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SETTLING'TIR-I1; IN A “WMWM“W. ERVO SYSTEi VI f=ield ol~ the Invention
This i nvention rel ates othe field ol~ disc drrve data storage
devi ces. and nore particulggbdgs but not by way of limtation, to reducing
the time i cduired to settle a head onto a destination track durtn-~ '
drive seek uperatrun throu~~h adaptive current conpensation. | m@%‘m@m‘m\
of Invention 1 UDisc drives tire typically used as primary da e
devices in nedei n conputer systens and-lnetworks, due to the effichietf” and
cost-effective manner ir: which |arge anounts of conputerized data can be
stored and retrieved. Disc drives of the present eneration have data
storage capaci {} Ry IEARHISErHRIGKCPIME T BESC idtyit SERARYIRS GG and can
he used alone 1Tas ina typical personal ~ conputer configuration) or rn
mul ti-drive data storalL.:e arrays (as with an Internet network server or a
mai nframe co kthe lnvenlpa o) disc: drive conprises a pluraliy of rigid
maUneti c storace &iscsS,.W:LiClil..af i.a) ], . . Al about a
spi ndl e not or forébgﬁgyﬁgéhg%dgéﬁgﬁg?gﬁ%)%?ﬁkkrgggg'%gﬂb%hggggﬁgund 10, 00U
revol utisons pericadi mul @pre: panucdlany~butebt BYUwagad;limitadion headduangprow ded to
transfer data between tracks tit the discs and a Lost conputer tn which the
di sc drive i $unBEhietitiorhBeadedye « eetnphgntagk dyrias p sl dryeaetiat or assemhl v
and arc PontBﬁhhﬁﬁlMuﬁﬁﬁh&@ﬂﬂ%%uﬂ%h?&ﬁﬂéu&ﬂﬂn{raCk? by a closed | oop servo
system ivlore particulFarly. the acNator assenbly includes a coil of a
voice coil motor (VCVI), so that the ~> servo systemcontrols the position
of the heads through the application of current to tlrc curl in response to
det ect ed andBasisr IRgdidnons of the heads. as wel |l as conmand inputs

i ndi catjn~~ desired .pRSi.ti b h, , st el ' ily

oper at elsoni n one o q’[‘\%gﬁsegeflgg‘?ggf%) ng e‘giqgtgbrrxnﬁrnsﬁwlgﬁgy\t%%%%% ow ng. A
seek oper ati egmpitais&n¥amm rusakecti@Uuohkadfticidnt hadtosi-kifedhlel harakr ty act . t

<t destination track tin the associated disc surt;t~e tlirou~~h 2 5 GU.
2p02 , , winch large amounts of computerized data can be stored and retrieved. Disc

drives of the present generation have data storage capacities measured 1n excess
of several gigabytes (GB) and can be used alone (as in a typical personal

15 computer configuratton) or in multi-drive data storage arrays (as with an nternet
network server or a marnframe computer).

A typical disce drive comprises a plurality of rigid magnetic storage discs
which are axially aligned and arranged about a spindle motor for rotation at a
constant high speed (such as around 10,000 revolutions per munute)  An artay olf

20 tead/write heads are provided 1o transfer data between tracks of the discs and a
host computer i1 which the disc drive 15 mounted.

The heads are mounted to a rotary actuator assembly and are controllably
positioned adjacent the tracks by a closed loop servo system. NMore particutarly.
the actuator assembly includes a coil of a voice coil motor (VCM), so that the

25 servy system controls the position of the heads through the application of current
to the coil in response 1o detected and esumated 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:
seehing and track foltowing. A seek operation entails moving a selected head

30 trom an mitial wrack o a desunauon triack on the assoctued dise surtace through



| hC: 1111Llal ac:ccleratiun and Suhsequent decel eration of the he??Sagﬁ{
fromthe'initial track and toward the destination track. A velocily ﬂ«ZUOZ
apprdach is used whereby the velocity of the head is repeatedly ~stim-tted

' based on neasured position) and conpared to a velocity profile defining a
desired velocity tra~ectorv for the seek. Corrections to the amount of

current applied to the coil durinn the seek are nmade in relation to the

di fference between the estinmated velocity and the desired velocity. At

suc(i tonme that the head reaches a predeterm ned di stance away fromthe
destination track (such as one track away), the servo systemtransitions to

, ~ 10 settJrnydpge. when&anod by heregucs: &RtktebnTir: the [dastidgation track
Tiiereaftei . the servo systementers a track follow ng node of operation

wher ei n t he heaidall Sagase@wued fhgldeppatipneragies v hﬁ@qlb'mfmrratkpmqnctthls v next
seek operat| Onvl%)e~ ﬁ{é‘Fq'r ﬂ» ot?he. k?e[ﬁlld\{s m%gfxladl %mlnméﬁ (kf%&l gr?lgn Hf%

proxi mate time r ol ocrty pr o

sel ected head r@umongdm @@ﬁ;lmecausﬁ atleci®shiofiad O¢fidiad @dé.sxredw@mcnohﬂaﬁrcrm th
rel aovel v.slow integration to settle the head onto tl:e destination track,
and the sane §Paﬂ€‘@sk|ﬁhﬁ@$“%§ﬂédh%®ﬁ9¢®Kﬂéﬂ”€m~wmhﬂiK@ha$DWéUHm*ﬂmst
inte~ratiun for track th this.a S that, at
such tine that™ %HEC ’Bqée’ S reW“ Bﬁ‘g}% rgﬁ%g(’ece?mw ?JE”‘F&“&%?F (f:}C‘r%ﬂE} [hﬁ
initial vel ocideyr¥@réiatiyon can cause 20 larLe overshoot or undershoot of
the head relative to the destination track, undesirably extending the tine
required to settle Ahsichdaer dat dethisad trashdsrapredeetmaekdis@hicsawal et y

variation is ip drn disc drive d , , o

accel erati on éo%g?ﬁﬂP”%ﬁlgg$ l“ﬂ%%"%§ZRk?ﬁ @8%&W95QUPEIQH@“P@1% | ve
posi tion®f theused hoﬁhmr@ndheoﬁéaam Sdgdl bras ey GestiBRntidick NTHREHES! .

veJocit~~ ~5 errors during seeks. undesirably extending settling tinmes. A

typi cal high pb¢ sanempgemdingss dniagle [olpsviag spdeiof bperagerekheriemetho et tSund
csiht mlliseconds cesstrr~~ fo

e 1o i o RSt oTRE O R e Rl I e Rk SRR e e

destination track |oxelrivBeliEACKuE ATy Wsé Efd’tnﬂat@@@r@ ngxm)mhle(nange) as
well as the latency time reduirec, 30 i'or the desired data sector to reach

the head as thevdpsty pr@tla:t @scqnerpkan pelectedhgadeduring L15segkus~m<:2&02"unréadu

Sl gni fi tly. Sucn vel l atlons at the“b ﬁgl % l the settling
phase cah’ ext éRGPHE" %5 ch b EH B R F gﬁgﬁ L RIENNEY he di sc
drive la tvproa{d, dnam?evsa\h{easbh@emnzmsxamé@&orda&@rKxe@nvx@ﬂnxxlh%dl scs and a
host conputer ~lurrny a seek operation. Consunmer demands for continually

| nproved dat a mreangfaariopenflototsees.has | ed desi ~~ners to find ways tU

| nprove vervo contr settlinCti ever a

| Ks.
net hods have been r@&%ﬁﬁ1 ‘“ﬁTgcggéﬁpﬁHc?§HW8b“S@FW[Fﬁbﬁvfﬁi“ﬁgfh~~

techni dm ~Tency@hdned tRfr@5ERAnb& @Sselifthd mdlie Vi3 WRial anaanwdmeﬂ S8 sk or
exanple. an articlC by Eddy et al. entitled "Bias in Di'sh Drive Rotary

Act uat or 01f ~ i@hgr actrgobr at hudersibor efduhcﬁ\t@hreémumcomiwechsam:u@n nﬁcLE~
Trcrrr, suctrnns al El ectr,oni cs

rr lrrclrt. st 97,
2=12~- 2433, whi s gayy MCBQ@"a{E%HE‘iﬁ\A%‘FLHWSéBPE‘Her%"*t%‘8&“8‘ ‘hﬁdF%P““B?‘bper
control l er inrghal | ZafslRldcity MaRaroesifherenttih MRleAPPEOAGT: BsaGeDetplat i vely
| arge real -tinme conputational demands upon the system) lrrrriung its

useful ness In #@aKCﬁgmhdndDS%ﬂdwﬁvﬁf%@blﬂ@@gtlhshWheﬁeﬂvﬁfmﬂocéss¢n~~

resources are usual
posifion Xr the cou dl'hese and other such factors tend to mtroduce velocity

25 errors during seeks. undesirably extending settling times.

A typical high performance disc drive has a specified seek ume of around
eight milliseconds (msec). which includes the time necessary for 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 to the



Three a;lclltionai nethodol ogi es were proposed by ~r'anta~uchl et 2I5 JUL 2002
"'Delin df iV.lode SWtchlin~_ Controller with Initial Value Conpensation

tend 1ts ,app!iCatiUn to Disk Drive Servo Control," IF,~1CIs'' !)-renrrlal
| Wrl c. CUrryres~. San Francisco. California. USA 199G pp. =171--Qr6, and
"DeSI!~rl U f~IQd;: " "USwitclnnu Con~roller with Initial Value

