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DI SCRETE- TINE SERVO CONTROLLER IN A DI SC DRIVE FIELD OF THE | NVENTI ON 5
The present invention relates generally to a servo systemin a disc drive.
More parti cdW@P¥52123% he present invention relates to inpl enBhl/URG>2% obust
servo control systemin a disc drive. BACKGROUND OF THE | NVENTI ON A typi cal

di sc drj i one or nore discs nmounted for to rotation on a hub or
spi ndl ﬁ@lﬂﬁ*mm Im @Ici Sc QUOSED-aAP SQALISESFOR®ISCRETEOTBVE N ansducer s
q

suppor dynam c_air bearing which flies above each disc. The
t ransd 154994 t he  hydr odSEFFRAPEC@NT HRBN & PIRoDREVEi vely referred to
as a déﬁl@[ﬂ wmwmﬂm“ ve controller is conventionally used for controlling
t he di em based on 15 commands received froma host system The

drive contreéfper controls the EHIELDADF TEIR INVENTIONXe i nformation fromthe
discs and to store iinformation on the discs. An actuator operates within a
negative feetlback, cligspigsensdpventioorelnfen ganeratlyctoacsanse aystemgn ealiscy

includ : I fl bl
uni che 1 Lurn, S0 AREEbARuAR, TEBRR A R AR s bR GRS e

radial ly over thsbudt &tv6 ubhaelesybRin if fdic deiok. operations and hol ds the
transducer directly over a track on the disc surface for track follow ng

operations. Information is BAGKGROUND GF-FIEINMENHIQNs by providing a
wite 25 signal tot dat.a;.head to encode infor ion on . the surface of
the disc representi ng?}'?lléaladéfcag]i“c’)é B‘éﬁls Brea > M é Srcf&?lf{&e‘éigcfra fromthe
di sc, the dnéversatiérn oh b@fubcarpimile. Ahgpreldisd aFive alsbhatlutibeosada - head
flies above the disc, sensing the information on the disc, and generating a
read signal  \ViDoo®iBNshEesGRPPSYSA Py amy drodpaamir ainbearing whidhfhes i on. The
read signal is d I t | . recover the data
represent ed by % S}%ie%?%ra%gt Fgﬁ nlsaplgcrhg{f&%ﬁncgggﬁHﬁroggﬁérgl(fnaé%gﬁéﬁ‘(gl i}e
represented in tdlRcties refegredlto ps a\daticlkbady A Heivdabatrbads S Accurate
positioning of the data head over a track on the disc is of great

i mport ance i n wfqnvieagopaltvaused fopeoniralling e disadrivg sygem Hasedrnhe disc. In
prior systens, j I | 4 a i cat ed
servo head. rlrfn g%gpgg?%gwseg?\?/%M?yhg)esgé:}%%s@s?g%}agigg?@ﬁgf) g&l Nk g’r%irjrsati on is
all witten to gealistediieafoadnisveliafrmation febns ¢hd distdwndlicsstotr i ve. Al l of
the heads in the disc drive are nmechanically coupled to the servo head
which is used t&femaation emthediseso i nf ormation. Thus, all of the heads in

t he dedi cated servo gj Y it ; o]

nf ormat | onread fr i AR psPis i A QREHNRIEHAR AORBOEP e the 15
disc drive to cesvesysénl Thexetiate tppically icludmBdnaietuatbr i€n @per ati ons. In
ot her words, with apPro riate circuitry in the drive controller, read and
wite operatd ontRPStsleuse oF Hexyrs agsembly avhichiin guzp, spppents g dsta t he dat a
heads nount ed Ea0s doa [ |y

posi ti oned bas%ﬁﬁ%&@%ﬁﬁ?ﬁ%ﬁ@%ﬁ reag%ﬁm%ﬁgyg}esg?gg ed servo 20
surface. Howevefor ttachséekiepsatioressarohholdg thet transdusesdibectly deea taokr easi ng
for many years. | crc(fased track géﬁnﬁties on the magnetic disc require nore
accurate and high IBWPPﬂg?PeFﬁBO%Chani cal offset between

