f;e3eoXo,p26TXv]'! d S31 25 JUL 2002 Field of (he lnvention This
invention relates generally to the field of disc dine/data storage 3

devi ces, and nore particularly, but not by way of Iimtatgﬁﬁﬂmm}zﬂg
the tine req “m"mummm |l e a head onto a destination tra I i sc
drive seep omw ugh adaptive current conpensation. Background of

I nvention | U D ggegki ves are typically used as primary data jﬂ
devices in nodel n conputer system and networks, due to the e ﬁm

L
cost-effective manner in which | arge anognts of conputeqized data A%W%W
stored and retrieved. Disc drives of the present generation have ‘datse
storage capacities neasured in excess of several gigabytes (GB) and can be

used al one (as \gﬂsszﬁ\gii’ﬁ%@mpﬁf@*}aﬂw}ﬁﬁgwrs% DIEYE SR 8P4TRIy ' 1

mufti-drive dat rage” arrays (as Ww nternet M server or
mai nframe conputer). A typical disc drive conprises a plurality of rigid
magnetic st orBigd ofitbelvepion, are axially aligned and arranged about a

spindl e notor for flﬁl:e ?%'E&ibnﬁelét& § ??ailgrﬁ) o ﬁgd%‘f‘%ﬁﬂe&ﬁ%‘iﬁuﬁﬁoﬁ%&@.und 10, 000

revol uti ons pernunu array o read/ wite ads are provided to

t ransf er s dat aldvewesd ridragkaicatariyhéudnashyanty oblikd@atioc aopedieing the whiech t he
disc drive is nounted. The heads are nounted to a rotaly actuator assenbly
and arc cont rigHiEst Y SpEisiat FoR QaayfetBAtion KAk fufeiést Bic §ridf o&&d | oop servo
system More particul.arl i k. [ naS y includes a coil of a voice
coil notor (V%%?E@yfﬁ§g°?ﬁ%ﬁﬁvﬁgﬁggbggngiéggﬁbbontroIs t he position of the
heads through the application of current to the coil in response to

detected and estimted positions of the heads. as well as conmand i nputs

i ndi cat i ng de%¥$é@mﬁéﬁﬁﬁﬁ@ﬂ@ﬂbf the heads, The servo systemprimarily
operateg,in one ofplwg. el ﬁ‘éﬂﬂ%ﬁlv”i?%ﬁ%csj%ﬁ W%a&’}%rkéea@q{eg'lﬁ 8}6‘&&% A seek
operation entails noving a sel'ected head"™~U tion an initial track to a
destination teagkia@nytibes ass aciated dikse igutfieear dfir @ygéffecude ndnherma ~.

2002 which large amounts of computerized data can be stored and retrieved. Disc
drives of the present generation have data storage capacities measured in excess
of several gigabytes (GB) and can be used alone (as in a typical personal

15 computet configuration) or m multi-drive data storage arrays (as with an internet
network server or a mainframe computer).
A typical disc drive comprises a plurality of rigid magnetc storage discs
which are axially aligned and arranged about a spindle motor tor rotation at a
constant high speed (such as around 10,000 revolutions per minute). An array of
20 read/write heads are provided to transfer data between tracks of the discs and a
host computer in which the disc drive 1s mounted.
The heads are mounted to a rotary actuator assembly and are controllably
posinoned adjacent the tracks by a closed loop servo system. More particularly .
the actuator assembly includes a coil of a voice coil motor (VCM), so that the

25 servo system controls the position of the heads through the application of current

1o the coil in response to detected and estimated positions of the heads. as well as
command inputs indicating desired positions of the heads.

The servo system primarily operates in one of two selectable modes
seeking and track tollowing. A seek operation entails moving a selected head

30 rrom an mitial track 1o a desunation track on the assoctued dise surtace through



‘the meal acceleration and subsequent decel eration of the head away fromthe
initial track and toward the destination track. A vel.égcity control proach
is used whereby the velocity of the head is repeatedly e Eﬁqﬂéﬁ,@@@@ed on
measured position) and conpared to a velocity profile defTning a desired
velocity trajectory for the seek) Corrections to the amount of current
applied to the coil during the seek are tirade in relation to the
di fference between the estinated veloitv and the desired velocity. At
suchtinme that the head reaches a pr edet 8rni ned di stance away fromthe
destination track (such as one track away), the servo systemtransitions tn
a t0 settltne mdeHarals e aibad sRICAACEBERIBALS hthiad a8ty AEM B tract ; .
Thereafter . th Q. syst.er .S A .fal f ., rat.i,on
wnerein thr head 3 BB PRM PR bR Bk 2Py Ro AT BUEN,
seek operati on vifrger the eeivedy Bt se tdail vercgesydinesdhusd tyneécad higadisal
proximate tinme upttmal control tvith a velaogcity profile to control a
sel ected head d9biting andsemrpargd & A eloett Piokiorc ey desireg yRIOLBY MRIECRRY h
relattvel vz sl o texpat | t, : rack,
and t e name. Stat Hegapr nbobet Rl e B RGO Bph L BE PP AL A
tr~te~ratton fgeel iakadeoinl reltinso Henkffaeod emwedrt the ehirsaiep peloacharidsiht hat
at such tine that control Is switched fromseek node to settling node, an
tnittal vel oct tdgswed VEleFibh c~tn cause 20 lart=.e overshoot or undershot of
the head relative to fi [ , ] extendi.ng.the tine
required to settle t%éﬁﬁgggﬁeoerlf? glth'lf ﬁ]ga%facgﬁ%ﬁéﬁ} gﬁﬁﬁngg &'dl%%u_ge @%Bgréérpy
variation is inhetdedinaiion madetsocldisenedirickervde s, the Rsrvbagats @tantifiens 1o a
accel eration constant of the VCNI changes with tenperature and rclattve
posi tron bt theccbng mpHesdeEny tstlvad ISTRFFD LR GicsdBRIonsrarht ridetptiee
~-elo~tt—~ errqfs, UB'sOchﬁ%ghe?s aé&ﬂgﬁdl[@mﬂm%é%%Pﬁgwé}gu&\e&fhéllemﬁc‘hkﬂiep?- A
typi cal hi~~l~ perfornance disc drive has a specified seek cn>>e ¢>t around
ei ! ~ht mllisecands beRey thavddsohationchudesut e ddxneRepeasar s feororinbe head
~ he noved across the surface of the dlsC and settled onto the destination
trash (over the tracRise&pvedeiiRninhs BPIEEUFG BEP B e HFRPmai§oRd | Withgs t he
|;ttencv time reclnre~. 30 1' e. i +SEeeLor, r e head
as the disc rota Jei{s)mfrie rgf’l ?‘v%) C;%E”H:‘SSQQC%J g&gq@ﬁﬁ‘ﬁ@%@“ﬁ&@& _eﬁgg.{](ﬁlf P‘;gé%nt ly,
such vefogitv uaniratié;ongh atlat ey Bew AgRrionad stie tsekdall oo phasainaam ext end
the seek tine by one to two mlliseconds. Because the drsc drive is
tvprcal |y unavafdcibied thegamesige eytmaperabded sRsrpliens 1@irsegvendesa | ust
conputer during a seek operation.  consumer demands for continually
i rnprove~l dat gmff::f‘}'“ n?‘SP-?ré@‘ Logr;at“l%?‘rrance has | ed clesi;=hers to find ways
U InprU’e ~~r VO COht brddlerARGih thRdipeeoasielid than i tudhnendinas durseeks. Sever al
nmet hods have been recently proposed to reduce; Settlin~~ tune usrn~~ ,r
technrcl ue ~l entridhed tram seekrmaere 1@ sgsliphmede)an/aitide VEBt HPEHSHPR 6¢F B¢, f or
i)é?lrjrg![ g;, S%H art lra&lccopexfshlbggé{r Sltide%lhogpb'il tlhgqeacﬁe‘ff‘ﬁh}e Mo Fﬁescl(csﬁalt%ﬁ IB(B}E‘&I' -
undesirably extending the tume required to settle the head onto the destination

track. This velocity variation is inherent in modern disc drive designs because

the acceleration constant of the VCM changes with temperature and relative

position of the coil  These and other such factors tend 1o introduce velocity
25 errors during seeks. undesirably extending settling times.

A typical high performance disc drive has a specified seek tune of around
eight milliseconds (msec). which includes the ume necessary tor the head to be
moved across the surface of the disc and settled onto the destination track (over
the track center within a specified tolerance). as well as the latency ume required

30 for the desired data sector to reach the head as the disc rotates relative o the



_Jll ) Charactcrrzatwn. |'redictron and Conpensation," |EEl~
T-(ill,SaCIll!")rT.S orr Irrcltr.str-ral E cctrvrrrck. Vi 3

| 997, pp. 2-F?~l-2A33, which clescttbes ,r backward search hﬁdbl @88 “for
proper controller rnitialrzattotr. However. thv approach places relat rvel y
| ame real -tinme conputatronal demands upon the system Lrmrtrn<~ its
usefulness tn real world drsc clrrve atppficatr~ns where 15 processi n~~
resources are usually Irmted. Three additional methodol ogi es were proposed
b~~ Y~inlrr~~uchl et al in ,.Dcsryn ~f Mbde Smatchtn~~ Controller with
Initial Value - [a) er

L7l Vel e COPSIIRARL ANy AR RAHAE R 00t B YR ST
Crirfornra. Worexieh9e sepptinwe t?ﬂen@ﬁ&woanrﬂlxétmads ~Brcofse lthd md@dn@é)ls
SwtchrnU Controller with Initral Value Conpensatr~n and its Applrcation to
f-1~a~l |'oat VR H-URBSAGR toofrﬁd%rijéf"‘l betppedihipydpsgeand a fipst computer