Conpensation and its Application to Il ~ad I'o5rtionln~ Control Un

| 1' lanetic Disk Drives," IEEE Trcrrlsaguurrs vrl lrulrtstrial

El c~ctr-onrc.r. Vol . 43, No. 1, 1996, pp. G--73. Thc: t il st two

met ! t odoi ogt e pf O@ﬁﬁﬁﬁd{?ﬂ/ %u@mgl'd@lm vilar@hs af fe tb@emf'nlﬂ[ Q)TTI‘PJ Qi@ JREES
rnw\W-es resetting contro {observer) states at settrl node
initializati onan eftehd tHeobst hme ny (opean0vrellxséild@Ks aﬂpcdda@hre&hscanﬂrnieenast to
sonme extent, |ITt ede (%LhCr Cr 1 LaShS of the dl St, t~rl~ C SCrVO
SySlenl suct b ras e ilaplics- lmna@k eﬁaé’(@we&“ B o nd Bt H)@PWE:aI i bl -
ttin~_ gain o it et aI
| nvol ves cancefJ e I a‘ﬁ ﬂls({eﬁgk{)%bgggtgfﬁﬂndg?%?E&ﬁﬁgg%yllxﬁ%@?{&ﬁw n~~ ;
ntr~l1el s5and rrepétaxde‘rtorhhe&eh pakedeagnedesi irdwppsbtitipasve klanaxei) ahd |

t he net hodul o~~v 30 Pro posed by Fddv et al.. this approach can he

undesi rabl y ChiffyFeseiting ‘tm“%?”%phsw‘(? 5J UL 200 additional high order
conpensator is neC%aseq ¥l Ghad ARILE IRLabUG.QL b RELSLALERA fOu e e 19
generally no easy way t he system

t enper at ur e andehinnjuk: aendraidt mtsn\fm:mdm inend vilac advipsiselioh aféeectr e@nipo:.
performance. Accurdinlly, there is a continual need Th the art for

i mpr ovenent s v\héF‘é’lﬂyb)séfjfi} Ehal. e atiedc 45 18t iehs Dive Ragarg AQvalos can he
adaptiv o] , t which tend to
e odudd st P CHTHE R b B B AP A AR R e YA BT ! 2 P

I nvention Tfi endusesdilledrmvent Voh 33t 0. des 99N BpRaz-ARYEs. amLme&Jagﬂesf .or
nninrztne vettImT trine in a disc drive. In accordance with a preferred
emhodt nent , t Rackiyse SEfTPRy SeEhOBP Y dRIIPTAPE e RUREE N 145 HBNEYS! hab| y
postttonahl e ads 3 X of tracks
ar a defined. argpr%%}?ﬁltnc‘% ﬁ‘haélgqu%\e/gltazgxngé;% Lﬁnlondl %%’rl)d%?(s’k g%erabl y
coupl ed to theyheadlimtundPostdeiidnak 1c orat Ii\@lrldofxsctdrll\e: apBBadionn whesponse to

current applled to the notor. A seryo crrcutt is provided to settle the
head ont'd a d@SI¥eAURY LFO¥CETRCUHSIHIN-ME el usion ¢c;t a seek operation by

deterntntn~l vel OCtTthYc %ddﬁﬂﬁmhﬁﬁ%o%lo&e%Qxle‘?é’BﬁﬁoseQ( i $LANGRK] £OM khe
destination track (also referred to as a settltn~~ transit:oti pc>tnt)

conpari ng t he “Debigoiot Wade By xebélsugr@dnmé]coc\ntwlnafa! tVhbicHeadpatattichenn8elsect ed

dlstancefromth desti C a ~.a,settli cyrrent
correction val'th® ‘ft‘)‘“ﬁ‘ ‘8&??%@”@0%%%9810@?! “‘tg g@h‘é’r“ r’g“é(q‘t FE&8 " %ed
current c: Omnﬁlrrﬁusceatan@mmugtsnswwqaprmdilmé qqdc'tnersﬁntomamnd st ~, nal

to settle the head onto the desttn;ttion track. The settltnn current
correctiX®n valsuelw‘lm"o@nremirhcrlédthlInllrdéi\’atwecﬁprwnbh@n@Sﬂtlﬂsnﬁafpéddwm ocity and

Positron of t as t head r.eaches entrans oi nt bet ween

seeki n~a and ggﬁp IR PR CH %S °8 “3%4“88??5%%‘ LLLLFZ;JZ‘HFW\%“’H&’H nati on
track, such agn@ne-idir@ekrangy Vol T4 setit [1iong, suresent €R! fifsi ebbon ~~al ur
serves to add an additional zero to the response of the serve, circuit.
~wf~tlic ~U1%h%>é@ﬁe¢ﬁPr@ﬂoxﬁé’vz\aﬂ@dw}d@p@t|a¢fenyklcdéxrwwm@mrwnr@lhat| on to a
wer ~_htrn~a ~-~j
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25 operative, such approaches. at least to some extent, inpede other crivcal tasks ot

the disc drive servo system. such as setting on-track check criterion, adapuvely
calibrating gain. etc. The third methodology proposed by Yamaguchi et al
involves canceling all closed-loop poles of the track following controller and
replacing these poles at desued positions. However, hike the methodology

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



|"reterably, the servo circuit conprises an observer which ~~enerat§}5 JL“_ZOOf
esumgat es of head position and velocity and a settlrn; table which £
adaptively outputs the settling current correction value in response to the
estimated head ~USILIU(l and velocity th~ the head at the transition point
aclected distanmfromtltc destination track. Mreover, the servo circuit
preferably conprises a pro~~ranunabl e processi ng devi ce having associ at ed
programming to settle the feud onto the destination track 10 'fhebe and
vari ous ether features as well as advant-ages whi ch characterize the present
invention wll be apparent froma readtn!~ of the lollown~z ~letail e~l
descri pti on andidatiseVhelw aflert drenesogi ianed: sshrawdmes 1hidnkr efiud W drisptigson ~f
the ~rawin~~ 15 FIG | is a@hop plan vie~.e~ of ;.t disc drive constructed
in accordance WO¥- MGHE & EOFEYY RIS Hahi© Gﬁ‘Pf ﬁE PrETRR A AV IRE ETEE G+
is a functiona L amar 1 i I d | zHG. G 3 is a
tuneti onal bl ohkllehﬁ’gﬁli‘gg%ngfsﬁ?lﬁaéqggéegwg?lf%S?tlé \é?\lﬁﬁ%e& 'dh@]“ll]s(%l;\-o~ provi des a
graphi cal il | ug¢mtatmamoe.of a velocity profile ol it ~el~cte~.| ~0 head of
the disc.. drive during a Seek operation wherein the head is noved trorn an
initial tPack and sACEPEHIbNtIBETS 1HBSORHARE Bisd P it IGMBOKBYIHes a
graphi cal il ustrat.l o G CHErent. Of SOV urr R s
applied to the s SPu s RuEHiGRRL, Prebhe ey e RUpRF £ Elbef {2he
durin~~ the segkseperdtpaoimditit ushaahed hwhtdnd espeaotiudeos:fhiGearwlicFel&p! 6
provides a ~rraphic~tl illustration of the trajectot y t the head at the
Scatlltl' ~ pha8ercyfo@tysSE®s il ustrating problems with both undershoot
(wherein the head takes too long, to approach the destination track) its
wel | as overshoot twhciemthe head overshoots the destination track and
provi des [@n usgimhatebyviedgponseg). ,0 FIG 7 is a control dial~ram
representation showiiy~ the opei ~Iti()il (~t the 25J UL 2002 -6 servo
system of FI G 3 i nTAeoBHERneEnion Frey '$senappaidusmsgdnermed tof miraizpresent
|r2vennun. wi t h\J[!r‘;[ng lgnqgl;[nriphlsgldﬁgé.am of FIG 7 being :yener ally

presentative 0 he "pronramred operation of the di~itat signal processor
(DSP) of FIG =~ Fl & a&otdnge vepresgentat ieabooimst RAE Wienrof @ psal&et ed
track ut tl7c disc drive. Showi ng the relative arrangenent of servo bl ocks
and user data MGckieadnviael oraparet ppsiapniesbde sepvebEchenen whichi zed
by the disc drive. FlG i, | C i tratjns~ an ADAPT SETTLE
routine. }i%ndi cé@?%réﬁ%fmt[ aé%‘?%g‘f%’%n\é'ng“%émf“ {Uﬁi "[E_)élgobcfc Lﬁ?‘én‘)?lé}]g\‘(s%ef‘t tn~~
furtii nore cl epehyivtdoaplepes aiel lpad 6ér fdiioa@ndohab! of agrnrn of r&penwetoduring a

seek operation 10 FI G 10 provi des graphical representations of the results
nt comnputes current applied to the motor.

A servo cireutt is provided to settle the head onto a destination track at the
conclusion ot a seek operation by determining velocity ot the head at a selected
20 distance from the destination track (also reterred to as a settling transition point)
comparing the velocity to a desired velocity of the head at the selected distance
from the destination track, applying a settling current correction value 10 a
current command signal to generate a modified current command signal, and
using the modttied current command srgnal to settle the head onto the destination
25 rack. The setthing current correction value 1s determined in refation to the
estimated velocity and position of the head as the head reaches the transiuon
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 to add an additional zero to the response of the servo circuit, with the

12
[

placement of the zero adapuively determined 1n relaton to a weighting ot the



simul ations. sUow n~ the inprovenents in settling perfornmance obtaprgd
thCOU ~I|' use e.~f the control clia~lr~tmand routine of FIGS 7 angr%JUL 2002
1l-)et,iiled De~crtpttan 1~ TurninU 110WI the dra~e~i ngs, and nore
particularly to FIG 1. shown tl~eremi5 a top plan view of a disc drive

| 00 constructed m accordance with v preferred enbodi mrent of the present
invention Tlie disc drive 100 includes a head-disc assenbly (IiD;~) IUlL and
a clay drive printed ;vtrw assenbly (PVWA) which is nounted to the under
side of the 20 I-1D. A 101 and ttluS, not visible in FIG 1 The PWA provides
circuitrl tl;eesSRMGrThd QoeettBlpolddr. e Pekan@p@s thiver EOAsdR 1o amd;d 0
transfer data between the I DA 101 and ;i Host conputer in which the disc
drive 100 canthpe-douwnted in a tac: r enV| rotunent The HDA 101 includes a
base deck 102 to V\@éezh various dis ive ''s co%gone It1 arge mounted. A top
cover, which has bEERTARY et AR ﬁfﬁ” ﬁOITfDB'S%&“Hb% PVt ST G e85 Snent s of

I nterest, COO@;@l’E}?‘ﬁ@SSOIWeE biigoPaseveeaty i §c@tl1519'iJBlLaWhlcﬂta@ﬁﬂﬂ]el)enV' ronment
for the disc drive 100 un{) h controller! air pressure, humdity and

cl eanl i néss Ieuuedus thcAseslﬁ)ngndUECM%WCEL@%-WHBC pY Bypaied tbwrtgftlratlled acst ack of

di scs 106 ,rt t ant h eled with a dis S d? ?se uring
the discs 1U6p‘f56““i_ ‘I”}éJ ?E%‘éﬂ% e B “'51 jllﬁ Fansyrs eoF Cigd fisfncpiion fis
unaer st ood t hads;, @ik @t tSorevke tf@(@rﬂ@um’ulﬁ@x@@mlf kGmpri@ghs t not
separately illustrated) are detlned on each of the surfaces ut the discs
1U6 | n ; ~ ~utpogranunotle arocmrrrhedmcredmme@somched progokening looetle ohd abl y

posl tl onahl e Sct uator é%{s%enb.li 1 10 is provided whrch rotates about a
cartridge hearf I1-oniQ De SRy RAUPY R r esponse to currents applied to a call