IgsHIrEAce &9F 18
heads in a dedicate . j Thus, the
i ndustry has seen aqg'ﬁc? taﬁo%ﬁ%%ﬁ%t%@%%ﬁ%%c%? ﬁ%ﬁwldgﬁ %P%g?n

applicationss sigfal@okielda3 hedd Rdnddae nfdiddboh onahe sutiackdsidhedisvo system

servo information is enbedded on each {rack on each surface of every disc.
Thus, each dat areREEEnHRE thedata taBestor %’iﬁﬁéﬂ“‘i‘%\éé‘iﬂéﬁ%@ﬁm disgrthe ne” ot her
data heads. The i it d

o vi dusl  dat e irdRE SRENR MEAHEBE o) Bl TREaM A HhLBeSE R
information on dibe sdnsing g ihfmrenatibincorpiheidiscpand) generating arpad sigral usi ng t he
enbedded servo data for the track over which the data head is then flying.
While this results in increased positioning accuracy and higher resol ution
in the positioning process (because the data head is positioned



1 o independently of any other data heads), certain disadvantages are .
encount ered because of increased track density and nechanics. One of the
di sadvantages is that in typical enbedded servo systens, t?eﬂgﬁgi Lity to
execut e par Y9W51}8ad and wite operations using a plural ity 9’#@3%5 is

|l ost. That is because the servo systemis positioning based on ~ 5
information received by one individual eé&ta head, and the nechani cal

tol erances are inadequate to accurately position the other data heads in
hi gh track density systens. Al so, current actuators are incapable of

i ndependent | y pasdd dothiatgnfoheatiat. aTierdd sighalis, themtieddied tyahedrsyst ens, to
date, have been unable to execute parallel read and wite 20 operations,

such as si mul t SpRERReRtorecaYeRthestatgFenresegted by the inlarmatien stared ogliasc dri ve.
Because of the dj | [VO Systens,
there is a tr agle!;C’C)‘an$CE gé%\%ﬁ%“@ﬁ%@g&g%%gﬁ%qﬁéaﬁgdg ag °Sgﬁqe2‘g¥’§ g}%eer dat a

storage. 2s | ndagdhdddon, there are many issues in both systens which affect

t he positioning accuracy and precision of the servo s%stem Some of the
nost i nportant i ssudSciiaeg Peritieniag phihesdtalead ovgy adpads prpthepliyyis 2699/ 31240

(a1, Servo sampl & Akl Ein ARhE dhA'S the alsk Bhh §hdig hiG eghhdl e speed and

the nunber of Servo sectors per I'nan e ervo sys 'm 2.
Structural noddéscin the arm and head suspension. s 3. External shock and
vi bration, which can be either linear or rotational or both. 4. Witten-in
position error whi cH PHSU$Ystns SFEVOORCKatiRg S &9 8 pscomplished basad elawhen t he

servo 1 acks WRLBdd dflh ndll SnhSdated Db SRANIAN St gL, RunOUt refers

to the total positioning error while t o exec ol I owi ng
oper ati on. 1RUNGufbrinatiby i albivkiyten b en¢ deditatedsufacd ¢ftd disdligMihatdisen whi | e
tracki ng over long periods_of tine. Because witten-in position error is

synchroni zed t 87"Re /Shohthe beadrdadhe discdsivegremegkpnienliyscomplrekiodbe e runout .
5. Bearing nonsliBanklish s ieh 1090k 83 BRRBHIL! Thile aifefRh 8l 1 onal
drag and hysteresis, particularly en the actuator s nmoving at Tow

vel ocities. 6. hhode initheadedicytediservoodibd dxve areqpusitidned babat 61 sheoservdie

actuator. In other words, dtcé;e aﬁtuator is cqupl ed t? the disc drive
control | er thr 4grmatien addrom fhe sery@anriasre 13 typeof sptanalions thee

transducer ,at ' | A 1 I4 circuit
bi as for ces1 aonaﬁ?gh&{:‘%&% %‘r’é@g’%@cﬁ%gggﬂ agﬁeugéhc& %}F“u‘f‘i"{@‘?“’%‘?@ﬂ{‘% g%ul ts in
non- r epeat abl e otherowudrds,Muith approypriaé cidiwdryfih tha dnivd @ntieflerydead ad t he

Spindl e speed and Lhe Sl iche oL LA SUBTLLale.) 25 S SR 301 30120

heads mounted on the actuator, the data heads being simultaneously
positioned based on the servo information read from the dedicated servo

20  surface. _

However, track densities on magnetic discs have been increasing

for many years. Increased track densities on the magnetic disc require
more accurate and higher resolution positioning. The mechanical offset
between heads in a dedicated servo system can exceed one track width.

25 Thus, the industry has seen a shift to embedded servo information in

certain applications.