TI"CrrsaL gl I | 996,
pp. G--73. TheM |n§r sst%uf \A/%)Jrﬁﬁ L%B%Jo{;ég deggﬁ%fhﬁggggﬁ%ll\vilnglr?ﬁgfjg A et “al. in

the foresm ~rrapafe hsriodmibcy &3s ledseithdrgTo cx@mtmp{ lem{rots e verjnial ahes at
sett!m- node rnttialization. rllthoualr ' 'S operative, such approaches, at
| east to sone'é%#éﬁ?““?%ﬂ&@ﬁé“ﬂ?&é?ﬂ%rrt|caI tasks of the disc drive servo
system such as set aht.lhnne |,i br-;
rtin~ ~aln. cte. m%gﬁp 3 ff H?%%nﬁ{péﬁ%%%@gd%%ﬂ,gkﬁnn Hﬁgﬁ%% 5t a

i nvol ves vancel (EIlmth&l dchMﬂS&dﬁ.hQOpo polmsalahidchempemakon ' Skd Wontxamgné.rol | er
and replacing, these pops at desired positrons. |Ilowever. |ike the

net hodul o~~v 30 ¥irclepadedysy «Edaytied "ESPS in Pk PrayprPachAeidmore undesrrtt bl v
uorI ! pf e ) tn élb@ L[Lq‘r% lllo!tl TJFCa{CHORdﬁd CD%Q@RB glgl' t]#EIH%mW ?II(%)TQr()(;iIer
conpensator is necessa 'hi t1a ue .~ll'sa. there
is generally rmdzesas&/fmymm adapss.the Bywoenpt.@4agQasnt whioh defth mesarn
tenperature and simlar factors which tend to adversely affect servo

per f or mance. Aseor Hidnighirh AR IeY 19T PEET AOMIOIKE YL IHatpe  BlopveF gy this

| mpl " Uvel TI ~i | n r e can be
adaptively c~ p#?mW@ﬁgﬁQX%ﬁﬁﬁheh g“%h%&§§5§§?ﬁ ﬁgmgisgpggﬁrggét%hlch t end
to introduce siykient flinnand 1k evelibieof inkeddvortdCdikodhtyagiicones WidrSumm ~ry n!
the Invention The present invention prOV|des an apparatus and net hod for
mm-zr ng! et t | FFAKL?SINE ABSOMFFC 2§ Yualy e efn accordance with a preferred
ernhodrnent, the di-gg.dul¥GoNalh *&Né(g%i’lé@‘ N é}v\ﬁv pd W'thﬁml §ch§9mlr gl I ably
p05|tronahle ad~ucent a rotatable dis¢ c>n iC . plurality of tracla
are defined ~'“bParenhart,Msdichwashiag CYoncellgokith imtior\’dlL\KIIbr)nrcussn@pmnhbe y

coupled to the, head for ositional cantro ead in resPon

current appli eﬁpﬁlﬁ”‘f‘P“@m&&”ve cr§8 6‘“8} 2{}?{:%5 ﬁF'BWd‘é g Oé'é’t‘ﬂe t he
head onto a degf; mml% Ul@t%rnlaatligr‘l 1@9@0{9§|mt% Ohd &8I ot MB@J ation by
deternrnmvel ocity of the head at a selected ~0 distance Tromthe

desti nat ?on traekelied Sonrefuerygdlnieaslee Sempénspn trdamsipplontipoont )
conparing the eI oG desired vel o h at the selected

di st ance from cf%?é% Wr?lr%{‘c&! ‘E“t“ﬁé‘??ﬁ?”“a zgﬁgad‘r‘('m&[u‘f'?‘é’ﬂt
correction val Mﬁu&ﬂaﬁE@Hﬁér@M CAMIBNKo ST~k he. aener ahe 1asidi fied current
commend sr~~nal, and tISrrlL the 1110dltlf:d current command si~lnal to
settle the hed@t@iﬁ@@oglnépa@@wch%x Vomagycae Rt al® mhige é@pwmmamrf freatyes
correction val ue [[l ,det e lﬂl ((%9 ! [at |1[ fonthﬁ ﬁlllate “é el
position of the& C%ré(f e 'he éd“f’)sa e FHd"s PR YOI NI nt

seektn’ c2gnd Sﬂietrhi\l&gs&c_\d\ﬁ’ll[ﬁ)hmc.ﬁcﬁﬁl Q@md s@ins kRAREE uhpé&mnhur&u;dmsthmain on
track, such as one track away). The settlin~~ current corre:ctron val ue
serves to add BA dAgdiriveosaio pekes. tsech h:esefﬂe@p@hgedonfheﬂhé‘15@1@0@1@1)?1&% woh

Elh{ ; n~|U :[_: acem? B uonfu (_;[abne A&’ ?h?%P& meﬁ’lo}folggxt %:rorpopeddm' ama"u 1'1 gnyto a wei ;

and

mvolves canceling all closed-loop poles of the track following conuoller and

replacing these poles at desired positions. Ifowever, hike the methodology

(S}
(@]

proposed by Eddy ct al.. this approach can be undesirably complex. n that an



‘25 J U h 2002 _;_ locations of the slowest two poles,(i.e., the two poles
that arc closest to one tn the z-domain). I'relerably, t he servo circuit
conpri ses an observer whi ch ~~ener at es estcmates o head Zﬁﬁb
velocity and a settltn~ table which adaptively outputs the S aq[ﬂg ent
correction value tn response to the estimated |:cad posoi on and vel ocity of
the head at the transition point seleeacd dtstan c:e fromtl~e destination
track. Moreover, the servo ctrcutt preferably conprises a proranunabl e
processi ng devi ce havtna associated progranmng to settle the head onto the
destination track. | C) These and various ether features as well as

advant anes whi ehdtinaslduglepidze cempenspies SmecesivyNan hownitial yelugppakesittes rom a
readi ne of the follom .detat| d descri pt co evi ew he, associ at ed
G v ngs | 3r ot 1o BTEAUBHERY B REERS saE S0 M Rl bt LM By DR BRER ., o
a dvsc drove copsdm F;#B?it@ﬂ: ird aeaer daneewwah ehdpoeliesked grpdomsnt of the
present tnventton ' " is << functional block dia~~r~tmof the disc
drive of f;IG perterm@8eis a tuncttonal hlock dta~~ram of the servo circuit

f FIG ~_FG.I t des hi cal || trat f | oci t fil
gf a selected ~0 ne2§$85F?ﬁ¥eg %Euggﬂﬁﬁﬁu5%¥f§ EEEQQBbgPéﬁwgﬁk ePE?nltﬁe

head ~s moved fy)Qm; eufifh bhahebhaek oan@.s%%tvb%@ln%tq@a,ﬁ »@ﬁ%ﬁﬂﬁhb@m fack.
FIG 5 provides a ~raphtcal illustration of a current profile, showng the
current that i pregeptd eldparanethie \aonhomsfwiibietlendile evtomiuke sgndica(Mewtly oof t he
disc drive during the seek operation illustrated with respect to FIG 4
FIG G provi ded'3d §F18p1Y EEP™Si | | ustration of the trajectory of the head at
the ~ettltti~, phase of a seek. illustrating problens with hoth undershoot
(wherein the head takes too ton<' to approach the desttnanon track) as well
as over shoot vwﬂmnﬂmBJﬂﬂELhEEMunyershoots the destination track ittld
pl"()vtdt; S all t)SC IllatOl:\' response | . 30 FI s a control
cita~~ram represent a FdHe§WbMH@Q“Th§°6ﬁé?é%?mﬁ“ﬁ?sf%bme‘OHTOL”BmUUU”goo -6
servo system of, ﬂg@ngw,gdqﬁgqannce with a preferred enbodi ment of the

pr esent |nvent|on Wth the control diagramof FIG 7 hein~~ ~Tenerally
representative of tHeapungmannadlmpeﬂaxmbmnMRhmhe dughsmﬁnsagnab\ME®cessor

(DSP) of FIG _~ S | ?sentatjon ? a ortion a, sel ected
tract: of tlic \lelt}%d hcad whlch 15 (.0 trollably posinonable adjaCent a rotata le disc on which

15 a plurality of tracks are defined A motor. such as a voice coil motor (VCAD, is
operably coupled to the head for positional control of the head in response 1o
current apphed to the motor.

A servo circuit is provided to settle the head onto a destination track at the
conclusion ot a seek operation by determining velocity of the head at a selected

20 distance from the destination track (also reterred to as a settling transition pont)
comparing the velocity to a desired velocity of the head at the selected distance
from the destination track, applying a settling current correction value (0 a
current command signal to generate a modified current command stgnal, and
using the modttied current command signal to settle the head onto the destination

23 track. The settling current correction value 1s determned in refation to the
estiumated velocity and posiuon ot the head uas the head reaches the transition
point between seeking and settling (which 1s a selected distance from the
destination track, such as one track away). The settling current correction value

serves (o add an additional zero to the response of the servo circuit. with the

L2 ]
c

placement of the zero adaptively determined in relauon to a weighting ot the
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i drive, show ng the relatrve arrangenent of servo bl ocks and user- data

" bl ocks rn accordance W th an enbedded servo schene uti/lized by the drsc
drive. FIG 9 is a i70ow charm 11lustrati n~T an ADAPTI VE SET (E;pl% mzﬂ)

i ndi cative of the proeramm n!~ o-t the DSP of FIG 3 and setttn~~ re

clearly the operation of the control diagramof FIG 7 durtn~ a seek

cyerat;on 10 FIG 10 provi des graphical representations of the results of

conputer Sinulations. shown~ the inprgvenents rn settltn~ pert~ormance

obtained throul TIt use of the control dia~Tramand routine of FIGS. 7 and 9

hetal | ed Descyi 2t r

particul arl ~~ 09 Eﬂé}t [hc,: !-lgﬁg\k/\ﬂgt(ﬂ%l ((r?l @%”ﬁ%ﬁ%i@gﬁ’ z\l}?gflﬂv)sg? 1§ ng é?: drive

| 00 construct eldaztloraﬂ:mo)rdance wuth a preterrc:d enbodi rrent of the present

invention. | ~he disc drive 100 Inc)]udes a head-djsc as gl-ID A 1uUl

and a drs~ drive prrHEBENWRY FO0 SECHEANIPTISBYAY O fﬁ%‘YELh% WHEY to the

under si de of bl e PVWA

provi des crrcE%ltﬁrrlL[QSn(eicﬂeeEsg%g logqg%h'?llrégmy ﬁged 5%2!rnat[§01§1ugﬁhc§tdd&“%h& 101 and to

transferwdataob¢MmaemsmhmukuanAAh@iuamdamehmsﬁpmunmmﬂensnnnmhnmhdthe di sc

drive 100 can he nmounted ire a user environnent. The HD:'1 JO1 includes a
base deck 107?PPYUQn any Yilegify Qlaiif hedd i e Uagy i PYNoEEnt dauk di B bt ed. A
top cover, which has, hegn AUEdRE HEaRo LLF@II[é rdfer ﬁWQ@? ;)lkélt £rior
conponents of ‘Interest, cooperates wWth 't eék to forty an

i nt er nal enV|ponnmnhmbmnw®Mwmduﬁcwd¢huendmﬁomm&hpaqmmnmhhedsantcpec sure,
hum dity and cleanliness |levels. A spindle noral 104 is provided to rotate
a stack of di &%l QY8 thi dUBBIdR*Kant hi~ h speed. wrath a disc clanp 10S
securingf he discs LG mn'noﬁs %mep% res s \nel?démaaaneszmzh Qe 04 1t
wll be understood that a plurality of nomnally concentric traces - not
separately il iuspieadned)veana wmnebe npghran teinch refditthet warfdlboese otatilie di scs
106 In a conventional nmanner. 'ro access the tracks, a controllably
posrttonabl e FF%#W@Pnﬂn%é§%wayﬂiﬁiﬂ*@@ﬁ?%§ﬁﬁ%8a%Mrch rotates about a
cartridge bearin,= assenbly | 1 ~ 111 response to (:UrCIl1S applied CO a
CUl (a pUllOn U~V 1S S11uU1,1'il at 1 1 ~) U a Vc~ICC CU I notor
(VCM |14. ThedradiDeatiopuoass @ includes a plurality of arrns 11f)
born mhlch corresp fl ex re ass ~0 arc