(a portign of Wlll@ré‘sc]aﬁd ShtibdMWdhe @feadrek ds)\\e@lf dqaud)(%%'cswdHu,lmta(?"'fct&r i V1)
11=t. The actuator assenbly 110 includes a pluralty ui~ arnms ram

Wil tch corresﬂ@ﬂdﬂmﬂaHW¢@KmW@ﬂh@sanbhmegomn8F%Mﬂendtmeké@ﬂsmidduﬂﬂarc

provl dc:d at di stal ] e | exur ies 118 and are supported
over the U d §%§Pﬂ@5d%§ EPWﬂh85§ ﬁﬁ§mé§?§%nwgﬁﬁd by air currents set up
17v the rotanon ut' the discs 1U6 The heads 120 are preferably
characterized as nIa~~neu7-resistive ( iVI It ~ heads ,A latch assenbly
12'? a provid ) i ver I~11101II1~~ zone c not deslnated)

at the m)st d| t the dis¢ sc_dr
deact | yg{%ed i~ fl 2280|Fr cwpotp RIS Y J T“é“ _dLme m[ispgge‘je i qqmﬁ R

e:ommtunl catt pm@a&dﬁ@nwlmmmrt[hepaastruahwnnassenbl y 1 10 and the cl;
clrm- PV :1 tnlounted to the underside of tile disc drive LUU as rrenti oned
ahc~ve) FIG ~ proytédes’ & # (HistPehailods| ek vdl cAshadhofnithe! iGcl ¢! rme 10U cat
VG FIG. 3 1s a functional block diagram ot the servo circuit of FIG 2
FIG 4 provides a graphical illustration of a velocity profile of a4 selected
20 head ot the dise drive during a seek operatton wherein the head s moved trom an
imitial track and settled onto a destination track.
FIG. 5 provides a graphical illustration of & curient profile. showing the
current that is applied to the coil of the voice cotl motor (VCM) ot the disc drive
during the seeh operation illustrated with respect to FIG. 4
25 FIG. 6 provides a graphical illustration of the trajectory of the head at the
setthing phase of a seek. illustrating problems with both undershoot (wherein the
head takes oo long to approach the destination track) as well as overshoot

(wheremn the head overshoots the destination track and provides an oscillatory

response).
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FIG 7 1s a conwrol diagram representation showing the operation of the



1, c~perahl~" connected to a host conputer 140 AS shown In FIG
~lre:ultr) '""0 used to control the |I-iDA 101 includes a spindle COZ&OJBL 2002
circuit 1-1''. a servo control circuit 144 and a read/wlte channel 14G

all operably corltlectcd to a SVSteill prUCeSSOr la~. Ir WIIl be CeCCani Zed
Il'laL the SVSIem processor 1JO0 C On1lnl111111C atvs lylth and cUItrU S the
operaC On of LIleSC AArCUISIn il |l~nl.WI1 planner, Wth the exceptions

as discussed below Additionally, an Interface clrcurt 1 ~? is slrow
connected to the read/ wrte channel 14@ and te7 the system processor 15U,

Wth the interface circuit 16? servrn~~ as a data Interface and | 7ut | ~er f

or the disc drgMe sysieReorFIGenf acecarbiRyiitila proféMed URBE e EAUBBGRS chr I Ot
separately shownl which conprises hardware used to establish varyln, ~

ti mm-t sequenceser@um wih tiivecoppet dingom of FTtG|7eb¢xead|cwmtlrermrt:&eunﬁtrrvrr pt1-+6 , U

The spindle coptrol circuit 11’>cntro the rotatio S aof the
spindle 25 the anr%fﬁy ABEayon of Sig 5 PIOE§3a0"s @ﬁ)’d ggﬁ#r circuit
144 ( al so reterredg> Sh@%@'h;ﬁ‘re?éhlau%ﬂro\(@ p('drﬁ@rUbF zere@re& Lakisof e esi tion of
the heads 1?70 with respect to the discs 106 by applyin~T current to the

actuat or Toil dri3.slmwiespensétive agangemeannbbsaraoe bbrcks ead ubky daheblhgads 1?U.

The readlwite channel | =t6 operates to wite datg to the discs 106 in
response to ustFO@aRy WithEs a@g % tswéo(gﬁlé%%pulpzreg%yt ﬁ‘& disrtEH¥ace circuit

| S? by encodi ng andrgenighi#ehdNlud@hitalit ADIgnaiat SE‘@TLE Miike current
utilized by the head 170 to nagnetize portions ot-a selected track un the
disc 1U6 Corr etsr:bmmm\lcngllyc pprzevm gl 8f ke BSEDbIdAdCa Jarmel seatmy feviddntay t he

rradiwite channe decodi n e.data fr t read signal s gene;
rated by the l"l‘ﬁlc 'Oﬁcr)i(bo'bgr ﬁégﬂ‘é‘gcﬂ Bau %&e #‘?Lhr LEFEETBI Y PECk on

the discid06. 1'ariges 10RR6akECRENIAEItBE i oL oy enel QQuiAY & GRffuiQ! | ed by

t he system processor 15U. in accordance wath pru _rammng stored in nmenory
(IVIGvI) 1 ~4ymuhiichs. phedeeald ynoongpndnes teotihg wortatmzhreermmm«.yl iWepnicbes
such as dynam ¢ random access nenor as non-vol atile
menory devi cesSEEME ‘é’“frpbglﬂ"’i‘r'ﬁhﬁr‘&%lugm Et $n~“’?‘fb to FIG 3, shown
therein is a functional Lock d;a~~ramof the servo circuit 1=14 of F1G 2.
As set forth by FIG 3, servo i nf or maoon ns read by tile selected nmead 1~0
and anplified bywdedbeanptofier circuit 1 ~G ~"prcanp”). The preamp 1~6 is
pr ef erably di sposed in the HDA 101 and nmounted to a circuit board of the
act uat or lassenbl y | TYrEnga08 WHBRATTYings: @nd mare gantrglaghypto; flCed - F’%%‘Hfbach

signal s are prasentg erﬁga L Ao dpl tidoof 1\%' r(f(:) oqwsrq'uﬁ’ecf rﬂfu”gﬂHh@é furh"

"denpd") which condi’ti o t he srgnals tnc I nn anal o-
conver si on) anrﬁi‘emrﬂ):\’dlede@dtrﬂMI sare rreseat nlwgmrﬁcml signal processor (DSPi 1 QO
The operation of the DSI' n accordance wth a preterred. enbodi nent of

the present inventi b W 1-‘”h‘el welidend e -GisearemodetidP ™ HEF it o diec
~~enerally. 3 &nnoemer wrmeds@mrw@\w\@m@h% n%uﬁe%u&'[muqrcr Qlic §i gpal

(PESI indicative e.~l the position of the head 170 with respect to the disc
10G from20he sHipral@l fimbumus.idoe vderoduFHEi.of TH8.PWA prespensiecutioy thha:ssary

resulting PES, as as contr i ts. provided to the DSP 160 ti | e
syst em pr ocessrﬁ’rcqmr(‘.’?l e cgeratgn O?Hlé P%g ELO (e 10) [8df"t5’ﬁ£e§ ARt Ve 6 A i gnal to

a coil driver 1§P.wi ﬁ&th@rnﬁh’ﬁeﬂrrﬁ@mch@l& GidE BERE 100 30 bbgwdkRlels th al3ef O
adj ust the position of the : ~a ~ 200z -9 Ilteterrine now to

FIG -t, shownemhemernirs rt ~raphrcal represent ation of a fatnrly ~t
vel oc: i t~~ profries Frdﬁrbo\ ?611 gnecpued 54 bXSLa(Sc_L?{ H)7 "o Whlct}l var(rzohusv 5(.0&'1 tey profile

25 components are mounted. A top cover. which has been omitted trom FIG. | 10
expose interior components of interest. cooperates with the base deck 102 to torm
an internal environment tor the disc drive 100 with controlled air pressure.
humidity and cleanliness levels.

A spindle motor 104 is provided to rotate a stack of discs 106 at a

30 constant high speed. with a disc clamp 108 securing the discs 106 to the spindle



Jet'intn~~ the desired tra~ectorv of a selected head |20 of the disc drive

| UO durrn~ ,i seek operation wherein the head 1?0 is noved from a SnUtuEIZUUZ
track’ and settle onto a destination track. 'The fatnrly of vel oci{%
profiles 170 is plotted a~atnst an x-ahlS 17" _indicative of tracks t

measured in tracks to Sao, wth track "U' hern~ the destination track) and
a y-axis 171 indicative of the velocity ol' the head 120 As shown in FIG
4) a deceleration trajectory portion k7b is substarltralll' common t~ each
of the faintly of velocity profiles 170, with tine deceleration 10
tra~~ctorv portio ndi ¢ f t h ad | ZU
as tire Bead‘1”$ eskgﬂx:ﬁggSﬁﬁgfpgnlnggL{%gﬁgﬁdg@ke ggﬁféhﬁagTa ~ectorv
portion 17G e(X1bﬁ§'t(ﬁ§mte(D) alusRaed MBd¢ehdICoHt yach' afithe-surfacaducat-ankscbyodowed |ine
| 78) which a a maxi numvelocity that the :read 1' _'0 obtains as the head
noves to the d@éﬁFW&ﬂPbﬁmﬂmﬁck As shown in P1G - 1, the deceleratron
tra~yectorv puCtl Y/ 71 t,F,ac
denoted as X, Uf(hm’ccg “'L ecsté }ﬁ(ﬁ%]hﬁ‘g\ }(O%m?&d )&ef chﬁléé \%5%5?]?0%6??1
destinatjon tpraciled thcﬂ-’tlr&atesﬂbf)mri fietridet beasng nssameber12of difones ent
;rcceleration trti~ector~ p(71tl(711S SO, 1SZ and 184 (begi nnin; at tracks
X,, 1, and X,%“riL@§pLPBE“F‘K/@IVSOJWd}?‘t‘%OHWEE“d? RV po! e f arcavdeek
operation tro t her 1o d, | ted
o ong port i on 1] PEkud’ TrbheBRbraRenpficyfo Hokeac ?’%W LR
decel erat ed ah@neﬂp@r&naﬂpdﬁﬁndDemheddﬁsmhaall$amtmacme&hIRO&eek fromtrick
X, is S|mlarly performed, except _that the head 120 spends |ess Tine at
V', ~~ ti.e , REYERLa) dipel qnﬂspfﬁeec%wée pogmRliss 1i&ang ﬁgevm%wtlmé:lktlm t han