-5 PCT/L1S99/ 31240 9. ~ Position error sanple noise resulting from nedia
maghetic variability, electronic noise, etc. Prior conventional servo
controllers have included proportional integral-derivative_(PlD

control | ers WRP¥H 1% e conposed of two conponents: an obser §&FUEHE1HC

regul ator. The observer receives input position information each tine a
servo sector is crossed, and estimates pdsition and velocity. The regul ator
t hen provi des feedback on the observed signals. In a seek node, the

regul ator typically zeros the error between a reference velocity trajectory
and the observed vellpahteynbeldedl Gertvioagktetr st infpriveddn it Bgbe@ged ahor zer os
the error between the desired track position and the observed track

positi on. The raaglutzackpneach sutace o6 eweryi ¢ec- t bhup, pagh dasabead retemsi que.
Suffice it to say. . [ r i i n many disc
drive applicat |%%§&J}€%§g&§?&e%%%‘58§t§% froeﬁoettr%rg&rr%§ h%gqglr)@%g%@g%tt}é%eous or
desirabl e 15 i neadladhgor tnisee tappsition eheimdividuabd@atesd while'tt be
desirable to provide mcroactuators between the flexure assenbly and the
transducer Jr Startielandatakispy is ancessing inéorapatinn on thedisc virfasa. The suspensi on
or flexure assephly. .\Were m cf. tuatons ar vided, the servo,actuator
system evol ves Rngr%bt}r%nén '%Snagf%mﬁr’%%%% ‘gﬁlr&%fhee Ou epuc{ecc)l(sgf‘gbﬁiatg?g]f %%er e the
i nput is an err@rers\i}gaa{hemahmigmh@uﬂyir@,a voice coil current signal, to
a multiple input nultiple output (MM) system which receives a variety of

i nputs fromthe ni ci¥hde this msyltaidingregsedipesiiopimgiacreracpangdighsrgnal to the
voi ce coil notao nd each of the.m croact \ ile such a.system coul d
be controlled br;?sog}nrqr%ﬂln%p(fesbe%?%ﬁozc?%g&géag{%&é%v%tra %'Ieﬁerls, PIRHLS y

present profl enBdepeideBNABPhRY otter dapl hetadls), cyrtsin dieatientiges &te1ul t aneously
positioned, the positioning of one data head can be affected by the

si nul t aneous paskeRRsrashbashuse ofingepsediyackmtensitgaydmedhenics. Qaedéent or

pr oxi mat e ot her F £l i itioni .can excite
the structural tﬁggge%dg?&? %ees 13%%23%9%%&%%\% grsg{‘irbo%?%r |Sh§?en%gh r other

i nterference WtoeRedit® pheilid] teadiantiarfier dpenbtidhsiusend® pldralbfyi dftheadls &dj acent
data heads. 5 Many of these issues are mitigated by enploying a general

di screte time destpdihat isdgpaisr thosaryasysippyis Repitiongigkased oa nunber of

probl ens prgse s el TRt Lopl i tetine
Cystem on ot R BEERR Ry P ot kEMRLRRI @ HeR SRR chefuiCES P
exanpl e, the caplevirides aie inagediate toyadeueitelstgrbsitiorothgiotiedr datgh@ddsin o
processors which may be used I1n a disc drive is typically quite Iimted.
This raises a duab&aclé#egsltyrﬁyﬁte@aﬁthbwgent?ﬁ*@agqrﬁéreemaan%@fr of
registers in a.dhgl ' .. b [ | 1114t When
perform ng mat rlﬂg%%ﬂ%gﬂﬁg% :aglhlgg{n%ﬁtzé%?ﬁog%agf %gﬁty’s&ﬁ%ég% esgg':too store the
resul ts of intaysetisateedata) ltaviedieewnaableyto execetelpialiecepdantiwidte t he 15
registers in the digital signal processor. Thus, qverflow presents a

si gni fi cant2thurQRegations, siehiassBRultancouslyrsatiag vapesa fuhaylindeidd are, as
well as the ne LYas acity, in a digital signal processor can make sone
matri x cal cul ations hi'ghly inpractical, sinply due to the nunber of

cal cul ati ons whi ch Besdusbof Hessé diffencedibebyeaidaticated ahd yndbkdddd gi t al 20
signal processors are fixed~poi n{_ragé gfcfebssor s. Thus, inpplenenting a

servo systems, there is a etween servo sample rate and
efficient user data storage.
25 In addition, there are many issues in both systems which affect

the positioning accuracy and precision of the servo system. Some of the

most important issues include the following:



| i near discrete-tinme systemin a digital signal processor can be highly
inpractical. Further, quantization errors in a conventional DSP can becone
appreci abl e rendering the control accuracy of the DSP in v stemin
t he disc dr WRI¥SPPactical. 25 The present invention addr gfsérzgésgg?'%?oeast
sone of these or other problens, and offers advantages over the prior art.
WO 001 51123 PCT/ US99/ 31240 _7_ SUVMMARY CGHE- THE | NVENTI ON A net hod of

i npl enenting a discrete-time servo controller in a fixed-point digital
signal processor (DSP) for controlling a servo actuator in a disc drive

i ncl udes obtaining 4.stalgetyo £ingsiedate 0 MherseMipds it itlirpitedby thd he servo
controller and the servo_actuator. Bounds on the controller states are
derived from t HPirdlgispeedard e nyBberel sPIVosREtars pAY. trapkdn @pembsdded st at es
are scal ed bases%r\pﬂse};s%ggcontrol | er state bounds, and the servo controller
is configured in " based on the scaled controller states. |0 The
present invention i, al sgudichagl mddeDindhd it addiheed\ghg}fdmsidﬁcl udes a servo
controller coupled to a servo actuator used for controlling actuation of
the servo actuator. 3The $xtersalsbwek and gibradory yriiclycarele oiither linean exd
controller Statr%%aﬁo%%?| Ieg?tlgased on a bound on a state evolution for a

cl osed-| oop system Kl ng a servo controller and 15 the servo actuator.
These and ot her benefi ci alritteatinpesitioh efroe whicttiesiilts YR Eadking\rrbrsbecone
apparent upon review of the fol]lowi ng figures and rel ated expl anati ons.

BRI EF DESCRI PTIaNchpcquEedrAsnNsseayo facks wirq Waitteat Ehisgesiltsdndri ve in
accordance wth _on i i i 42 Illustrates
an actuator asse %? ?ﬁggg{c%Fﬁdgﬁ%ué%}ﬁsﬁggﬁﬁmé%:é%fg of E,{ ﬁgﬂ%r esent
invention. H Gexdcutihglstiadk ésllowihgapegitishaRuasaehy yically ataoediewe W th one
25 enbodi nent of the present invention. FIG 4 is a block diagramof a
portion of the aftatic devigtion whiledrchEgy eniang RAFKAS 9b Smerdieca®® t he present
nventi on. VIO 00 5123t EHLSANIIIAN BUR <Bolif ebl Qe di a0ram of a
portion of a servo control cirtcuit “in accordance wt ne ‘enbodi nent of the
present inventireferrdd {6 asGep&atablblranouti agram il lustrating the construction
of a servo control algorithmin accordance with gne enbodi nent of the

present invention. PG ?eﬁ’éin&nﬁﬁé"é‘ﬁa’aﬁ‘_’a?g HA BPnéinte_éﬁﬁ%%l@ﬁ‘tﬂéﬁ on of a
et 0on TP B et St end Sl ey o
at low velocities.
6. Non-linearity due to flex circuit bias forces on the actuator.
In other words, the actuator is coupled to the disc drive controller
through a flex circuit. When the actuator positions the transducer at
20  different radial positions on the disc, the flex circuit bias forces on the
actuator can change.
7. Disc flutter which results in non-repeatable runout. The
amount of disc flutter is dependent on the spindle speed and the stiffness
of disc substrate.

25 8. Gain variation resulting from magnetic transducer non-

linearity cross-track.



controller in a digital signal processor in accordance with one to

enbodi nent of the present invention. DETAI LED DESCRI PTI ON OF | LLUSTRATI VE
EMBODI MENTS FIG 1 is a plan view of a typical disc drive 110. Disc drive
110 i ncl udeVQOUAIE3 pack 112, which is mounted on a spi ndl BCHBYBA ¥hot
shown), by a disc clanmp 114. Disc pack 112, in one enbodi nent, 15 incl udes
a plurality of individual discs which ar8-nmounted for co rotation about a
central axis 115. Each disc surface on which data is stored has an

associ ated head gi nbal assenbly (HGA) 116 which is nounted to an actuator
assembly 118 in di s@ dri sk .erdd?@ampldiidiod re2aRAEIYmSAONA rhildekie. 1 is of
the type known as a rotary noving coil 20 actuator and includes a voice
coi | notor (VCWarihilith, electeonit ngisgteta20. Voi ce coil notor 120 rotates