i n~
orovi ded at di st al qﬂﬂdé o e S T Rk B AR e oS O
ov(, 1 the | U dirsesch ORuiindhl oheairiias @tk shed by air currents sec up
by the rotation of the discs | U The heads 120 are preferably characteri zed
as ma~-~net o-t esi st IlU6. (’1!‘»&Ifumtzm)lledaQLsdlkﬂdat@Hhaﬁseﬁbl\'y(‘nﬁwl § provided to

hner nj st drarnet drg a1 e acBS OB a4y SR arhed! B ' 15 1w

is deactivated A flmg qigreuuts assrRhyill2duRhtidesocal edisie lotalselected
CUllInlunldtloll paths between the actuator assenbly L 10 and the clrac

drme PV 301 ~nhgid edihecshisc dngrdtemngi deckhPpemsor wderedy iy dead )y 1aeveddmin oed
above) FIG' ' e CLio I agramol' the disc drlvr; 1(iU
of 1~1G L, upelrr“g[bfv “go‘ﬁ‘hlgsé:{‘}ég t““’ 42 S‘plf“%k("qléu er 140. As Shown tn F1G ~',

tile m:ultm _' 0 udedstRotiasd & @fapthhel iﬂmstmloh()jr al queletd@stie, sphwdlzcaheont r ol

circuit I-I~". .l servo ] _ .
current that 1s applied to the coil of the voice coil motor (VCM) of the disc drive

during the seek operation illustrated with respect to FI1G. 4

25 FIG. 6 provides a graphical illustration of the trajectory of the head at the
setthng phase ol a seek. illustrating problems with both undershoot (wherein the
head takes 100 long 1o approach the desunauon track) as well as overshoot
(wherein the head overshoots the destination track and provides an oscillatory
response).

30 FIG. 7 1s a conwrol diagram representation showing the operation ot the



‘control circuit 144 and a rc:ad/wite channel 146, ai | operably connect ed
to a ~vstem processor |- ~0. It will he reeoQized that tile system
processor |~U conmuni cates with and controls the operation ~t9 .t hese
circuits In a known manner, with the exceptions as di scussedzbgl d\@}%
Additionally, an interface ~lreutt 1~? is shown connected to the re OQQGZte
channel 14G and to th~~ system processor 15U, with the interface circuit

| 52 servtn ~ as a data rntert~tce and buffer for the drsc drive. "rhe
interface circuit 1~? includes a seduener (not separately shown which
conprises hardware used to establish vitrytn~, tlmn sequences durlne the
operation of tkeveepddnmel FECchammsbrdbaé wigh Bhae fepioddinebagifhertrad|the presant t

|-1? controls the rmatil.gn:f\l sge dd'-UJ-th?ﬁ§i2 le z 5 S a ~ 200z -s notor
| W (FIG 11, 'MERRSSHULIESRETEI RGBT a4 QeSS B B FRES T W& Ui n as
"Servo circuite GORLKMMS dpetRioARTild @BuAfsid e phRad 1BIPYWE P1d eppect to
the discs 106 by applying current to the actuator coil 113 In response to
servo i nformation r &@. dys & hprisesdsol@lh pThenrdaddelwtiddareihanniet dide | 6

operates to wite data to the discs 10Gin response to user data provided
to the channel i¥emilPNEN W &FlRUEATENEERER AlorBydlagcodidyyernders dlickar zi n! ~
the data and negg LD W dhiEaGaH & okl el egd, 1?0 to

manneti ze port;:-}gﬁﬁog&tglf‘c éwse‘ﬁ ect eg tr%eg ﬁéﬁ%b{?eﬁggggxiggd& ggytr'espondi ngl y)
previously stored d&i@. aisa rletvrdhenedudmiinhen ARAPEWEISET T hasiiime] 1- 16 by
decoding the data fromthe read signals ﬁener,ced by the head 1~'0 10 as the
head passes ovéli§Ee S6HEJRYF Y HRY O Bl b ctf¥e d08d ssrapg beréh &Y at i ons of—
the disc drive LU0, arCokPnlhalfgde Yol BB r Qr 1a0,nd A,

accor dance with %‘ﬁy U;e; (E['Fcl t nlntl I[FLI?~ lsOE oﬁé%x?%?;rneﬁb?%ﬁ? r‘li% ()&%it,mv\hi ch
preferablly) conpri sefFlBothproviides ickaphoampyesdemiicessosiie heass dy nampaer andom
access nenory (DRAIVt ) a~ well as non-~~olatile nenory devices such as
tlash memory. FULIEEGNST FONGRGHEW DB FEEER!S 18 RS PREFRMRNG OB pgh thrpyBhal

bl ock di a<<<ram,of, VO, & hh GHI =4 |G, 2. .As set forth by FIG
3, servo inf orr% {)rc[ﬁgg%f@ﬁ?le(‘gﬂa’g%@ dy%goég\cébéﬁgggh?élgalg‘ ?0 and anplified by a
preanplifier circuit 15G ("prcanp") The preanp 156 is preferably disposed
in the HDA 101 anti nounted to a circuit bciard of the actuator assenbly i
10. as shown t ReEnlgl Descmmiophe anplified readbacl : signals are presented to
a denodul.at or circui S r,” "de ") . whi ch~-conditions the
signal s (li%ncl udi ng gﬁgﬁgﬂé‘fgﬁﬂ%ﬁﬁéﬁ@aﬂ@“@f@%@ﬂgﬁﬂzf,gbr 6?/?2%‘5&%8“5%% to a
digital signal pregessap (ISP)ewle: dibedapenad tonuateting aRSrdankb it
accordance with a |, referred enbodi mrent of the present invention will he

di scussed i n grPextErd grabedimenedfohe preseran@dyentippy . >> however, the DSP 160
venerates a positronr,errar, si. I GPESL \.ndicat.i. v e, position, of the
head 1?0 with res pegthgtd(q)bgﬁggkgi%gén ib%%?%&&ﬁ% ‘%?Lg?l‘gps(hﬁb?}))mﬂtﬁi g bl
denodul at or 1~8rivkprinedponisie ak@ntbie (FVE AN MHi¢cTgis RESI ntas tondk lunas s glont tig!
inputs provided to the DSP 160 b%i t he Séstem processor 150 IFIG ~ ~. the
USP 16U otht put s1BACOF ee £i4sn 1€l yhale 1 dIG: doi Thed? M e Pravedes \iiicR I RECEURT

appl i es currenty, 16,80 tdpdhddl otAASHD 36 e POSit BRWAEn Lhehel d 120
578 3 UL 200 g COREH by Phertidn ot the HIEA 99 “2%%*‘*?1?%?%%“599;‘%%"B?S%Pf’*cm
represent ation I8 aadt:diokd ddmypuedr ivethads (he wigerdrtiel €9 (aderahedugemer addry at

| 70), with f;ach Velodtl' profile ~ettntn~~ the desired tra~ectorv of a

sel ected head FA2U'BI™iNe disc strive 1U0 durltl~~ a seek operation wherein
the head 120 is movegh.HOM @ 1hALddsal bdst BEK ?@ﬂ@@hﬁchegnem&;@uﬂ@ét' nation
crack The t'timly of velocity proi'iles 170 Is plotted aS~ainst an x-ails

172 indi cati ve whppnaekscimeas: ed topceveacksichdiaSheen wtthedtiras kIGO0 thel nrt

the destination t rac.k‘) and a y-axi 2.171 indicative ol' Rhe\ )q}(gﬁgt% of the
head 170, As SHORRCIACHNGOMRGTe’ BL JBFErG PR Eay e Br Jopaier df2 1S
aubstanttal I v ¢ unmpn LviRARRCforthedfatily 106 WE! Qi loYiePLRTHE8F170) with
the clec~leraoon U tra~~ctory portion |76 indicative of the desired

velocity of théumidiadarkR{Iyardinedsilewls.
A spindle motot 104 is provided to rotate a stack of discs 106 at a

50 constant high speed. with a disc clamp 108 securing the discs 106 to the spindie



. Bead approaches the destination tract.. The decel eratipn tra~ectorv portion
1 7 Gextends to a maxi mum velocity ~' ~1 ~~ (indicated by dgtted |ine 178)
which |I's a maxi rumvcloctn~ that the head |I'_'0 obtains as Q WZ@@?S
to the destination track. As shown in Ij'IG -1, the clecelerrttlon
tra~ectorv porl1Ul7 176 neets flee 1~ ~'",;~ line 178 at a track denoted as
Xa, which is a selected nunber tit tracks a~,vav fromthe destination track
0 FIG ~ further shows tl nunber of di.fferent acceleration tr~t~ector~
puroons 1 SO, 1 S ' and 1 S4 (bed wm~ at tracks "~ , ~, and X, |
espectively | n\/%&nld-’,hehWlﬁ@)e@ﬁbé’r?[ob@gmﬁ’@rﬁl@ﬁﬁﬁ & RRSKAUPPEIREARR QM track
~, to track 0. tl ? ?0 Is acceleratéd al ong portion 180) coasts
along line 178n<atse[vrrz,u¢lv~1llasnduch atch@mnd@@eIeeclat)éweeﬂuofng:%pdrlbu dgncd ® tho t he
destination track 0. A seek Crumtrack ~, is simlarly performed, except
that the head|98"<¥HAMIMANEES time tit V,~~ ( I.C., along line 178)
because track X, '$oQL&§?ﬂnt?wkE%P&x@ohB@QIiﬁHEMaMedthm$U§¥ﬁwﬁJ!ﬁ?§ a
seek |l ength can be short enough that the head 120 dues nut reach tits
mawmum veél oci pyowsd, \anlscmhtcasb@lenenatltlgﬁ Bmm a]aﬁdalyblylldﬁem egsavisgnoporti on
181. That is, to seek fromt 20 |'s accel erated

al on~a porti oftT81 RO Y ‘P@'gil 81"%‘&‘ Ottﬁxéngégejh&“v it \[gﬁ )p‘%}r‘ti“Bﬁ“ i96, after
whi ch tUe heagolQvicmeene! Bicakadidrasichbides inatdon fliaak & arh, Wl | be
understood that relatively short socks can he pert'urncd usin~_ a ~0
position and w:e)lrroe'htcy L@msmuingd]emmehoa@mtdw LG xtandt Iﬂ¢1!é<\)é®0m ty
controll ed %d% | g t?‘ 1peeks co rrﬁg g eqaereatlvely
| c~n~, seeks (pgcaé 44 U5 eP ek “EéF‘WBrJéﬁe”? 't hi § °F défr?i‘w‘r’ﬁ‘e KAs 172 of
FIG -1 ghoul d,q00%0d86y ﬁ@rﬂémﬁﬁ%@m@ﬁsﬁa@w 2l A8EA8S M iupbvan@Wtalioh SCAL e
(i.e.) the relative distance between tracks 0 and 1 to not necessarily
i ndi cative of dishe @@l dtlieveadpslf] areprofrabbneitantarerizet rackgngn-ithigaxi s y
However, it w UA{ f}e nderstood that the velocity controlled approach

i "@a%

di scussed her é rovi ded by way of illustranon and is not linttin~~.
FI'G ~ provides a gengr@lszehi| aps eSeRl @E&%‘s&fm@tlﬁq{uﬁ@snévcprlﬂfdull ezéln%ﬁ
applied to the coil 1 13 durine a sec(: fromtrack ~ to track 0.