track 1, Th or T B oA REEK P heAn BRCARSE! WPRPYRN I ARh g head

120 does not Tteac um ve ~~, ~~ gene raIIy

shown by ttccaker@s ~Thaeldano hrd glickhtal chsnautcazaee«knmneam&mek X, to
track 0. the head 120 is accelerated alon~a portion 18-1 Wl Lil it reaches
the decel erat ™R fdéron 17G alter which the head 1ZU is decelerated to

the destination tr leﬁcl?asseﬁl )WUI %rc‘r{n&i&lr r%ds%&gxc thu 1&(1?'0%1 lV {JIYI"%DQJt seeks

can he herfc~rnmed u ion an veIOC|t cont

met hodol ogy, &@: thatnatdagav@k Qx&QVmﬁQrdlﬁznmﬂtéxed)t méd&m@a maouhz hddimeeks
contenpl ated herein are relatively lon!~ veekv (such as 60 tracks or nore
In tutslPegar &0 tsﬂl(‘c“‘“t‘LLAXIQS“:‘E?Q”b‘f“ Fsls@lblvllﬁ*hfﬁiﬁl” HenskcEtconsi dered as

het n~T necessa&hrlnxmgjil?o a‘ifg lﬁ?\ c% 1é QU [0}: (D%L 1%[\54fd’%lddt'!étdas'@(iﬁn@qi\\"@en

tracks 0 and 1 ns not necessari |canve 0 he rel ative spactn~; of
remai ni n~~ traﬁMBmmﬂloﬁuka5®:bbmevmi(knk Mthlh@nwndEnmb@od t hat the

Vol octty control leg 2bproach, dScussad ST £ LS PLovl el by ey
represent anon of, Ra it ES GRLEPION hb& LBRuer 140 As shown i FIG. 2. the cicuu
20 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
system processor 150, It will be recognized that the system processor 150
communicates with and controls the operation of these circuits 1n a known
manner, with the exceptions as discussed below  Additionally, an intertace
23 circunt 152 is shown connected to the read/write channel 146 and to the svstem
processor 150, with the interface circuit 152 serving as a data intertace and
butter for the disc drive. The interface circuit 132 includes a sequencer (not
separately shown) which comprises hardware used to establish varying tuning
sequences during the operation of the read/write channel 146

30 The spindle control circunt 142 controls the rotational speed of the spmdle



applied to the earl 1 13 durine a seek fromtrack ~ to track 0 ﬁg %
prattle 186 is plotted tr~atnst an x-axis 188 indicative of tracksé&( UT. 002
terns cit ti webs t0O to ~o~ and a v-axia 19U indicative of current

magni tude. From FIGS =1 and ~. tt can be seen that a farce anmount of

current to initially applied (as shown at 19~ of the profile 18G7 to

accel erate the head 1?0 toward the target track U Unce the head 1'?0

reaches V~,,~~ (portion 178), relatively little current mrequired t~

mai ntain the head at this velocity, as shown by curve 18G Wen track \~ is

1~ detected (i.e , the head reaches hegi nnine of the deceleration portion

17G of FIG 4),n&x@mﬂﬁb@ﬁ@ndhngﬂewesmcmmnuh¢nmﬁtbunnEn&emﬁfoppﬁ&kﬁﬁmpolarity
(as shown at |~O ~t' the profile 190). is aB plied to the coil 1 13 to

decel erate the H%é@cicmb’€8“¥?¥éhqP%ﬁﬁ”ﬁﬁi © RS IR “iaerPece e ises

sel ected di st a%ﬁ h&w%ﬁ]vtutﬂe -{e&l HRfd &@ua&éﬂ%kl Sa chs %H&hmaé WGidehd6n a""ay

as indicated in Fl e servo circuit 1-1 Waons f rain a see

mode to a settlreadmdee teads aﬁtm.emht:$emmsetcthhendlheé hﬁc&d[ci?@u@fﬂé Oath kethe
destination track O iii as short a tine as possible. At one track ttv-ay
fromthe desti nalcs dRO 1 BSRODSE PHIEEheHY ProveredHp uhaiciaars! e thhWéhac vel ocity
~'~, as indicat ?n.ux'tQSI’:Ib@Lnu%dinu—més izt tK@ﬁhtgLﬁd%H %nu z' p\n erent.n
modern disc drive dedrens owever ‘vel ocrty errors* can at “thi's
transition poi mztu)uaeswhtetmmdinoabtnli@rnemmqmrrﬁdnmtt Lﬁ@&cfeﬂpfﬁﬁ%ﬂttﬁﬁdﬁw 106
undershoot settle trajectory curve 19~ in FIG 6) or civershoot t~ts
represent ed by over SHostsPeRtingly. Pff‘aj“é’étYo*r‘Veé@ﬂ\ﬂe‘%%”@‘l‘wm\@ht@)ddeftlh t he
curve 19s, 196 . I St s 197 Ten

indicate a of ~ ‘”%}eglgée g!ee!é F &%ﬁgﬁ H‘v l%)??‘lsdxsi%éh ST ¢t |ve&8 %Js:lch on

(with "0"1®n the [Ncl@guﬂ&)ass@ dved tlld skleci20Q2cH 98 10f dikd 6. GvaphiL£s Mdﬂ’n@blto
the center of the destlnatlon track U ut FIGS and ~ ~. The undershoot

trajectory curvee ii%dbh‘t Iip@ﬂf%c%ﬂr‘f%léé bithesskean arocesapr V. uslegprdance hethhead
120 at track 1 s oW ?20 11~ V_111~ | nsut fl ct cnt
velocity to reddh' amb}‘ %Oéer rﬁ“n’é‘&“‘f)m eqﬁkpg ? fczllrpécrf:f % SO S %‘fL

center of trackofhi®memoap deli0ds m‘chtabayﬁ:frm@hrvuo@l{ RceglahémsMrDraaxange
within \\"Ilich read and wite operations can be safely perforned.

LIl:ewmtse, til eveékA@rryhbmld@ﬁan@n%rdﬂ@m yuch19Gagh insawrwhen t he act ual

vel 00|ty f the hr: 13U ! bl eb, resultt the head 120
currn Inftuu tace drdcimadst SRS clrl B R s SR et M e
track 0 U rQh@‘seﬂb@‘c?r@uﬁlMJﬂo@mShOQts @neringerFrhontesRNdidrinansn wFI G ~
11a5 been pl W' 1 dCd which sflov,'s a control block diagram of the serve)

circuit 1->r-1 refd By G8 C@iﬂ@t%i heddris@r’*ﬂét\émhflﬁd ar egreamggienictriuia L pr ef err ed

enmbodl | nent of Lhe S nvent. under st ou hat FIG i is
~ellerally repreP é%‘{q%ﬁ \eﬂ% ¥ RSP 88 l“r 8r€|trcr AL ﬁsi)o“gfmtlﬁeﬁééquﬁ)d f FIG 3

and sets torch thungéd onatiraspeeirs (ﬂffthet idtmémmﬁolicﬂmln Ageandance Wi th a
preterred enbodi nent. VJlth reterence to FIG 7, a plant block 200 is

shown, | ndPcati Ve amplifigdeicadback snasehant @aqseragtbém derpfdultier girga B ve 100.

t ncl Udl n~ the @%edné(ﬁl(?dtort ' ~§"c%l{+$ed"%&%xcthr1§6gm g (hlteos?g als I]mc. udmoem%?c;"l tom)t or

11.1 and the de at or ["ant rece current contmand

signal 1<"~ oi ldighg#nahv@raion) QR ptavided ehssdmeowl a &gt s&ﬂaeﬁ@e@ksdeaﬁsmnlmt
sho\vn) adjacent a selected track (al so not shaven) of t 111! Q0. In

response to servo | nt & pRATEHN %”KCHESR FHEI aceprlapeanith ﬂwfﬂibﬂhé‘m@cé@cﬁ‘
I*1rS \vhich is,qyt B%ser?(nin%rg%l WRP‘%J‘dIgLQéSCG 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 inputs
provided to the DSP 160 by the system processor 150 (FIG 2). the DSP 160
outpuis a correction signal to a coil driver 162 which in turn applies current te

30 the cotl 113 to adjust the position of the head 120.



The control dia~~ramof FIG 7 also shows an observer '?06 based 219 aJl2R002
nodel havtn~_ nom nally the Same |nput/output response: charac:terlstlcs as
' 'Sthe plalll 200 its will 17e recognized by those skilled In tile art,
the c7bserver 2U6 ',ClIt'.1"ait'.S a poSILIOn CStlnlat(: ~CS1, a VelodII"®
eSLinlale UCST MId il blaS eSt111lalC "CST Ull Sl Unal paths ?U8, ~ 10 alld
21~, CeSpeCllVelV, \V111Ch C(7CI"'CSpo(ld lo CSLInlaleS U head posltl Un,
1103d VelOClly 1111d 17t (tS 1U(:e. Z-47C 17111Std|"'Ce CSlilllalt'. ~ ~
CST takC, S I L1LO aCCOunt SpC1 n~~ forces e Certed upon the actuator 1t5 I|
1"t:SUIT ht 111 C Upf] ex y 7l dage
fc7rces upon tilt FFL‘:a HJ now ?:ﬁ{e}b_; Sl{g EHEQ Ozgmgﬁmf %re;&/@daéfoln:%%gal ly. a
reterence genghaiyost Pel&.4t\1 ;Sropre@\(dldﬁd:dmnerhlIpmowmbesvnpm&tm Ne)lncnt\epze)mdmce
\itEF. ~~eloctty reference VRFF rind current refere ris

i ndi cative ofJgtheng&gqesdedgaiefiophot ¥ etlertsd 96“é}n]d-oc‘ﬁr‘l“"eHtSL §é‘f’f |IH%§U'f”b‘:i' t he
plant 2?00 a The I t . )

respectivel ~~ a(?lg\ 58‘g%ﬂi‘§$tﬁé‘?‘ V\#‘JII lﬁ@%@?&?? ﬁe‘%ﬁ‘]’ﬁﬁﬁg?ﬁg@gi{ﬁ'?‘f cul ar
operatiopal noee sofestiionarach. Chlfecumtly of welolity peoitleatk) tspmttaﬂwmm;guam
seeking. As wll he reco~~nized, the velocity r~terence ~If g en~raliy
corresponds t¥athel 7adﬁﬁ1’6ﬁ)‘r“ica‘ffe‘r‘\?éf HBFYreHr ‘at“t“Heg Eosét’}bﬁv‘é{b"t‘ﬂ}‘l é)clhl‘:§’§éPT above
Wi th reterence.f fafddird) (MU0 ALRIARRL B 11BN-cIokly Ar MTLI 1oh Unct i on
2?'' determnes a position error XrpR as the difference between t he

posi tion referenceAXkkéHEvana FlGed podictleonicastdjemony portdn 176 a~subhiowally
SSmlarly, a summ ng% junctjon 224 determ nes.. _vghom ty error ~ERa "is the
di fference bet BUBER 10 KEFN Q| BEifyly 8F W ey ePTORk d“’f‘ﬁém\/‘e‘flhéler”éiof‘y estimte