actuator assenbly 118.with its attached H 16 abou ivot axis 121 to
position HGAs 116 o#%?orcf@g?'?rét_épr@;f%fv?!c%%%ﬁ}’?H%u}fg%%eéfl%{g’é’ﬁrté‘?_ " surf aces,
under the cont rigkesdhl-GrifdvePID)CohedilbrswhieN aRdcohb bl dlirwe drive 110. 25
More specifically,” actuator assénbly 118 pivots about axis 121 to rotate

head gi nbal fsserhporentd 161 ofesarrealahd agkgulgtarn Theobsa9entriceives s each

head gi nbal mbly 116 tqg.b i tioned desired . WD 00/5| 123
PCT/ US09/ 31240 PEHSLIBREfion SheRones srke sEqipy GeEedgd Mdesbmaiens sc pack

112. HGAs 116 Cghkifaén EH‘Pd’eéioEi"tﬁnTﬁéﬁ%hfat&%’til]\gﬂ BvideSfdeBBEI BT the! 2di US, to

tracks lying on the outernost” radi us of i scs. Each head gi nbal

assenbly 116 hasbsarygdsigialahinehseek siddeethie iggelappdypically gevaddhe embat i ve to a

| oad beam so that s the slider can follow th 0 ra of. t di sc. The
1 der Tt ur roeTReEn AEerercE ralrett e iy et tae BRRTELYe S dfcodi ng
i nformati on{ sughieRiiblvitg iR Hhaksgdlitor zEREARE broflbstvedhith@dedfed and.
reading information (e.g., flux reversals) from the surface of the disc

over which it itadd mm@on #mdxhedhservad feack pesitione Thegegwhtacpoablsr assenbl y
118. Actuator assenply,11 o_incl.udes ba ortion 122 plurality of
actuator arms _1%?@“%%? F‘%’ff}f‘%‘f" e q‘bﬁeﬁgﬁiezlé,“a%gfs’t‘ﬁ?‘ar ality of head
gi mbal assenbl i @htdbifers B2 HgHIP aHV MadecisliNhdHILdis@dROE Bpplationks, i n one

enbodi nent, coupled for pivotal novenent about axis 121." Actuator arns 126
extend from base poriowaver2PIRpenteolleremal rod bprdvantagedis dridesiraldad of

ei t her one two.J s | gad beans.128..Load bea 12 ch ,haye a second end
which is cogi)l et alﬂp&lac ﬁréﬁ a %gpn%s%%ﬁﬁvp%gf mﬁ?’é\e%mﬁ‘l{lﬁg‘? rates a

great ly enl argeﬂrdﬁ@/&n&&o&@ﬁat@f&?&&wamfheq{exar@@@dmm tlaseaEdurerl 16. Head
gi nbal assenbly 116 includes ginbal 130, which has a pair of struts 132 and

134, and a gi nbet slislendsseoljuor 20 thaactupiondrmi aben thessiepensjon 06 al so

i ncl udes slider, 138 whic ha§nan u [.surfac 40. and.an _air bearing
surface 142. Tr%?%‘é‘&ﬁé%sf?%ﬂm aeéeP@(gg?cé%a on %r%tl:}]fgl%dl%ﬁgth(ensgraﬁo right) edge of
the bottom of sidtd@or dyafem ER6lvRaFrOITAbiAElcdhpacAAERIOUIPEIWSESD)Yyb®ai 138 and
gi nbal 130 is acconpli'shed in any desired manner. Briefly, in one

enbodi nent , 2& cwhpre thainpHdesn eB07F sigeal andl the opiru ipaviceoilisurigpber sur f ace
adnesi ve, The cHRE @i mubiF il Re o R IPAIE S ERMEIA Tt o' Dot ween
slider 138 and giceiled a variety of inputs from the microactuators and provides a
position output signal to the voice coil motor and each of the
microactuators. While such a system could be controlled by simply
25  decentralizing a PID controller, this may present problems. For example,
if a plurality of heads are simultaneously positioned, the positioning of

one data head can be affected by the simultaneous positioning of



WD 00/ 51123 PCT/ US99/ 31240 -10 bond tongue 136. The conpliant sheer |ayer
is illustratively a nylar filmhaving a thickness of approximtely 150 ’
m crons. Also, ginbal bond tongue 136 term nates at a trailing edge of
slider 138 WMOHO4A1AHunting tab 146 which provides a surfacé’cgg’sﬁjﬂq?:ﬁ sl i der
138 is attached to ginbal s bond tongue 136. FIG 4 is a block diagramof a
portion of a disc drive 110, which illust6-ates a servo position control
circuit in accordance with one enbodi nent of the present invention. The
present invention can be inplenented in a systemw thout mcroactuators in
whi ch a singl e s@jatar oaphosdirte biflel EFRIMeadt hEuAREY RighmaAkians. However,
the present description proceeds with respect to a servo system which