current profi I(eml@ﬁl"wccplzmnlttemnagmsngltlmamy@mhﬁsl1518805 ndicoadbd e dfl\t racks
(in ter of tr s 10 tp ~To) and a v-ails,l90 indicative of current
tmgni tudts, Fr oA essetrdf A0 FRGAsskaRiy 32 PRub G F&hd® ot of
current is i n'c.bhﬁldn)/mﬂ&ﬁ) 86 pé@ase $ RWRnAlork8sembl 91 10 Aad Biodihd enk8v 4 o
accel erate the head 1?0 toward the target track 0 Unce tile head 1?0

reaches V', ~. (mopoed |i<bﬁ1€117189r5Id|€@If g died grive 190 es egprnerd 48vdlequired t~
mai nt ai n the head E}:th h' ovi esoacfun&’lo %?blso ands_pym oll”l¥ cglc89 \rL T (pgln{ f(; ract: X
is 1 ~ detected (i "e. ph ead reac eglnn ne i eralon

portion 17G ofi, Eh@a%,coan&@rdrzaslprmdtmpm&rarg}e ARBLGW N & rtml.rz,emt cefuiapposite
pol ari ty (as shown at 19-1

used to control the HDA 101 includes a spindle control circuit 142, a servo

control circuit 144 and a read/write channel 146, all operably connected to

svstem processor 130, It will be recognized that the system processor 150

communicates with and controls the operation of these circutts 1n a known

manner, with the exceptions as discussed below.  Additionally. an interface

23 circunt 132 is shown connected to the read/write channel 146 and to the svstem
processor 150, with the interface circunt 152 serving as a data intertace and
buffer tor the disc drive. The interface circuit 132 includes a sequencer (not

separately shown) which comprises hardware used to establish varying uming

sequences during the operation of the read/write channel 146

(]
C

The spindle control circuit 142 controls the rotational speed of the spindle



of the profile 190) is applied to the coil 113 to decgelerate he head 1-'0
to tfie track 0. Wen the track reaches a sel ected dlﬁtance f @E
destination track O ''0 (such as one track away. its’indi cated in CZUQZ)
the servo circuit 1~-1 tranwion5 froma seek node to a settle node, and

attenpts to settle the head 1'?0 onto the destination tract; O iii as short
a time as possible. At one track away fromthe destination track 0, tl-~e
head | ?0 should desirably have a velocity V1, as indicated wFIG -L ' 'S

Due to various effects inherent in nodertr disc drive desiens, however.
velocity errors can arise at this transition point, resulting in either
under shot tus raprosseht(BHS bl uﬁh@ep@ﬁ@e@m&wpéutlﬁéf@m wigrelioverasasin Fl G
61 or c~ersfioof tab re hese t aj ect LY, CHr e 196 f
Bra () CBorn r ke B R R EE B B B el A W RO N UG 5507
~Teneral |y i ndi ggongy iplyDe@uaRseth ﬁleakmhﬂoﬁeoxaﬂdaéh Mesporis® td Qg vh ndbgatione of
position (with 0" ~~n the y-<i~;s 25 J UL 2002 -11 198 of PIG G
currespurl di n~ tegd tiiahe benrdsrl 20f Tlereadstriigghinsal 4oaemerates ofw IFFIIGC%INIO tahd >

>. The undersho ect or rve cl ual
velonrtyof ¢ noieniTt BGkatonsF 1 % B8 RhuGrE R kLA KPRt PReibad 100
LT~IVI Tl ~ tnsut §kGher? yekRoding 4 Jeﬂ@ﬁilnﬁtﬁér@@?&rﬁl”dh%ﬂ@iﬁﬂ thlnesheka
(capture limt) about th c center ut track O (such as 101 of the track

wi dth) detlntn aulizdde we hhih L ihichageeade andiomw bt e sdpaedtridnen ganl: &belQéaf ely
perforned. Lil:ew se, the O\ée hoot trgkect 0(_[;9{ curve 19G grl ses en th
actual velocity of th8 HERED ARTeYiPUTK SPeGIADaHFTl ved BY Hi feAgy o Hcthe
head 1?70 cum nU.jntuict RstiecdchoUimd@sdarabh YoeUsah kloatil Benerabout (hdhge.ganer
of the track 0. U To minimze such overshoot and undérshoot condltlurls.
FIG i 11d8 beens r;bméwu@le@bsmmm the Stltm@racl\c@ntmollscbu%ck\’dllcagmm tofmSt bie
servo c;ircult accolbgance i

-1= tr
preferred errbodﬁjhlcélﬁ’[C (ﬁf“‘t L@Sﬁtgézggﬁpu‘%ﬁnsﬁ’te:%ﬁemlptw\ﬂs“fqr UhtFéPEJr‘B‘d’d“ that

FIG 7 is ~~enepallynhaRr 8S@ntiathdtfog TMINIG | 5, Q"ﬁl@ﬂ mcmgbl‘?fwﬁfpln@ i, 10 of
FIG 3 and sets férth fillnctional aspects of til 10 1'n accordance

wi th a pret err edolertoodRenty. devides Bucledsedgnoe: Lmd&h@cceﬁ na:nmrjamIt)RlalM))czK 200 I's

shown, irldicatlve ut reIF ant mechani.cal aﬁﬁeg{% of the disc drive |00.
I ncl udi ng the h&4H *1260- PR WEMATY §8Vicesiucyps aSMBReoPhe v ol ce coil notor

L11-1 anti she demodubgidfint 38w Tl MAPaM0GORFEE & VESc oV bERkEoRIL] and
signal Il,I'n on slanal path ?02 to position a ?0 sel ected head (not shown)

adj acent a sel edteedrvor @aodu BE4sof Rigi. bhawne}t fOIfthtbhé:Iﬁl anserv@@nfotmatgsponse to

servo i nformation on hetr n ~~: ner at a .PCS |ch is
out put un si gnafcaﬁgl ‘EGCIFC[‘?S{‘N@"(@%QF ‘”Hli’lé\fgd—t?‘aﬁ“ﬁf‘mﬁfgfr Frhls 18 shows an

observer ~' OG baged o , *Fh@'p@é‘wtmpf el H?@%HET\J dn@?&k&‘@r{ ¥ IIIIBQ FAMR

|nput/out put res ons characterlstlcs as ' lant ?00. 1~S \~ thl
bC r'eCo~I11zC. mmmetlhoae:ns:luntl Huadd btk hetuarot Asstenwnubwc -as wierwn ul 65,
,Al~r'ilteS a OSItI’)n t: 1~Sl. :1 VelOCl11° IStIIIIageVAST
__| nd il bl- q, S e Hnmpé ed raa back Slﬂﬂdlb are presenied 10 a demodulator cireunr |
("demodulator.” or "demod") which conditions the signals (inciuding analog-to-
digital conversion) and provides the same to a digital signal processor (DSP) 160
The operation of the DSP 160 in accordance with a preterred embodiment
of the present invenuon will be discussed in greater detail below: generally.

25 however, the DSP 160 generates a position error signal (PES) indicative of the
position of the head 120 with respect to the disc 106 from the signals from the
demodulator 158. In response to the resulting PES. as well as control mputs
provided to the DSP 160 by the system processor 150 (FIG 1), the DSP 160

outputs a correction signal to a coil driver 162 which in turn applies current o

50 the coil 113 to adjust the position of the head 120.



[l

‘ ~VasT al |l si~tlal paths ?08. ? 10 and ? 1~', respectively. mq%
to estimates of head position, head velocity and bits”force ﬁp“ﬁgészggg

estnate ~~ LST takes into account sprln~~ forces exerted upon the actuator
ris aresult of tile ~0 flexure assenbly Quch as 1?4 oC FIG 1 ), w nda~e
f'urces u~lun th;: heads. and the z 5 a a ~ ~oa~ -1~ like. Additionally.
a reference generator ?1~ is provided which provides positron reference

X, zeF, velocity reference ~' ~rF and curg.ent reference IR .F sl<~IlillS

i ndicative of the desired position, velocity and current seuines for the
plant ?00. s These:pgLghal o IEFRHUIPULoRA tRRE RS WPaphddal Eepaé@niaudPot a
respectively and have val'ues Wich <renerallv depend tipon the particul ar
oper ati onal ﬁUdeGﬂ”Wh@LBEWWU”G#ﬁ@u®¢dUSm%HhtﬂbrﬁvaWKhFNﬂqﬁ%ﬂ%@Iﬁ?“@eekln~.
As will he rec the v 00|ty r ef S erall sponds
to the appr opr lﬂlg“l\/‘gf:(gfﬁ fed [ﬁ“%ct[?rl\e HSGER [eﬂqw %/slcﬁgég% Jm Vey“{bh urlg erence
to FIG 4) duriggkap §@a5nﬁmﬁhaﬁ k&ﬂleadﬂ’@\@mm&mtr@mfMﬂm'itldq)ﬂd@?and se@t@ider mi nes
a position error Ir~R as the difference between the position reference