= T Tljpe po 'Utllll%?\i_ﬁ&t% I%Qn&mhﬁumt(?l\{é 8’&%9’(68%.%01[ %'r ﬂlcmLQ@lf”()Tys ¢@ havin a

Scal ar atn EYand the Vel oci ty error S provided to a gain
bl ock ~'2S haktunlglwnsmad.ameglammaobn HAGK. $bc Uha.ﬂertllhkﬁl suk@uty puanbiltées are
sumred by a summm-~ function ' ?30 Tpe out ncUOn ?:>0 is

t he su
further summetKEREHOHHEALTHED SElPF Rat wax (O I’ dw%“%&gmh%e& ence
|RrF at a 5“”%&91 &IHQ%HCRO that $Re quhq letbpﬂrt:s %U[m %é 1Inbges§Hrm@ @&(IHH(H}\t ion

?32 is provide on=~ funhctional path ?0 Summt ng function

"' 3-t, which addktirarsabivy indd6i \#eshetdwr.la:rnpem tmjeam\apexca)hd%alhﬂ es htock ?3Q
as descrlbed re fully below At t it will be noted
that thé>out pgonoﬁ”lfHégs?hmﬁ‘i“hbdeﬂﬂ% ok 2@‘4Cl ”bérﬂgcifi‘ed’e‘amé’r‘r‘ §f yASl® path 238

as a control xQQUtfmtn?nRhﬁ:sE?Pﬁ% Bk 00G arid is a current correction input
i ndi cative of the anmount of current to be applied to the plant ' _"00. 'to

account for nom nalFIG. 44uma¢r|&abnensmm’met bedxbﬁuenmtm@ﬂnrmtﬁortdneecpbant ' ?00. the

out put of the sunmn i 0 i vided to rt gain block 3-1-0
hri \F/)l ng a ~ri PRIYODS, I%BC? 1 i“idr P%“ &ﬁ “%@Fﬁ‘ufrafhfe‘gec?f “élﬂr?g‘r f%Bg“'t‘ﬁ‘é\current

command | ~. ~, WheSthzut@ldrAR Rt R B0ms a seck Spehildn rh&nne@eg\nl[@ﬁdql\(fhﬁ Qain hr
can he adjusted in ri c:citwentional nanner to ensure the observer 2?06

mei ntai B¥ an &ewui & wederldtaglfal@rmepqﬂlexmtl80’00)&3@ alosigriak] 198 at f\hex PES:on
;IO:Z" I_ I13pat h tl’rcnOdL]CclcratedJmﬂ pomon 17E>Ilo eht.pcsjsstll;[litﬁ)ﬁﬁttlracﬁ%t | et Fom tra \.? Tar-

X, 15 similarly pertormed, except that the head 120 spends less time at Vi,
(t.e . along hine 178) because track X, is closer to track O than track N,. In
some cases. a seek length can be short enough that the head 120 does not reach
25 the maximum velocity V., such as generally shown by accelerauon portion

184 That 1s. to seek from track X, to track 0. the head 120 15 acceeleraed along
portion 184 unul it reaches the deceleration poruon 176. alter which the head 120
1s decelerated to the destination track 0.

It will be understood that relatively short seeks can be performed using &

30 posttion and velocity controlled methodology, sv that the velocity controlied



~~a r ot~ path 208 by a summ ng junction 242 to generate an obser% rLozooz
O-Rr si~+~nal as an input to the observer 206 on path 240. Accordi

normal operation of the control systemof FIG 7 (absent the sclectiw
operation of the settling table 236) is initially governed as follows: ,\ t

