z
predetermined track on a disk surface. A specific selected
track is identified, and both magnitude and phase of the
generated reference feedforward correction signal are
modified to correct for the arced trajectory caused by the
rotary actuator (58) at the specific selected track. Impro-
ved actuator servo control is provided by using pseudo sector
compens'ation to interpolate the feedforward correction signal
between servo sectors.

(Fig. 3)