X, ~FF arid them]tﬂ)mdﬁiuwlééﬁmﬁlat dhxdgpily of welagpwprolisisni’Day phpttcd agiimiidRg
junction 2~4 deter v, f, nge, en the
vel ocity ref erefice ‘“?#Cm“ cﬁﬁ“ﬁ&(ﬁ& %&ﬁj faé %Q%Vg{%'ghg 80§$ $gﬁ error
trait is provigeshdii@naracy) atda blaskl 74 _m(PxGath&Vdﬂtllc\'alosmablaﬂhc@aﬁ&llﬁ. 1~ h,c
and the velocity error Vc,ik |s provided to a ~Tain hllock ' "' 'S havinn a
scal ar gain of h,,,Asshawatn Fife dutdsescdiiantiecrsy apél@ulr?ﬁéd SERFLUMI n~~
function ?30 T ut sumred
with the bids gﬁyﬁﬁéﬁ‘fwﬁ tﬁﬂ%hﬁhhgﬂlﬁgccgﬁﬁgﬁg re‘égéngé %h§”1a sunmi ne
junctionjg' 32 LTIJmO[@/qu@ubn s Do @ficatihe o thaniek iired-v¢ lUOOL b A&A 1) prayi ded
alon functional path ~"'33 m?0 sunml g junction ?3~, whl Ch addltl Unally

| ' eCel vCS tin licnﬁuwwetmsah%éwunéuqna%cr% hi lsckecoBBUoRdr gty iNvsPMbi%e ful |y
bel ow. At this . | t t he
sunmi ng junctlonq§§}0dh9mﬁégﬁhé (g&MEP@Rgﬁﬂ%é?qngﬂg%dégﬁéggoﬁyﬁgﬁgﬂnput to
the observer 2Q6«aneh vSoauCthal eRtheCONT@ObhEN ak NpUlieatinab \eatd ue ®fiddenanount
of current to be applied to the plant ?00. To account for nomnal ?~
variations in €H& operym EfC t'Eéh‘i)ﬁ‘%?ﬁ‘te“‘“o“dﬂﬂﬁ%‘%ré’ Bl 7OMetRéSs unmi ng
~uncoon | is al t i R b| ir.. so

t hat |I|z§outpﬁf \ﬁ&:Pﬂ?Y PSQJ‘&ggug%enéUﬁ?gﬁfgégﬁ%g¥%n@nﬁ“[OPUQ&%aI on
path 20~. As widdy hemnecagﬂUﬁedmtmheoGﬁln lii can be adjusted in a
conventional nanner to ensure the observer~?06 mai nt ai ns an accur ate nodel
of the plant 200 30Fiaft Rifliey she'res pEBDbGPISHHRRH] Agsalcuon@L)GeOs umed wit h
the ~USITt()il p(‘(rtlngJ lléd laLSG anleS§ (GedTufiRP 4t tr:;l(%szp8)\b¥nd ‘%151% Lngell unction

242 to generate an si'~~t~al as arr input to the observe 0G on path 240.
Accordi ngly, nmeahh@@smahwomO@bem@awconkk@be@msnenmoﬁaﬁdK;mﬂu@aMB@mI t he
sel ective operatloq of the settl % table 236) is initially § overned as
ol | ows. 18 + 1 Brad Y207 pegilerited aipng pordon 150" Eotsegglens hne Tralh g anddy (D)
CJ Lyr ;/ ) (_j . EShen dacé-}csl‘aﬂed(aﬁ)ng $orib® 1 76 (o Ak Weslinaubn Lradif BN A Leek o ke

,\_ is similarly pertormed, except that the head 120 spends less time at Vi,

(t.c.. along line 178) because track X, is closer to track O than track X, In

some cases. a seek length can be short enough that the head 120 does not reach

25 the maxmmum velocity V., such as generally shown by acceleration portion

184. That 1s. to seek from track X, to track 0. the head [20 15 accelerated along
portion 184 until 1t reaches the deceleration portion 176, after which the head 120
is decelerated to the destunation track 0.

It will be understood that relatively short seeks can be pertormed using o

30 position and velocity controlled methodology, so that the velocity controlled



"To facilitate a discussion of the maiuier in which the settle table bl ock
'? ,6 ("table") of FIG" 7 operates to adaptivel ~~ ingrove thg 5eptILn%
performance ~I' tlic plant ?00) it will first be helpful to Q/ @2
to FIG 8) which shows a pU'tioll of a selected track 250 fromthe discs
| OG. The disc drive 100 enploys an 15 enbedded servo schene, So that set vo
bl ocks 252 are periodically disposed on the sane disc sut faces as data
bl ocks 254 used to store user data. 'fljhe servo blocks ''S? contain servo
information used by the servo circait 144 and are witten during disc drive
manuf act uri ng f endi ng
wedges, |ike s%g igo o@nggb\g hrchnn ;}%dreﬂgezgvg{:rw%u % ﬁ asr%““g{)ksy(ﬁerea fter
created betweem tdjragedt tger-was BVDokFIQ52sithutd ng te «insideddiagehefrer mat ti ng
operation and accessed durin subse uent disc drive read and wite

operations to P§EHEFBr IEHNAO Bt e ff}‘iée@é{’t’%d‘tﬁﬁa%‘?%”%@ gAekstthanthbst
conput er 140 (EA Qecg)s"mﬂ-hﬁdngﬁre( EJ" ﬂe%& "Gb I%éﬂ I”ﬁ‘ﬁg% satgr?gma% 3 ach
(S ead 1 b 5

servo bl ock 25~ turn ~ v th server
characteriszed Hswauht iit-widlt t& urderstduat tha [sekrelctnadcmmmiuecn apfiropas st @Red
velocity and bjas estimtes (such as four) arc provi ded between successive
PES val ues. ThBETERtS PERY G ‘b‘h“’t’h@rdb’éﬁi‘%‘r‘mﬁ%”m UREI4t es t hese esti mates

5 eterred Lo her o a5 ol SAMLEARJ ARG Ol IR GELUALGLEANIE 349 Wi th

the identifier k used to generali enote’a
Accordi ngly, thﬁphestm H’E:tcﬂﬁil PG@sdurimgm, sevelioai fryckaxidobi@g Of oThé berragxt sanpl e

(I. +1) 002 -14 atter the sanple k is set forth by the

f ol | owi ng geneP%PIm‘r é$6at“~P1QIt‘ed agpinsyan X-axys (18§ ‘Wdl‘lﬂ‘\)?@k#f]}‘}’\&(m[clmh Wrgsks T

1BU(k) (PE S Tve o ) From ~ ~ST(k+
VEST(IE o and 'J{}{"yl~5¥—\§l%<)lboa%bd“veo urreenstn%aﬁa[ugl p[(I;rs0 |on 3?(§8p and

bl as for sarrpl eun(tetsedn that XESEC Kl)noqu S Tduksehe @nﬁﬁual’rﬁ]—ﬁﬁ‘{kda(@sﬁ&ﬁ gstdrat ed
position, velocity and bias for sanple k) A and B are matrices descri bi ng

the a pl ant 20016 m@fkl): li8§) tmétélarartfeme heast &&tq“@nd megmr:t uachat Hﬁ@s:shc( out put

by the sunm ng, b and IS ) e observer

provi ded above' “3 érﬁ" igigr\’a‘t‘r Om%‘hiﬂgl %3“88 Yol %ég”gm léé?(q% é“f oI | owed
by a settling md@mlawmg at br@s $@@&t}m§1€hodr’ﬂﬁv aﬂpéqeel aveevehackty profile
is utilized to govern the trajectory of the head 120 as it is noved toward

10 the désti nat¢temied flacktheied Fragbesibreinnmg ¢iithq daceigrraeadioetan ¢do ahd!@ hen
dece! erated (SE’&'\/@ &7 re%lg(g_n&]f or t‘tpﬂebXntﬁmﬁot curﬁpn?éfégﬁoéué eglan?\ﬁg s?o %Hra (Iep}

applied to the Stch 888 above turn is

control led by ar Gxurprdﬁﬁllatlf)gpm’@@decstcgtlﬂakm(iSUJSTtb geRphPuie mﬁdaumn@ bl ock
232 on bath 233 in FIG 7~ Also, no output is provided by the settling
tabl e 236 duri Hgtﬁﬂe seek node. sc~ 1 ~ that the servo circuit 144

general Iy operates \,ACGOIUANEEMLNRELUANT A8 Lol LBOUER () @OOVe,

At such time that tRe head feaches the se nsiti such as

one trackgavay (Jucpay bhe rdasivnatis onlitack) PGt he wekdivb RirciRde irganc@pnRENCed
so that a settling current correction value is output by the settling table

236 to 20 venetf@fied seakppdd @ ity @ate.codEpTPStgpeitle theshdad| 126vesio the

destrnation track O 1 as short a time as possible. At one track away trom the
destinauon track 0. the head 120 should desirably have a velocity V,, as indicated
in FIG. 4

25 Due to various effects inherent 1n modern disc drive designs. however.
velocity errors can arise at this transition point, resulting in either undershoot tas
represented by undershoot settle trajectory curve 195 in FIG. 6) or overshoot (as
represented by overshoot settle trajectory curve 196 of FIG, 6) Both the curves
195, 196 are plotted in FIG 6 against an x-axis 197 generally indicatnve of

50 elapsed seek time and a v-axis 198 indicative of position (with "0" on the y-axis



_ |

"L(;~(~1) =rl(~1) + ~2((0) (G where u,,(k) is the nodjfied.current co nd
signal output by the SUIItIIIrl~ block 234 on path 2318 (FI &57&][}5{3(20@3
to control the application of current to i ~~aa~ 2002 -15 4, u(k} is
the current command signal provided 234 on path 233, and ~u(U) is the
settlin' current correction value provided by the settling table 23G to the
summ ng junction 234 on path 237. It will be understood that the sanple
reference "0" i1l ~u(0) denotes the fast- sanple of the scttlin~ node (i.e,
k can be considered as beinb reset to "U'" at the first sanple of tlrc
settling node)msoit 6. Satdrtdspehdineauoshd Larerpoitn déssntgached) 0 oAFIGBUgh t he
manner in which the settling table 23G generates the ~u(0) correction val ue
will be di scusd¥di nlheyrggsfpoldetiesiory sehsw 2o gd fdfalo afises WREP they&idt ed at
this time that, 06,600 xceﬁéagoln’o\(ﬁllﬁd@k h s Qgtlg{vmég_@ﬁm’g%ﬁl‘% a0 ..Otlgwﬁl@e. 10
esomat cd position X~S~.  and the estimted velocity V~sr at the settlin~~
transition poimturtiGent heecitvtihecaper @edoernofied the:sheltit(baprgret ixhlipaR22Gtlics
adaptively controlled in relation to feedback provided by the P):S on path
204, as shown GeAtCEpGUIagE 0 (quchias |+ §R7% ofetbe Uark sedthhagh el ieacr ViR on of
the current cORBAC HRAbrkl opfratioBCOR LRy Blrithniel) L HELIAG gL L] I NO)
results in a nodification of the response 1~ the servo system |n other
wor ds, the openatshont wijedtorvecurabll 6 A3Es edan e chat actoeny oé thealseatl HEO at
pl acenent of an additional zero in the systemresponse to inprove settle

per f or mance. T ok B PoIap respiingep dieneafhild }SB‘i“Htg,‘”t[H‘ét‘"fSIbF‘{“é\HPﬁ*fﬁ“H@SCt 'theS__
Aok s e AT SR o SRR i n sampl e rate k. state x-
(i.e., posgition X abdmmhogc $ughVyversbedtpod upderstimputoali2ehsafdGmating cesy AJ, B~
and C~ describing the plant. Such djscrete-tine state space nodeling is
commonl y enpl o§/&8did%s§ Y ‘%lbshﬂ’P*iS\l"eco(TEQI BlRek g‘,‘“g‘éléémf@i: SERQripicaty g, of FIGS
Y and 3. constructed 1n accordance with a preferred embodiment of the present

invention. It will be understood that FIG. 7 is generally representative of the

programming of the DSP 160 of FIG. 3 and sets forth functional aspects of the
15 DSP 160 in accordance with a preterred embodiment,