r, rr = .l~ucr - ,~"tsr (1) 1'rnu - I~'tcr - Ilr-sr (2) CQ~r~r; - 1'L'S
- ~~~c.sr (3) ~o;,:n=(.\~ml "~ ,. I~rr;r;~"i + ~r,~ ~11~r~5/)(1v~)
(.1) 10 To facilitate a di scussion of t(ge rranner in which the settle tablr:
block "_" ,6 ("table") of FIG 7 operai s to adaptively inprove the

settling perfot m nce of tltc Iant ?00, tt will first be helpful to
hriefl}~ refertt EPEMPMACHATTER &R oHAUEplgngjsesks puch 2’éeﬂoe‘é't“é‘él ¥ PRYK) 250

fromthe di SC%B|[P| reélz_lg & _fk S¢S \xqtrweotlﬁ% G0N ShoR Be léns‘?&(ﬁ@&l(J?geﬁﬁrvo schene,

so that servo ocks™ are periodically disposed on the sane disc
surfaces as datcacqbzhmi@ktmxﬂﬁm ssdd(i feo, bt oglativesbstamtathaerwédni ieacke Oviandbll WCkS ~J~
COlCaln SCr~'0 Infol'l11i1t1U11 Used b5 the servo circuit 144 and a~r
Wi'lttCl | durfiohﬁﬁd%*%k&”hﬂﬁ%“ﬁﬁﬁbf‘&éﬁﬁf“’%&%ﬁ‘"é’é TERARENGI R yRIale 4815k

pluralitys of ﬁgal Lyn%p%@qfna&se%@gﬁgmévéf@m% Skesnaf aghrihis ﬁ'm he. dat a
e

bl ocks 254 ar ereafter create et ween adj acent servo s 257
during a disc lerdinés prowvidet thyngnyopteitlattronnand 1acmessieds duri ng subsequent

di sc drive read and vvrlte operations to transfer data between the data
bl ocks 254 and t| ~& 1Rt PredlptiE §Eneralired EEREESERALIOTIHE APRFISN( PRt e 28 of FI G

7) is generat eggﬁéd G S8NY89 daki g&'m@a”ﬁlbm &ale@,'lléhﬁt@g@ bvl\etéqm?ad 120.

The observer aracterlze as multi-rate t a selected nunber

of position) vebpri ItSyS @ptbriell agaasitannaias 183 uditadse botigksairecpmoVvit dack,
bet ween SUCCESSI ve PES values. The rate at which the observes' 206 ~;
oner at cs '@ hesd0 @6t Pithe #s2%is! Feindicribye @fcﬁurﬁ@ﬂbmﬁ“ragldt:her r@@nﬂ%g4 ok 6f the

servo circuit ;UH)E:%M fhat p?trbd?ﬁ%u&toﬁ uﬁehﬁ?%{”ﬁg]\g &l llsysf\(g)%r}) 11803 o)

particul ar sa el oci'ty and

bias for the Qﬂ%bwﬁﬁmB@) l6thLe]Ler)ue thd Beali pOLow@loti’le Mq@tfttrﬁﬂ\ U h@)n‘é@'fm:' e kis
set forth by the follow ng general relationship: f :1I~ ."(ki I) .~~ .~ , (k)

1~, ., Ck+J) ~hepd 1 2Qf&dches Btlx\(Q{J))rlwnLJUISE rglatvely little u{gkt)r)[ i§ Ha)qumeu to 1. r(k+ | )

Tt', .~ (k) [ esti mat ed
posi tron, vel c@é‘bn”bW&T(eJm) bsr\egaf‘wﬁr 2?11?“’«9 ti\ 3“ g(%%TR en ”‘“‘tl‘he'r‘f k) and
~ ~' ~sr (k) ar alctdeiesti 'aE aechdpesit Hek @BginM@k @€ tieyieanigrabbapof@in saPt BICK,

and B are matrices describing the 5 plant 200, u(k) is the current
correction sighah catreﬁ@mﬁmgggrﬂ(:@mo}gmotbs)mrrteﬁéof oppostite polarity (as shown at 194

of the profile 190) 1s applied to the coil 113 to decelerate the head 120 to the
track O
When the track reaches a selected distance from the destination track O

20 (such as one track away. as indicated in FIG. 4), the servo circuit 144 transitions
from a seek mode o a settle mode, and attempts to settle the head 120 onto the
destination track O 1n as short a tume as possible. At one track away from the
destination track 0. the head 120 should desirably have a velocity V., as indicated
in FIG. 4.

25 Due 1o 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 indicauve ot

30 clapsed seek time and a v-axis 198 indicative of position (with "0" on the y-asis



surruning bl ock 232), and L is the gain of the observer 206. As p i
ahove, a seek operation generally conprises a seek node foll owed g3y5yEH.2002
settling node. During the seek node, the appropriate velocity profile is
utilized to govern the trajectory of the head 120 as it is noved toward 10
tf~e destination track. The head 1?0 is initially accelerated and then

decel erated (such as set forth by FIG 4 above) in response to current
applied to the VC~~I 1 14 (such as shédn by FIG 5 ahove), which in turnis
controlled by a cur rein command signal (such as output by summ ng bl ock

232 on path 2B8 o6 @ coriesppsiong oo aanpen ofjthe gesvmpaatirish ¢ loé Féedt+i ng

tabl e 236 durt t seek mpde. sc~ 1 ~ chat t erva._ circuit 144 general

|y operates i%ﬁg%cgﬁah%%%“ﬁfﬁﬁ“%ﬁﬁgyﬁﬁﬂﬁ P%V“fﬁﬁhiéﬁéﬁs@ﬁf“g%%ﬁéWﬂAt such
time that thedead srapehes e stk lliingotlbansdsuitma 1phd heddsU@hamO | e

Crack away fromthe destination track), the settling node is commenced so
that a settlimguféarcpertlodoripdeddhonpoddieranngl bigspold (pyptutselimit ahguwgha abl e

236 to 20 venerate .a nodified current. n Langl) as follows. u,r(k) =
rr(k) + 2tr(d) Y WHEY Q ‘f:f}c%(dﬁ)“—uil@ % ﬁfe&ﬁgﬁ?} iq/el%hgﬂ%%%{ 4 MR d ™M gnal

out put by t hey,sunFeqG. Rl WGk d3thieh: Pat e 288y pElfbrmed) Bdwiseehd o control
the application of current to ~ 5 aa ~ zooz -15the VCM 114, u(k) is the

current commangrgioghabcpgpovided | Poative WWgmlameg il ogloc2B 4t die path 2238 ) and

~u(0) is the settling current. correcti val ue provided by the settling
Cabl e 236 1o Té bl R SRbEFrSEAGR el Y i o lSeRah et ona

that the sanpbeinghensncend &ndriotthd Qickdenotes the fast sanple U the 5
sculin® node (i.e, 1; can be considered as being reset to "U' at the first
sanple &P flit setTpimHgnHEi&Chapycisheotsat tnfleighaot sprditewn Fei Atha degreached) .
Al t hough the: manner .in. I..vhi.ch, t4l0r l.e . 236, generat e ~u(0)
correction vdﬂﬂé‘ﬁ?ﬂW“@b$“§¥§c§§@g§b?§kgkéggééﬁﬁ%ﬁaﬁﬁ‘6gﬁ§m%ﬁﬂﬁgﬁﬁg|-V||y
it will be notegdatcéfitrgokd Maddbadanth @itk arprefetic@Rmbat wgenk $f det wesEnned in
relation to the 10 estimated positron X~S~, and the estimated vel ocity V-5
r at the settIveEfian absitibsngeisivrd tRuliter is eHerdparnicsaHabic ¢hécsett|ing
table 23G is adaptively ol | ed.idi~r el atian .t edback provided by the
g famxmns_hoéﬁmﬁlylbg‘fllzllbé%} f?(t] \fvidﬁ{j s%@ 6% Tu%ug&m atsﬁuét?s %Yﬂlgm

3
PIrS on path B as e recogni ze

4

modi fi cati on DEPtIBE igutsrdince anmenpresdrgiaadmiodirgent, generati on of uA(Kk)
durrn~ settling) results in a nodification of the response 1 ~ of the servo
system |n other wofEsietarpeeedpdiiGt i of PERL bIReK £ebisep8B. euhctie¢har act eri zed

as the placenmgnt, af 20A04] 12080 4870 IS YRIGMd BRARATE 25 uie

cotl 113 the discs 106. the voice coil motor 114 and the demodulator 158  The
plant 200 recerves a current command signal loy, on signal path 202 10 pos:tion «

20 selected head (not shown) adjacent a selected track (also not shown) of the plant
200. In responsc to servo mtormation 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 model having nominally the same input/output response characterisucs as

25 the plant 200 As will be recogmized by those skilled n the art. the observer 200
generates a position estimate Xpg;. a velocity estimate Vigp and a bias estimate
Wesr on signal paths 208, 210 and 212, respectively. which correspond to
estimates ot head position, head veloctty and bias force. The buas force esumate
Weer lakes mto 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



I nprove settle performance. 'ro nor a fully illustrate this point, e
follow ng di:SCl'i bCS a discrete-tine: state space nodel of the p|2§51 ‘49&- 2002
- " l~rL,~~) + ~yr(k) (7)) .v(k) _ (8) with sanple rate k, state x~ (i.e.,
position X and velocity V), output y, input a ?0 and natrices A~, B~ and CJ
describing the plant. Such discrete-tine state space nodeling is commonly

enpl oyed by disc drive designers; see for exanple U S. Patent No. 5,668, 680

i ssued Septenber 16, 1997 to Trenai ne, 1;;1ssi gned to the assignee of the

present invention. Correspondincly, an‘tbserver nodel can be stated as: .

~lt f ~~=rt ~.1'",~h) ~~>"~ :I{n~"'" ~~"~" ~) - ~nl "t.~~ ~~~(9)

2 5 JUL 1UU02 %6 where Xx(k) is a matrix of {XES~, VFS1.}. A controller

model Cal | be stat %d%dnaﬁ%fu tdtdrence Denefatok K14 (s kBvided Xt rSpdglags Si ded
z-transformis given as: .1'(~) _ ~ x(k) =-" (11 1=UThtlS, ~fl~ck+! ))

- =(.u(=) - ~(Opmoameretente=X,ee. Vhlocity r¢fejenee Vigfind(dusiend G tevhereel, Qrangr@ls =

rr(U t h~x.(U) (14 ith ~u(0) being the settling current correctjaon val ue

of equation (ej‘d'éﬁb‘z?@%ﬁ%%siiggpf’h'é‘o%t’?‘aﬂé“rH}dn%‘” i SgBEY o HE Ryt 08 ( 1u)

5 ugsgt Y Uﬂgzgggﬂlc‘?gH@Ml@ﬂre((l@ut%dpzﬁm Yid12 18 ¥608) raéh&hids LG thol Lawn~w 15

which generally depend upon the particular operational mode of the servo circuit.
such as rrack following or seeking. As will be recognized. the velociy reterence
Viere generally corresponds to the appropriate velocity profile (such as discussed
above with reterence to FIG. 4) during a seek operation.

10 A summing juncrion 222 determines a position error Xy, is the
difference between the position reference Xgge and the position estimate Xggr. as
shown. Similarly, a summing junction 224 determines a velocity error Vggp as
the difference between the velocity reference Vper and the velocity estimate Veop
The position error Xy is provided to a gain block 226 having a scalar gain ot

15 Ky and the velocuy crror Vi, is provided to a gain block 228 having a scalar
gam of K, so that the output quantities are summed by a summing junction 230

The output of the summing junction 230 s further summed with the bras
cstiinate Wegr and the current reference Ippe at o summing juncuon 232 The

33w

autput sum of the summing junction 232 is provided along tunctional path 2

20 summing junction 234, which additionally receives an input from a settle table
block 236, as described more fully below. At this point. however, it 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 mnput indicative
of the amount ot current to be applied to the plant 200. To account for nominal

25 vartations in the operation of the plant 200. the output of the summing junction
234 1s also provided to a gain block 240 having a gain K;. so that the output
thereot comprises the current command Iy, signal on path 202, As will be
recognized, the gain K, can be adjusted in a conventional manner to ensure the
observer 206 maintains an accurate model of the plant 200

30 Finally. the PES on signal path 204 1s summed with the position estunate



-17 Y1:1 " ~~,i)=l ~l,, ~L,rl"~11 - .1) "L,Corl,r)n (1~) 1= ta,e=UT
~~cr = ra~":.~(ulll - ~~~~C:r - .~ ~="Jrs oucu) where :| 25tJUL2002
LC~;r' I~ (Ih) 5 At the settling transition point, let X~ (0)=Xr0).
Substituting z=z, into cquatloll (15)) with z, a zero of tl~e s5~stc;n
response, ~1?) rultller, f~rorn equation (I~), lclenofyn~; a 1~2 mama 1\~I

(WMtlY tci'ltlv i\-1;, ~I,t on~l 1() 41%-;~tIM Il alld conmom n~~ with
equation (17) ylclds <<l .t,(0) - li ,r~tréU) = Uso tJ2at (1~) .11 .~-, (V)
Llu(0) _ ° Xesr.o-path-208 by ¢pspmyning junctop 24¢ 46 GF}}‘:"H‘%W‘PP%@QV cfi"r?@ic@iri ns Ks~

and KS,, dete rnined e 9 540 M-I n. The 1 ~ the settlin
current cor?é%??%ﬁ“l? afﬁg%ﬁﬂfgbm§§aggpg?§?ﬁgg by the settling table 230 ?n
accordance with age@tingly, (idehal dpeadtionsof e comedlesyaiehy oL RIG. 3 edtisknnge
transition point) the estinmated position and velocity XES- and VLST are
provi ded t osdl¢cyige operagoy oQthe segbipg tables2Xatis iniHglly apyenodas [QUawsh out put s
t he apgropriate settling current correction value ~u(0) in response
thereto. O course) the\,yardi dys- tekpgs in the foregoing anal yses wihl depend