With reterence to FIG. 7, a plant block 200 1s shown, indicatve of
relevant mechanical aspects ot the disc drive 100, ncluding the head 120. the
cotl 113, the discs 106. the voice coil motor 114 and the demodulator 158 The
plant 200 recerves a current command signal I, on signal path 202 1o position a

20 selected head (not shown) adjacent a selected track (also not shown) of the plant
200. In response to servo iformation on the track, the plant 200 generates a
PLES which is output on signal path 204.
The control diagram of FIG. 7 also shows an observer 206 based on a
plant mode! having nominally the same input/output response characteristics as
25 the plant 200, As will be recogmized by those skilled 1 the art. the observer 2006
generates a position estimate Xpg. a velocity estimate Vg and a bias estimate
Wesr on signal paths 208. 210 and 212, respectively, which correspond to
estimates of head position, head velocity and bias force. The bias force estimate

Weer takes into account spring forces exerted upon the actuator as a result of the

30 flexure assembly (such as 124 of FIG. 1), windage forces upon the heads. and the
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" Pateru No. S, G338, G80 issued Septenber 1G) 1997 to Trepmmine, assigned to the
assi gnee of the present: i nventi on. Correspondingly, a_,n observer nodel can

be stated as: .e ,(h~l) _ ~r.v,,(~) al3,r ar(l~) ~L[o(h~I HJL;QQZ
L~~r-~,(~"+1) (9) f 25 J U~ Z002 -16 where x(k) |samatr|x

VFS1'}. A controller node( can be stated as: zr~.(k) _ -h~t~ (k) ( 10) 5 A
single sided z-transformis liven as: .I1(~) ~ x(k) =-~( 1 11 ~ >U Thus.
z~. (x+1)1 - . (.t'{=) - .(0)1 nDand _ -~r~ a~, (=) + c~u{U) (1~) 10 where

~rr(0) =r~(U + h~x,(U (1=1) with ~u(’(¥)‘ being the settling current
correction value of eduatton (6) above. Takin~ the z-transforns ol
eduations (7) e ( 1 U), subst~tut~n~ into eduation ( 1 ~) an tl solviti~

i*or Y(z) vi eI ds t h x?xohzﬂw Qg'crc;l'?ncc «%ngmtor""‘lél i pH\J aed)wﬁlch pﬁvullés ) I

—r~~1=] - - -~ (n

- Lay-')r~ Oucpc)smWreu’eeererth—\,g‘EL velecilyQeterence- V ﬁpanc( Kcm)exﬁ r&terdnhe [Pebilhilog
tranS|t|on point) let X~(0)=XCO. Substltutlng into equation (!5),
with z, a zer Ol%lptdflﬁ%og%t ?H%@%ﬁ@b vejocgty ap y:ucre@ sggings for the plant 200,

5 These signals are output on paths 216. 218 and 220. respectively and have values
which generally depend upon the partcular operational mode of the servo crreutt,
such as track following or seeking. As will be recognized. the velocity reterence
Vyrr generally corresponds to the appropriate velocity profile (such as discussed
above with reference to FIG. 4) during a seek operation.

10 A summing junction 222 determines a position error Npgp a8 the
difference between the position reference Xygr and the position estimate Xggp, 25
shown. Similarly, a summing junction 224 determines a velocity error Viggp a8
the difference between the velocity reference Vypr and the velociy estimate Veoq
The position error Xggg 18 provided to a gain block 226 having a scalar gain of

13 Ky and the velocuy error Vi, 1s provided to a gain block 228 having a scalar
gain of K,,, so that the output quanuues are summed by a summing junction 230

The output of the summing junction 230 is turther summed with the bras
cstumate Weer and the current reference Ipge at a summing juncuon 232 The
output sum of the summing junction 232 1s provided along tunctional path 235 w0

20 summing junction 234, which additionally receives an input from a sette table

block 236. as described more tully below. At this point. however, 1t will be

noted that the output of the summing junction 234 is provided on signal path 238

as a control input to the observer 206 and is a current correction input indicative

of the amount of current to be applied to the plant 200. To account for nominal
vartations in the operation of the plant 200. the output of the summing junction

234 is also provided to a gain block 240 having a gain K. so that the output

thereot comprises the current command I, signal on path 202, As will be

recognized. the gain K, can be adjusted in a convenuonal manner to ensure the

observer 206 maintains an accurate mode] ot the plant 200

30 Finally, the PES on signal path 204 1s summed wiath the position estimate



, |
(17) 17urtl~er) fromequation ( 15), identifying a 1 x? matri gl(th ternms
M, , ICl,) anti a scalar Il a(ld C:OIID(nItI~V\,ith..féquation?( 7.)}%(32[%[%0
a1 -~;~,(0) - n~t~0) =0so that ,11 .~ ,(0) ~u(0) _ ° - ~s,t "I~cCs )
+ h.si' I~csn0) n (1~) (19) with settling gains Ks~ and KS~, determ ned by
Ksh=M /n and KS~.=MIn. The 1 ~ the settling current correction val ue Du(0)
is determ ned by the settling tabl e -»36 In accordance with equation (20).
That is, at preferably each settling transition point) the estimted
position and vel ocay 2RB$Y wadningTUBHONABVPEESCTYE M8 |,z 5 ~ a ~ 2002 -|
s settling table 236, i ch out puts,t.he riate settling ¢ ~u(0) in

éggeb‘}s ztxjcme\é\{t] Stgc: 8t)jshegv§}s.20t6 on r?@g&&)@ .

response th arrous s in the foregoing anal ysis

wi Il depend upon Adagr&@N i gatnal bpetalbn of Gle\conrdi Swstéh iov F1deTi @hsenilel  known
nunerical software, such as Matlab ~ by The MathWrks, Inc. of Natick, 5
Massachuset sslgcttyiS8Adpeamiope fubeetttiogdable V8o ) saniaippy @orvemeed agdbilexs.f or t he
table 236. It will be recognized that ~u(0) serves to place a zero (z,) in
the nurerator of Y(z). g desi.gr Aeg hod coul d be to choose tile ggro z, so
as to cancel the slo4vest closed-1oop poles of the track follow ng node
controller, 10 sinilarl{rwo dswsugfest ed by Yamaguchi et al. abov&) A
si~~ni|'tcant problem Bomeyqﬁ,SLskxhat such an approach yields a design
that is overly conpl ex, é@“melq as &¥nsitive to disc drive paranettic

vari ation and/umpnd@t%gK{eso?gmges/ﬁﬁcormlggkx; in a preferred enpgdi ment,
assum ng t hat tfie slowest ant’i” the second sl owest cl osed-1 oop poles are p,
and p_, the adduional zero z, ~s |~ selected such that ~, = aPi + (1 -a)h2
(?0) Hovl~ere a is a weicht value ranning fromzero to one (i.e.. 0 = a <_
1). More particularly, a set of different position and velocity settling
gai ns KS~ and hs,To @Fbitdepseicashiqgop! BF muewmahtn vaiclidse sgttlg t{@a@%césﬁ-ﬂér om 0

to I using ?ﬁéﬁﬁ%&?g{gnl@{pcgn& {)O'ad%?lé\gﬂeg%rﬁfo(@ rtllw %qurl]in!r_lq;e§'lio?%ae1§(§.:[ olotfhc

settling ga I's sel ec respondi ng~t'o a particular val ue
of a (such g$am=200 5 willff)rsf weoimal pfae tPEef(ypatdr RB0AG. 18, FiGeh fhowhe psaidil i ng
performance is |l ess than optinmum (i. sone anmount of overshoot or

under shoot  i0§ acdetceieddtirk 25Hdrpre b @i_acgi o ahhapéis deiveieAteaplerait he next
oo L gl TR P 5 L8 P8 Sl Ao Tl
the same disc suifaces as data blocks 254 used to store user data. The servo
blocks 252 contain servo information used by the servo circait 144 and are
written during disc drive manufacturing so as to be arranged as a plurality ol
radially extending wedges, like spokes of a wheel, The data blocks 254 are
20 thereafter created between adjacent servo blocks 252 during a disc drive
formatting operation and accessed during subsequent disc drive read and write
operations to transfer data between the data blocks 254 and the host computer
140 (FIG. 2).
The PES (path 204 of FIG. 7) is genetated as each servo block 252 i turn
25 15 tead by the head 120 The observer 206 is characterized as multi-rate, n that
a selected number of position, velocity and bias estimates (such as four) arce
provided between successive PES values. The rate at which the observer 206
generales these estimates is referred to herein as the sampling rate of the servo
circuit 144, with the identifier k used to generally denote a particular sample.

30 Accordingly, the estimated position, velocity and bias for the next sample (h+1)
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"W TH ADAPTI VE SETTLE routine 260, setting forth the steps perzsrret.@my t he
servo circuit 144 in acgcordance with a preferred enboﬁii ment . S 2@02
the disc drive 100 initiates the seek node of the seek ~5J1.~L 200
-19 operation whereby a selected one of the heads |I'_"U is noved from an
initial track toward a destination track. Fir clarity, it will be assuned
that the Initial o ack uc~rr~esponds t_q track X, (FIG-1) and the
destination tr~lck is track U (FIG 4t 6:1I‘it~~~ step ?Q, tl~e Bead is
initially accel erated and then decel erated I.n accordance with the current
curve 18G of Rftes thegamplegk ‘%’I‘Fétﬁ@ﬁ’yfgﬁhﬁ’é‘t‘vﬁi‘%%‘]e\?&lfr{ﬁ gy r-he traj ectory
defined by velocity profile portions 18U. 178 and 17h of FIG -t ~1s the
head 1~0 Is noved fromtract. \, to track U as shown by decision step
?6-1. the servo gil\rc(gid 1=1f > g?ﬁt_ti nual | 'y dete_rm' nes th_e hosltion of tlm
heal U tusin the"esti ngted ‘bo ion | ~Sr) until such time that the head
0. “vhen the set tli B mide | ranelt o poi i 1S TEhehed:  the servo cireuit
144 dl: t(:i'1111%¥1e41H : P&JI¥Hal ed posit 1011 X~ST and estimated vel ocity
V~|SI. st((a{)JlZGG\ ??? o;JLpuLs éhﬁ a;l)gbopriatte_ isetél i tn_g c;J_rrenE coLr ecti oan
val ue ~u w settle the head 1~ unto tile destination track, step :
During settligerascehonm) bYyesstkeplyam Wend PHSire pi ¢stingdeopositia. Felocgy
provided to th ot td | e 1\? LATPFAQV. tt), rformnce by
adj usting the ‘@gtsb ?agftjoég%{lﬁtl%g(@—glgf n§ST£@LI\éﬁQ‘%Iaﬁdaﬁ“ﬁil‘%ﬁv.‘: ﬁ{’llémrtguti ne of
Fl G||9 ends at pddiibn, laélbeity ‘ﬁ\ﬁ% ﬁglsthESzﬁﬂfWQ, Avfglrﬁlu@NgﬂénTﬁtrmsﬁﬂéiSc?ﬁ)irflﬂ [thfeack
t'ullowing node until commanded to pcrtormthe Next seek tu5in~I tf-~e ne~~~
?0 val ues> of K&WIZAE. Bl 19 theamrrpt coredtindesdcrhet fublk 833 dowiguidiystwssi on of
rosul t5 of coniEPe SR EraTDF T HE BHbP R aReGt T #-cont ol di agr am of
FIG 7. |~~tore pargid ihaldVabovE! SseckGbpeelinlRriA AR MBFANPERRILGA Settle
curve 28U and a conpensated settle curve ?290,” both of which are plotted
a~, atnst an x-falkowedBy-aisadiicaniode. dDurehgayhs aeklambtid,ithe-appriopeatei velocity
mlliseconds) and a y-axis 29-1 indicative of pusitlon. Tile "U mark on
the y- ggg Zg@gf;gglﬁ_r‘ééﬁlj%jsmt %P‘EE’_? élgc%?&falgx foﬂ(l% h%;]dd&q i’%ﬁk&f% BRvEd %E.rd Dot t )ed
i nes an S POSHEIRR0 170 ke A LR3I, Ko
away tramthe Icen%sjél;a '!c') I?Erﬁgpt f{{gclg{é %E(.)Lig B})tg&\lqltclé lheff%? ﬁgllhﬁlfd%%%:l .
; ondi tl ons deelcrededtdrtingy FEGd 4ambows)i ih eeppaseabi orenwhgictihe tresdyM' _' O

eveee-!, 114 (such as shown by FIG. S above), which in turn is controlled by a cusrent
command signal (such as output by summing block 232 on path 233 in FIG. 7)
Also, no output is provided by the settling table 236 during the seek mode. so
15 that the servo circuit 144 generally operates in accordance with equations (1)
through (4) above.
At such time that the head reaches the settling transition point (such as
one track away from the destination track), the settling mode is commenced so

that a settling current correction value is output by the settling table 236 to

20 generate a modified current command signal, as follows:

u (k) = wk) + Au(0) (6)

where u,(K) is the modified current command signal output by the summing

block 234 on path 238 (FIG. 7) and used to control the application of current to
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~ 5 J U~ 2002 a_ these boundaries. As shown by PIG 10,' the use of the
“control dra2rarn of FIG 7 results in a substanti al redUctionégp settling
tune for the conpensated settJC curve '90 a5 conptrred to tke) J[}L 20@2
unconpensated settle curve ?80. While curve B0 achieves a settle tinge
around two mlliseconds (? nsec), curve ?90 achieves a nettle tinme oh |ess
than one mllisecond ( 1 cosec) Thus,-itS5he present rnventicrn not crnlv
achi eves substantially inproved scttlinQ perfornmance over what rs o pically
“achi eved under noni nal ugondite curtnt borhnfatid sigasl pdvaktia~~eousy operates to
adaptively accomodate | ar~~e @Franetrrc vari ations that. woul d ot herwusC

i nduce 10 t h@3¢ppepatipR3 ek An@d s dsdebling SHEBY CoHE6Fn Ylw providadyt can
undesl r ~abl ~~ ext end tLl ine. hy. 0 ARl Iy} | nds As can
be.seen oromtne op a0 EHL AL GARHGURAALRLNN FRRAT, I L3668

al SS() d at | ' uhderdbol thiiehPkaapltreferment 00m AaQ) elrhods éd bovanple ofiliest ,
111C S1' Sr~rll 1S relatively sinple to inplenent in a DSP such as 1Q), as
conpared to sHdine mope five.dusinybheeisidsiradiasEpilg eselo ‘Anadt ety ermpleof al .
approaches Secorr:l. tile wei ~Tht. val ue. c _can be used.as an adaptive

par anet er to%bco%%'ﬂgé?%‘lef" 6% ?elﬁalgtg?baﬁlgmloﬂ R Y ﬁ??@%l)peri ' or mance
characteristtcs (ygfu@f M MAnh&@RELRENEIR &alih@tdbds36 ebkraks R AgoANI €.
when the control diagramof FIG 7 is conficured s ;rs to :recurately nodel
t he response coetretthm pilantvill o disvasserd es gneuw alstaalr leclofv ngenczaly )t witlitec 20
w-ei ~, ht val ue 3.¢ n he sgle ted so.as to be close to one, othgrmﬁse, the
wet ht val ue CAKIGRE WS ERG Bt the cosrecyop alup fsdgtenmynsd firelqtiondodByer | t he
present;swt e Gadi siRief MPER B8R dshfalell @&tV of avi@k Y&aiQVeinsMtit 1 pl e
sanpl es durrne the settlin~~ operation (i.e , not only can ,ulU he used.
hut al so du( pbint. letrdiey, the cpamionrafvhe sdudinpneEdedsdo inmeptivap coatrdiledent ed to
an apparatus and rnctlrod ?s rmnimzin<T settlin~~ tinme ln a disc drive

f
(such as 1uo)¢latipme Eﬁcgba“é‘rﬁ’f\?é%eﬁ&mﬂ%gE§ Hepdh E8%cH Wy I TG Jdj acent a
tat abl e di S . | Jj | (I R it : chit
otatale o5 (gl 0% LR Gr i aR A

positrons theibeagnémribRIPANGS duBing YEKIGRH) rafRk iied Medilif@onmifane resposer Vo
circuit tsuch as 1~.1) is provided to settle tile head ante a ~0

desti nati on tafdeksairo shde@ond WiBtovol, Hicswelatiop@f dhaibly2 Xe¢arbe nr n~

v~l ocm~ ci ( z.5 ~a ~ 2002 -~ 1 the h at, a_ ael ectecl distance fromthe
destrnat| on tfpé%‘ﬁ[cfgﬁ%ﬁs §§§ %&?C%%‘.t Ogég)asa&’/%%rzieﬁoglq ﬁ‘g SveFadc .Ontsg?oa desn~ed
velocity of thpgoheatti@peribintinse! eth eb dirstamestrdt apk toen dgstionadimen track,
applyln~ a settling current correction value to a current conmand signal to
~ener ate a nolsdriied acdiseretet timosianmsioics tmodehal the plant 200:

x k+1) = Ax fk) + Bu(k) (7)

yky = Cpx (k) (8)

with sample rate k, state x, (i.e., position X and velocity V), output y, input u
20 and matrices A, B, and C, describing the plant, Such discrete-time state space

modeling is commonly employed by disc drive designers; see for example U.S.

Patent No. 5,668,680 issued September 16, 1997 to Tremaine, assigned to the

assignee of the present invention. Correspondingly, an obsérver model can be

[£9]
wn

stated as:

N LARD) = A by 4 B k) - LDl - Cpake]) (9)
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relation to an estimated pusitiool and ail estimated.velocity (swh as by
26~). and um~~ the nludlfred current command signal jto seg%%ﬁihgﬁ Eﬁﬁ?
onto the dcaonattun track (Such as by ~'70). The applicati e

settl m~ gain serves to add an Wdnonal zero to the response of the servo
circuit. with the placenent ut'the zuru pteterahlv determned tn rel ation
to a wei~~htin~ of the |ocations of the closest 1(J t~u poles ul the

| esponsc. Prelerahl~', the servo clruuld-conprises ail observer (such as
~'06) willcil ~~enerates esttnlatea ut~ Bead position and velocity and a
settling table (such as ~' 36) which outputs the: settlln ~ gain rn response

to the estimate! velocity of the he t the selected distance fromthe
desti nation twhek XK isragdyEr Ok ‘msgﬂvﬁ'I&Cﬂ?gﬂgxdp%C%F§5F35%§#ﬁ%fses a
pro~ranr nabl e processing device (such as 1&) Ila\'In!, ~ISSUC. |~tLed
17rO!~r; . InlI1I111~ to settle the head utlto the deatlnatton truck Fot
purposes c,t the appended clains, consistently with the turceotn~~

di scub5ron the term"sl~nal" will be understood to rnclude hotll anal u~~

allcl dl~ntal ~yesstons Ttle term"crycutt” wall he understood m rncludc
both It,IWv~~r-c :ncl ' Wit anifU¥ddlar e tvpC rrnpl ement atrons T phr ase

"pro~~ranmmabl e processing device" wll be understood to Wcrtbe tiny nunber
of types of programmbl e processors wiltcll cat ry out instructions in
associ ated pto~ramm n~, such as the |I~SP 160. Althou~_il c~rtam nmet hod

e:lalns below are provided with steps in a particular order. rt wll be
teadrlv understaod that, the % i Lhyention is non necessayily limted to
the order of fh%”gféﬁgdﬁ?géﬁﬁ @%ﬂpgﬁkﬂss otherwi se particularly irldtc;ated
by the | an~_uaLC of the clains It will be clear that the present invention

a well adapted to attain the en:i~ and advantages tnentruned as well as
those inherent thc:rc:in, |,VhrkC plcSeritl~" preferred efl| bQdIITI~IItS
11L11' C been dCIC: 1" I bCd fidy pUCpQBES: Uf 1111S dI SC C7SUr |l . " . Z(BDHU U L

2002 nunerous chvn~~es may be mach which w| reaclilv su~est tl~enBelcs to
those akVfccl in the art and which arc enconpassed ~n the spiro ~t the

mention disclosed anti as defined in the appended cl ai ns. i 25J UL
2002 _7 j_ Thus.
Z[x(k+1)] - z[\X(z) - x(0)] (12)
and
U(z) = -Kq x(2) + 8uw(0) (13)
10 where
An(0) = u(0) + K x,(0) (14)

with Au(0) being the settling current correction value of equation (6) above.