upon the configuration of a gjven disc drive design. Well known nuneri cal
sof tware) such as Nhtldbmby‘ he Mafhworks, Inc. of Natick, 5 Mass@husetts,
USA can be used to deriye them@appropriate values for the table 2%2. It will
be recobni zed that ~u(0)-“§erves to place a zero (z,) in the nuner Yor of
Y(z). One desigp, mefthodk ceul’'d ke 46, chodse tkig) zero z, so as to camcel the
sl owest closedfloop_ﬁoles of the track f&lfomnng node controller, 10
51nltlal' |l ~' to as suggested by Yanmaguchi et al. above. A significant
probl em however, is that such an approach yields a design that is overly
conplex, as well _as sensitive to disc drive paranetric variatjon an
unnodel ed resonaﬁéé@mhﬁéb?HFH§PVP(ﬁﬁh%”ﬁP@FéPﬂéHCENﬁbﬁFW%HWF:B@EﬁﬁPag t hat
t he sl owest . " -5 C Qsed-]. | are. e the
addi t1 onal S 3 O PRSP0 3 AR g AP R VRAE 1B mARE 7.0

plant 200, 1t will first be helpful to briefly refer to FIG. 8, which shows a portion

of a selected track 250 from the discs 106. The disc drive 100 employs an

15 embedded servo scheme, so that servo blocks 252 are periodically disposed on
the same disc surfaces as data blocks 254 used to store user data. The servo
blocks 252 contain servo information used by the servo circuit 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 generated as each servo block 252 in turn

[£8]
W

1s read by the head 120. The observer 200 is characterized as multi-rate, in that
a sclected number of position, velocity and bias estimates (such as four) are
provided between successive PES values. The rate at which the observer 200
generates these estimates is referred to herein as the sampling rate of the servo
crrcuit 144, with the identifier k used to generally denote a particular sample

30 Accordingly, the estimated position, velocity and bias for the next sample (k+1)



=, =ahi + (1 -a)P~ (20) where a is a wei bht value ranging fromzero to one
(e, 0- a<_1) il\lore particularly) a sr:t of different positi a
velocity settling gans | ~~ and 1~5,, are selected for different VJ?SL‘HQF gUDZ
(such as fromO to 1 using a resolution of 0.1 ). 20 Thereafter, an initial
set of settling gains KsX and Ksv is selected) corresponding to a
particul ar value of a (such as a=0.5). %f, fromthe PCS (path 204 in FIG

7) the settling performance is |ess t HLf optimum (i.e, sone anmpunt of
overshoot or undershoot is detected), then the table can be increnented for
the next seekdffeidhtggmplek &68hiArE) bY Hi 1QBOVInegsngai rlafigshp=0. 6) . 25 To
further explain the operation of the table 236, r1IG 9 shows a SEEK W TH
ADAPTI VE SETTLE routine 260, setting forth the steps perforned h~~ the
servo circuit 14g,in qg or %ﬂCﬁ: ith a preferred enbodi nent. rlt step ?62)
the disc drive 1pb:ithilP{at ds ¢He|seek node of the seek 25 ,~~~ 2002. -19
operatron wherebyragahect ad, ong| alp,hhe ;pegds {2, s rnoved tram aps,
Initial tract. tp''ard aldestination track. Fc7r &larity, it will be assunmed
that the initial|/FrdékDeorr|#spédids to track X, (FIG-1) and the deatinatron
track is track U (FIG 4i Durin~~ step 262, the head is initially

accel erated and then decelerated in accordance with the current curve 186
of FIG ~ so twaerethgrlread. M2(hdrh) nad Mesf(BH lowse thestimated ositpndeéivned by

velocity profile par turns 18U.. 178 176,01 Kl G, -] 1s the head 120 is
moved from t r%\rb(fl?‘%i,ﬂ”nﬁafr}pz%b‘ﬁl_)’a ES"S"(%ESVW(&a%‘ég%‘i(%ﬁ’?tté‘bc"‘%’)‘t[? the servo
circuit 14-t goptbnualddiydeliesing feSahe it 72%hl iBodte it ddeqdiBagn ldu{]usl n the
estimated positron ~. ESr)y until such Illnc that the head 1'" U reaches the

set t | m-~35ni odplatir 20{siw(k b thoicntreonertacack sigwalyat tprinl 33 @okpud by\When t he

settltn~~ node transitiopn point |s reached, the servo circuit 14=)
dl:lel' 111111 88008 plo%lSEP?)*laagédl ‘Eﬂ%lgf”fd%fhg(%sﬂefveé bestimated vel ocity

~'~'s, . step 266. 4 D  d ! | R &urrent rection
(SO PRLR L IR AR RLEEAl) LI B 4Rl oot

value c~u(U) to settle the hea

Q70. Dul rng &elowedrvby~ sadinghaode bpusingphe-geek . mddee te &prémadh va@divof FIG 7
) is provided to the settltn table (B6 to rnpro~.'o settlrn~ pertornmance by
ad~ust i n~ t hePétle rutdied|tp govern e grgjectory of Hie head 12ftagd) isvnoveddoyaiit i ne of

FIG9 e gs at \?27:1. otter, \gfl' h..t.he ser cocul 1,=1‘g,o rtries 111 track
Ful o 19 molle Gintrtobdhbar bGP AR R Rl BR R fehidh o
nee.' _'0 val pgsh af sdSor@nd FIGVA abdvel @vieRponse ehelide@chphhed tPfevorn~
di scussion of the Deno err curt 1=I=t.
114 (such as shown by FIG. 5 above), which in turn is controlled by a current
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) = u(k) + 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



reference is now made to FIG 1U, which shows the results of conpuﬂbﬁ JL”_ZOQZ
simul ati ons of the operation of the control diagramc7t FIG 7. i 'lore
partlcularlv. I=IG 10 sets forth an unconpensated settle curve 28U and a
conpensated settle curve 290. (70L11 Uf which are plotted a~~ai nst an
x-airs ? 92 indicative of elapsed settlin~~ tinme (in tnillrseconds) and a
v-airs 29-1 rrldliCGrtlVe ()t pUSItlUlisThe "U'" mark on the y-axis 294
corresponds to tile center of the destination ﬁract.: C{i\)ﬂotied | i nes. 296 and
298 i ndi cat ethpo&Fhy bids wek) igrthre Cyirent oAk SITR! PFAdRedNOEF SYMawRg iock: o) 111
LIle CCnLl: 14,4 lGat ! L 7C1! : iUl p

Cond1t 1or 15 AP pidy'ea; and Herolitnd Le\}ﬁ’fgg‘gglé‘ﬁ%(’tq!réﬁﬁ'gh#ﬁ%‘tﬁﬂ'E‘é’ﬁ eah 10 U
r:\CCedv  Zhb sdulihd taBROZB 010t the sembrdng flaciies 23A8n paduned byltlwilike 10. t he use
of the control dta~ramof FIG 7 results in a suhstanual reducnon in
settfin~ timndepoadhdat Biwpappit edeseee (& B Q) deeiesdhe SEBHRRE ¢l he
unconpepsat ed seftl rve ? Wi L2 «hieves .a J t tinme
of arou%d tm%t[ﬁlg¥ |“|‘°S§g(g-ﬁd§ ('(l g%ﬁéé\g%lhg%g;d\gl\egg%ﬂg%éE(?e@e‘gt tgé\tllg%ttsf@@et(%’fm cit'

I ess than on@c Rktlings@eaadas(ihd se@sRChanslivispoifthie redcdsent m-entton not only
achi eves substantially inproved scttltn~ perfornmance over what is tvpicaly
achi eved under nofthedghcidndnarinens: whiph theisetiag tally b asoersiop thpérbdes to

adaptively accommdat@Fl\ar ~ze .par arrcgt ric varia her wsC

o ¢ variations that would.
"ndce | O thEpesage Fiides SRar it ErEr B bRt B b R S
undesi rably @xtendnthems ehdithdcodedRnRAIRNS uSferfRel ifirkhiise&PNds As can be
seen fromthe torceoi ne dl SCUS51U11. ~'LlrlollS advt 111LF1~~CV are

associ ab ed ~tstimatdiepgsrteselt;iand et eomytabvadohnydVed aabwve)tlingstapsitthe syst em
is relatively sinple to inplenment jn a DSP suc s. 1(0, as conpared to the
i s previousl W%ﬂ?w&eﬁd ebRF T gt f&ﬁ&elﬂd%h&[}@%ﬂsé@éralveiypmwi’ﬁ 41
Second, the M,fr:ﬁfoﬁ?nﬂtfeé’cﬁ;'ab'@ipﬁoxgm B ufissiek &%Pﬁﬂ T9aDLhYE, RAERTEF € O

conpensate for vuri.~oons isc drtye perf  ~rnmanhce ctf~aracteristics (such

its with tenperatinglMay teabimpad that the)moditicatnasihe cumbgreohigaeong ol
diaeramof FIG 7 is confieured au ,t; tc~ accurately nodel the response of
the plant !s0 ¢ hg@ncreondnedd & nintchHing-ed)lts inHemodjfigaiion-nt thedPtRNEE can be
sel ect SO to_ be close to one: otherw se, .the wensht |.ue, can be

el et 34 so Gonpdend SBTE, 1 atoEnsRNEi b B AY O IR pE R r enai 1y
accomodat escHipg:1éie@CRARe facYRLHESH QVRILIBARE 1d?ben SRNPJsRE bbb bhe
settltn~ operation ( i.e.) not only can :~ulU he used, hut also Au( 1),
etc ) improve settle performance.  To mote fully illustrate this point, the following

describes a discrete-time state space model of the plant 200.

xfk+1) = Ax (k) + Buk) (7)

Yk)y = Cx fk) (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 issucd September 16, 1997 to Tremaine, assigned to the

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

to
n

stated as:

ALARD) = A x (R) 4B, ulh) - LAy - Cpa(k=]) (9)



In summary. the present invention is directed to an apparatus and déthﬁUE§ZUUZ
for mm m'zi n~~ scttlin~~ tinme in a disc drive (such as IUJ). '"flre disc
drive includes a li~ad (such ;ts I'_'U adjacent a rotatable disc (such as
106t oil ~Iltuf~ ,t plurality of trucks (such us ~50) are det'ined and a
notor (such its 11t ~Iticli controllably positions the head in response to
current applied to the notor A servo circuit (such as 1.~-1l is provided to
settle the head onto a ,0 destination-t6-ack at the conclusion of a seek
operation by determ ni n~~ ycUnry of 25J UL 2002 -~ 1tl~e head at a

sel ected distance fromthe destination track (such as by 264. 266).
conparing the velocttv to a desjred velocity of the head at the sel ected

di st ance fronvheré xdesisianarirgrott Waske. Viappl §ichgirallgenedal san baskest 2 or rect i on
value to a current command signal to ~~enerate a nodified current cornnmand
signal in relation to an estimated pusltlun and an esttmatcd veluc: Ity
(such as by 26~). ;Ind ustn~~ tltc: ntudttied current command signal u~
settle tl~e head onto the deattnattun track (such as by ' '70i. The
appllcatton of the settlln gate serves to add an addl ounal zero to the
response of the servo ct r cufd. = ik hrfhe pl acenent of the zel a htéltlerahly
dcterntned tn relation to a wei~~htin!T of the lucatluns of tl;e clUSest |U
w~u hol es ui the response. Preferably, tl~e servo circuit cunprtses an
ubverver (such as Q06) wltcll ~~enerates estimates of head position and
velocity and a settins, table (such as ~' 3G which outputs the settlin~7
gai n incéesponse to Hh& gstggateq(ygloplty tit the head at tile sc:.lectcd
di Stal | G frofh YRS GEsY ERPERM P& Oreo~"el ') the servo |~ cltcu:t
preterably conprises a pto~ranmabl e processing device (such as 16U) hawn~,
associated pro~~rantmmyg to settle the head unto the dewnm on tract; Fur

pur poses of the appended clains, c:unslstentlv with the ture!~oun~~

dtscusslon the term"Sl ~tkgh"= W | k(e tnderstood to I nclude both anagl ue and
dn_ttal \~71CSSJO IV Tl ~e termk-=oclrcutt” \1'11l l)e ilt7(lc;rSIUU to
I ncludr boob Ilclcwar~ .1llu ~U ~ott<lrc:iltrrt~~are t_, ~pc

I tnpl c: menl attons. The phrase "pro<~ranmabl e processi ng device" well be
under st ood toThescri be any nunber of t~'pes of progranmmabl e processors

whi ch caml out Instructions in assuctated progranmn;, such as the D5P 160.
Al'thou =11 certain nethod clains below are Provided with steps in a

particular order. tt will be readily understood that the clained invention
is not n~cessarilv |imdegd+t0 thke\der @] t he steps presented. unll@ss
otherwi se parttcularlv indlc;ated f% the lalll'_UaLC O the Clalnst, !t

wilt be clear that the present invention is well adapted to attain tile
ends gild advaml aLCS 111CIILIt7Iled as well aS thCSe InheCetlt thla (:111

~ Vhllc: plcbeflll~ "0 pteterred etnbudtnents have been described tut
purposes of tl;1S dtsclusurc. 25J U1 2002 ,.) nunerous chanes may he
made; which wall ~eacU v Su~<-est tf~en58Lbs to tiloSC ak~llccJ mthe art
and w~h~ch arc enconpas€€d i abrhe(dpt A0t the tnventton discl oé6d and as

defined mthe appended cl ai ns. E5J UL 20U

10 where

Au(0) = 1(0) ~ K x(0) (14)