Takine the z-transforms of equations (7) to (10), substituting 1Ato equation

(13) and solving for Y(z) yields the following:

15



‘ClalnlS: | In a disc drive having a head adjacent a rotatahle disc on
"which a plurality of nmucks arc defined. a motor for cclntrullablv & - 02
Positronrn~ the head r elativc: to the disc and an obsc:rvei ﬁfQMbtJF“ ~ an
estimated posrtwu and estirltated velocity oh the head, a nethod for novinu
the Bead froman initial trash to a dl; Stlnatlon tl-ask, cunpr icing steps
of: tai tnitiatinc a aech node to nove,fhe head toward the destination
track by applying current to the nmotor in relation to a Cl11l-r-tnl
CU111111a11C1l sl ~_nal Indlcauve of a trajectory of the Lead, and ih)
aettll n~ the head -omt o4t heXdestinatilon track by app~ytno current to the |U
motor in relation t&v& meded | ed -c@rirentAcomimivtedr ~znal determi ned by a sum
of the current command ylnal and a settlln~ current correction val ue
determined in relation to the estimated positron and the estimted velocity
of the head nt a pru~ietertntnccl distance Drumthe dcstrnation track 1~ ~.
~rtl~ 172i " 111OC~ tit- claim1l, whercrn the settling current car rcctron
value is turt@ﬁ$.dctern1ned inrelation to a desired velocm~ ,tnd a
I1tSIT"CCl pSl E)Il ul the head at the predeterm ned distance t~romthe
destination track 3. The nethod of claim'', wherein the settling current
correction value is provided by a settling tahle whical selectively outputs
the settUn~~ current ?y} copﬂecukpg vaugg'mhen t he head reaches thgﬁ

predet ermined di stance Iron‘the deStindtft)n track. -t. The netho of ¢l ai m
3. wherein the_settImT current currecaron value is characterized as a sum

of a product of the estimted pesoion ef the head and ,| settling position
darn value and a product U the estinmated ~.~el ocov ut the head and tt
aettltn v eiocttv aaln val ue. aJ25aa~ zooZ The nethod of claim ~,

wherein the ~ettltn~ current correcti val,ye is further determ ned tn
relationgto a bB?ﬁFVUHSEPPﬁ?O%P%WbNCYgQPEE#gvefﬂ?“&“H@ééﬁ?@@“ﬁd@Pﬂ?%h of
the head as t i t stination track 6. The met hod of
claims. mherQ?hhgﬁgZbg%%??%bﬁgég$§gﬁ%§§8%$ecnon J val ue operates to add an
additional zero to a response of the disc drive. 7 A-dtsc drive. conpnsine:
a Itcad adjacent a rotatable disc on which a plurality of~ tr-:rc.t.~ .ire
del rned. a notor, operahly cqqghedoto t he Dead, which controll:rhyyhposit
ions the head tn response to current applied to the notor; and |IU a'cervu
circuit, operable coupled to the herd and the 111()t()1', ~~: itrch: (a)
applies current to the notor to nove the head troman initial tract: and
toward a destination tract: durrnc a s~~k node in response to a current
command si gnaluxhernéroa sehapiynt(he), d&aniidyisg i ity iN avithdegns dheMap anéct orv

of the '166’ d gggz{lzﬂ'i?axld combining with equation (17) yiclds
M X (0) - n Au(0) = 0 (18)
so that
M X (0) ) ) . ]
Aw(0) = ———— = K Xp(0) + K Tppt0) (19)

n

with settling gains K, and K, determined by K, =M, /n and K,,=M./n. The
15 the settling current correction value Au(0) is determined by the settling table 236
in accordance with equation (20). That is, at preferably each settling transition

point, the estimated position and velocity Xgqr and Vigr are provided to the



. [

" |~ the seek node; and (b) settles the head onto the destination tract: at a
concl usi on oh the seek node operation by applying current tpun~ tg o:mz'n
relation to a nodified current command st~_=nal det.erm ned2b§ Egu t he

current command sienal and a settltn~ ~0 current correction val ue
deterntnc:d wrelation to an estimated positron and :rn estimated vc:lucrty
ut tfte itcad when the head reaches a sU-cted distance Iromrite
destination track. 8. The disc drive _9%_ claim7, wherein the servo~ctrcutt
conprises. an observer ~t ~hi cf~ ~ enerittes the estimated position etnd
~~~lc~citv ref' tlin=~t a; Péﬂloperable coupled to the

observer. wh?eé‘rl.‘“ d’t‘tﬁgﬁt‘g ngc U?Wﬁek% aprrpRr NS%ettltn~~ current
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undershoot is detected), then the table can be incremented for the next seek
(using, for example, the settling gains for «=0.6).
25 To further explain the operation of the table 236, FIG. 9 shows a SEEK
WITH ADAPTIVE SETTLE routine 260, setting forth the steps performed by
the servo circuit 144 in accordance with a preferred embodiment.

At step 262, the disc drive 100 initiates the seek mode of the seek
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3 accordance with the current curve 186 of FIG 3 so that the head 120 nomimally

follows the trajectory defined by velocity protile portions 180, 178 and 176 of

FIG. 4

As the head 120 15 moved from track X, to track 0. as shown by decision
step 204. the servo circuit [44 continually determines the position of the head

) (using the esumated position Xgqp) unul such time that the bead 120 reaches the
setthing mode transition point one track away troni track 0.

When the settling mode transition point 1s reached, the servo cucuit 144
determines the estimated position Xpgp and estimated velocity V. step 266. and
outputs the appropriate settling current correction value Au(0) o settle the head

15 120 onto the destination track, step 270. During settling, as shown by step 272,
the PES (path 204 ot FIG 7) is provided to the setthng table 236 o imiprove
settling pertormance by adjusting the set of setthng gains K. and K,,.. Finally.
the routine of FIG 9 ends at 274, atter which the servo circuit 144 operates i
tack tollowing mode unul commanded to pertorm the next seek (using the new

20 values of Kgy and K,y)

Having concluded the foregoing discussion of the servo cncuit 144,
reterence is now made to FIG. 10. which shows the results of computer
simulations ot the operation of the control diagram of FIG. 7. More particularly .
FIG. 10 sets torth an uncompensated settle curve 280 and a compensated settle

235 curve 290, both of which are plotted against an x-axis 292 indicative of clapsed
settling ume (in milliseconds) and a y-aais 294 indicative of posiuon,

The "0" mark on the y-axis 294 corresponds to the cher of the
desunauon track. Dotted lines 296 and 298 indicate positions =10% (with
respect to track width) away trom the center ot the tack. with operational tault

30 conditions declared during read or write operations when the head 120 exceeds
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5 scttle time of around two muilliseconds (2 msec). curve 290 achieves a settle ume
of less than one millisccond (1 msec) Thus, the present invention not only
achicves substantially improved settling performance over what 1s ©y pically
“acheved under nominal conditions, but further advantageously operates 1o
adaptively accommodate large parametric variations that would otherwise mduce

10 the types of undershoot and overshoot shown in FIG. S that can undesirably
extend the settling ume by one or more milliseconds
As can be seen from the toregoing discussion, various advantages are
associated with the present invention (as embodied above). First, the system 1s

relatively simple to implement n a DSP such as 160, as compared to the

,_.
(9]

previously menuoned Eddy et al and Yamaguchi et al. approaches  Second. the
weight value ¢ can be used as an adapuve parameter to compensate for vartauons
in disc drive performance characteristics (such as with temperature variations.
etc.) For example. when the control diagram of FIG 7 is configured so us 1o
accurately model the response of the plant (so that resonances are minimizedd, the
20 weight value o can be selected so as 10 be close to one; otherwise, the weight
value can be selected 5o as to be closer to zero. Moreover, the present system
readily accommodates the injection of values over multiple samples during the
settling operation (i.e , not only can Au(0) be used. but also Au(l). etc ).

In summuary. the present invention is directed to an apparatus and method

| 3]
N

for minimizing settling time 1 a dise drive (such as 100). The disc drive
includes a head (such as 120y adjacent a rotatable disc (such as 106) on which a
plurality of tracks (such as 250) are defined and a motor (such as 114 which
controllably positions the head n response to current applied to the motor

A servo circuit (such as 144 is provided to settle the head onto a

30 desunation track at the conclusion of a seek operation by determining velocity ol
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13 cireutt preferably comprises a programmable processing device (such as 160)
having associated programming to settle the head onto the destination track
For purposes of the appended claims. consistently with the foregoing
discussion the term “signal” will be understood to include both analog and dignal
eapresstons  The term “circunt” will be understood to include both hardware and
20 sottware/firmware type unplementations
The phrase "programmable processing device” will be understood to
describe any number of types of programmable processors which catry out
instructions in associated programming, such as the DSP 160. Although certan
method claims below are provided with steps in a parucular order, 1t will be
25 teadily understood that the clatmed invention s not necessarily himited to the
order of the steps presented. unless otherwise particularly indicated by the
tanguage of the claims
It will be clear that the present invention s well adapted to attain the ends
and advantages mentoned as well as those inherent theremn., While presently

20 preferred embodiments have been described tor purposes of this disclosure.
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(b) setthing the head onto the destination track by applying cutrent to the
10 motor in relation to a modified current comnuind signal
determined by a sum of the current commuand signal and a setthing
current coriection value determined in relation to the estumated
posttion and the estimated velocity of the head at a predeterimined

distance trom the destnation track

15 2. The method of clium 1, wherem the settling current correction
value 1s further determuned in relition to a desued velocity and a desired position
of the head at the predetermined distance from the destinauon track

3. The method of claim 2, wherein the settling current correction
value 1s provided by a settling table which selectively autputs the settling current

20 correction value when the head reaches the predetermined distance {rom the

desunation track.

4. The method ot claim 3. wherein the settling current correction
value iy characterized as a sum of a product of the estimated posttion of the head
and a settling position gamn value and a product of the esimated velocity ot the

25 head and a setthing vetocuty gain value.
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5 value opcrdtcs 10 add an addinonal zero to a response of the disc drive.

7 A disc drive. comprising:
a head adjacent a rotatable disc on which o plurahity of tracks are detined.
& motor. operably coupled to the head, which controllably positions the
head 1n response to current applied to the motor: and
10 a4 servo circuil. operably coupled to the head and the motor, which:

(a) applies current to the motor to move the head trom an ininal
track and toward a destinauon track during a scek mode
response to a current command signal generated by the
servo circuit indicative of the trajectory of the head during

15 the seek mode: and

(b) setles the head onto the destination track at a conclusion of the
seek mode operation by applying current to the motor in
relation to a modified current command signal determined
by a sum of the current command signal and a settling

20 current correction value determined 1;1 relation 1o an
estimated position and an estimated velocity ot the head
when the head reaches a selected distance trom the

destination track.

. . . . . I
3. The disc drive of claim 7., wherein the servo-circuil comprises.

[ §9)
wn

an observer which generates the estimated position dnd velocity of the
head: and

a seuling table. operably coupled to the observer. which outputs the
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9 The disc drive of claim 7. wherein the servo circutt comprises i

{
programmable processing device having assoctated programming (o scitie the

head onto the desunation rack.