with Au(0) being the settling current correction value of equation (6) above.
Taking the z-transforms of equations (7) to (10), substituting into equanon

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



- 23 dains: 1. In a disc drive having a head adj acent a rotatable disc
on which a plurality of tracks are defined, a notor for controllab2y5 J L2002
positioning the head relative to the disc and an observer providing an
estimated position and estinmated velocity of the head, a nethod for noving
the head froman initial track to a destlnatlon track, conprising steps of:
(a) initiating a seek nbde to nove th&lihead toward the destination track by
10 applying current to the notor in relation to a current comrand si gnal
indicative of a, trg%?ctoryApf the ﬁad and (b) generating a nodified
current command Si g ﬂ”é§ ,sqq1qp,[heﬁggyrgnq”&gpnand si gnal and(k)
settling current correctlon value deternined i relation to the estimated
position and the estimted velocity of the head at 15 a predeterm ned

di stance fromthe destination track, where the notor applies current, in
response to the nodified current command signal, to settle the head onto
the destination track. 2. The nethod of claim1l, wherein the settling
current correebédren value is further 20 determned in relation to a desired
velocity and a desired position of the head at the predeterm ned di stance
fromthe destination track. 3. The nethod of claim3, wherein the settling
current correction value is provided b a settling table which selectively
outputs the settling current cdrif.dett dhbdval ue 25 when the head reéidhes the
predeterm ned di stance fromthe destination track. 4. The nethod of claim
3, wherein the settling current_correction value is characterized as a sum
of a product of the estimted position of the head and a settling position
gain value and a product of the estinmated velocity of the head a 30
settling velocity gain value. ~5J UL 2002 -24 The nethod of claim 3,
wherein §he sgf thblbegnﬁyfrﬁﬁ[tlors:gaslheqtaﬂ mgo»&akuﬁ '%bﬁx‘»{[lhﬁr%—C&eﬁﬁbr&ﬁ]@%:l n
relation to a position error signal icative of a neasured position of

t he head as t#é).healdz| s zeetdllted syantio redpenskest i nati on track. 6. The net hod
of claim1l, wherein the settling current correction value operates to add
an additional zero to a response of the disc drive.

Mz,) = 0 (17)

Futther, from equation (15), denufymg a Ia2 mats M (with terms M, M, and

10 a scalar n and combining with equation (17) vields
af X (0) - n Au(0) = 0 (18)
so that
A (0) R .
Au(0) = ————= = K¢ Aq(0) + K 17p5(0) (19)

n

with settling gains K, and Ky determined by Kg, =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 Xgs- and Vier are provided to the



7. A disc drive, conprising: a head adjacent a rotatable disc o i
plurality of tracks are defined; 10 a notor, operably coupled t?&h'émezpoz

whi ch controll ably positions the head in response to current applied to the
notor; and a servo circuit, operably coupled to the head and the notor,
which: (a) applies current to the notor to nove the head froman initial
track and 15 toward a destination tr during a seek node in response to a
current conmand signal generated by fte servo circuit indicative of the
trajectory of the hea ek node; and (b) generates a npdified

current comPARdNG f‘@l'fa?3ﬁg§‘”§&gﬂmp8fs 'f’hé‘pE’i?PF‘éF?tseé[H HHegﬁ‘Eﬁﬁéﬂc“SHd“B‘e
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position and an” estinhate veI ocity of the head en t reaches a
sel ect ed di stifindepehd aport the cedgiumabnaod atgiaokdisoddeive dedign.ndVell kapphi es

current, in response to the di fi cur conmand signal, to settle the
head onto t HERFEEA] R{tYHR T4 ?Mﬁg%ﬁp Jl'qg g’faéhwd’ﬂ]i‘svén‘of‘)fcrﬂé‘i'% 7, wherein

the seryo ClyGHutnGOARITISRSIn 88 uquwvevm%p Pﬁ{cagﬁéestﬂa?nﬁsﬁabﬁﬁt ed
position and velocity of the head; and a sett e, operably coupled

to the obser3sér, which outputs the settling current correction value in
response to the e eIstl mat ed (§)05| ti onkg g vel ocity of the head at the selected
di st ance from t helt dd8 e Aa¢GoredrtBio U@y serves to B“ET { z9902) in g g The di sc

drive of cl ,m,uat E‘Q‘FW&)U éﬂ@d;?sq%?{g\e?ﬁdd%ﬂutld FOUPEARSE tt?ﬁ Perr?%b?tﬂ’? onto the

processi ng eVI ce having associ a progranm ng to sett
desti nati on dahegikhe slé&hlsb%&eé\ létb{: Poled oYt trz&:kA{foﬂloﬁtn’m mbBe controller,

AT E AE. Agnifnlﬁl\ll A A@A3I . A A& Al3.AIR Al . Ae5 "+k!nEd=) T
arly to as suggcsted by Yamaguchi et al. above. A significant probh.m
however, is that such an approach yields a design that is overly complex, as well
as sensitive to disc drive parametric variation and unmodeled resonances
Accordingly, in a preferred embodiment, assuming that the slowest and

the second slowest closed-loop poles are p, and p,, the additional zero z, 15

15 selected such that.

I, T ap, (]—()L)p2 (20)

where o is a weight value ranging from zerotoone (1¢., 0 < « < 1) More
particularly, a set of different position and velocity settling gains Kg, and K., are
selected for different values of a (such as from 0 to 1 using a resolution of 0.1).

20 Thereafter, an initial set of settling gains Kgy and Ky is selected, corresponding
to a particular value of o (such as «=0.5). If, from the PES (path 204 in FIG. 7)
the settling performance is less than optimum (i.e, some amount of overshoot or
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 scek
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respect to track width) away trom the center of the track. with operauonal fault

50 condwons declared during read or wnite operations when the head 120 exceeds
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weight value ¢ can be used as an adapuive parameter to compensate for variauons
in disc drive performance characteristics (such as with temperature variations.
etc.). For example, when the control diagram of FIG 7 is configured so a5 to
accurately model the response ot the plant (so that resonances are mimmized). the
20 weight value a can be selected so as 10 be close to one; otherwise, the weight
value can be selected so as to be closer to zero. Moreover, the present system
readily accommodates the 1njection of values over multiple samples during the

settling operation (i.e., not only can Au(0) be used. but also Au(l). et )

In summary. the present invention 1s directed to an apparatus and method

to
v

tor nunimizing settling time in a disc 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 1141 which
controllably positions the head in response to current applied to the motor

A servo circuit (such as [44) is provided to settle the head onto a

30 destmaton track at the conclusion of a seek operation by determining velocity ol
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For purpases of the appended claims. consistently with the foregoing
discussion the term “signal” will be understood to include both analog and digitai
eapressions  The term "circuit” will be understood to include both hardware and
20 software/tirmware tvpe unplementations.
The phrase "programmmable processing device” will be understood to
describe any nuniber of types of programmable processors which carry out
mstructions i associated programming, such as the DSP 160. Although certain

method cluims below are provided with steps in a particular order. 1t will be

<
n

readily understood that the claimed invention is not necessarily himited o the
order of the steps presented. unless otherwise particularly indicated by the
language of the claims.

It will be clear that the present invention s well adapted o auain the ends
and advantages mentoned as well as those inherent therem  While presently

30 prererred embodiments have been described for purposes of this disclosure.
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skilled 1n the art and which are encompassed in the spirit of the inventon

disclosed and as defined in the appended claims.
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(b) generating a modified current command signal as a sum of the current
command signal and a settling current correction value determined in
relation to the estimated position and the estimated velocity of the head at

15 a predetermined distance from the destination track, where the motor
applies current, in response to the modified current command signal, to

settle the head onto the destination track.

2. The method of claim 1, wherein the settling current correction value is further
20 determined in relation to a desired velocity and a desired position of the head at

the predetermined distance from the destination track.

3. The method of claim 3, wherein the settling current correction value is provided
by a settling table which selectively outputs the settling current correction value

25 when the head reaches the predetermined distance from the destination track.

4. The method of claim 3, wherein the settling current correction value is
characterized as a sum of a product of the estimated position of the head and a
settling position gain value and a product of the estimated velocity of the head a

30 settling velocity gain value.
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5 6. The method of claim 1, wherein the settling current correction value operates to

add an additional zero to a response of the disc drive.

7. A disc drive, comprising:
a head adjacent a rotatable disc on which a plurality of tracks are defined,
10 a motor, operably coupled to the head, which controllably positions the head in
response to current applied to the motor; and

a servo circuit, operably coupled to the head and the motor, which:

(a) applies current to the motor to move the head from an initial track and
15 toward a destination track during a seek mode in response to a current
command signal generated by the servo circuit indicative of the trajectory
of the head during the seek mode; and
(b) generates a modified current command signal as a sum of the current
command signal and a settling current correction value determined in
20 relation to an estimated position and an estimated velocity of the head
when the head reaches a selected distance from the destination track,
where the motor applies current, in response to the modified current

command signal, to settle the head onto the destination track.

25 8. The disc drive of claim 7, wherein the servo circuit comprises:
an observer which generates the estimated position and velocity of the head; and
a settling table, operably coupled to the observer, which outputs the settling
current correction value in response to the estimated position and velocity of the
head at the selected distance from the destination track.

30
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processing device having associated programming to settle the head onto the

destination track.