i ncl udes m cr oapesitiening cantexeife bantraicsyabaades of the driveledsressent i nventi on.
The portion of disc.drive.110 ich is illustrated . in.FlG i ncl.udes
actuator assembl Pradeh rieite s A ToteftencB ST F 6Ra ke Mrad ey Wi «
each head gi ma{hmﬁ@hﬁgbpmﬁ@{tm@%aﬁgf erred to as m croactuators 158),
preanplifier 160, 'data and clock recovery circuit 162, error detection
circuit 164,5drive chlanyef thase issges argiraitigetedi by emplaying a generall 68, servo

control processqr 170,. power ifier 17 and .opt.i onal m_cract pat or
controllers) 17§1.SC Se Wﬁf%@%ﬁ@?@? Ciércoﬁég??%p r.%??fhglflp‘gm;ew iBer of

M croprocessor gfobslémk P@éseﬁﬂﬁ@ﬂ{s@lﬁres Qihefl i@ mpiidigta MinPlevh&itachstéel | er, and
is coupled by bus 111 to a host system or another drive controller which
control s the pl timgdystenpéen dfixedpouny digitplsignal prodepssir il aslisgslringt 0176 whi ch
supports a plurality of 2s coaxiall nr.anged .dihscs. 178.. Each disc 178 is
mounted for rot 5?%%180\;!}}8#0?@“%%@%@%3%3 O‘élgfxgl élgr‘J}SF%{ngln 115. Each di sk
178 has a fig stp{ﬁdt@&@ﬁewlq&@xraaﬁbausmmwdﬁuaﬁaeestﬁ?eauwﬁkﬁ@qmtel:ﬁo and 182
include concentric WO 00/51123 PCTI US99/31240 -11 tracks for receiving
and storing dat Zhisgaishea humbenef sigpificantdpgies, The size padapstes obncoded on t he
tracks. As described w.th,.r t E . . 31:._actu r assenbly 118

i ncl udes base pf)ergtlsle%grr?%fgi lgﬁ%%%ﬁl hgocte %s(egk?, 6?%?%%?%“%}“%5% uator arns 126. 5
Each of the act paifeFmidgfhattixalcalativng) € riuvgntih of basteqanedab stdretleoad beans
128. Load beans 128, in turn, each support one of the head %i nbal
assenblies 116 tesuBapbmtenmadiate calrulabione mayroxeessoigicrppcy<d taair f aces 180 or
182 for accessipg,.: i § R r i [ I n one
illustrati V?enﬁ%&%@ﬁ?%ﬁfgﬁag}ﬁgﬁﬁgﬁg%@&% %’ﬁﬁ%‘&tﬁﬁ eg%a | east one to
m croact uat or 15ignffivanpldidld. dni adglitidng the enpgumeivba speed drel feadug), abal
assenblies within_a track, or on one of a plurality of different tracks, on
disc 178. It shwielldsspamemuay Gapasyt i digital #igrel pipepssonfaBanalstsome used to

obtain benefits E‘SI%E J . L QR. . i t j |G 4,
m cr oactuators !I{oagg &%@@gﬁ%}?ov hlg}dlwo‘%g geéét%gas%rgﬁl};a#drféé% féghﬁglry efggd beans 15
128, on gi nbal scdleatlatiddewhichenustde)petfddmetietAlee sulbstadiidllyla3Ddighal associ at ed

sliders, or at any other suitable, |l ocation. The,5£1 croactuators 158 can be

formed of P2 nEEBRALRAOCCSEPIEAT? HYRAPPEY PRPSATCIF Thvsa YBIemNtagA ect
accordingly, ca [t NIl : I i atic, or
thermal ly acti vgﬁ%é .dlgécgetler%h{g% rﬁ%ﬁ‘%?%ﬁ,@%ﬁ%ﬁ’%ﬁﬁ?%{ﬁé@%ﬁa| |y

recei ves a conmimprasticglaFufthernqaalizsttionyestasimh caiventidhaldD®3cdrhat a certain

portion of one or nore of discs 178 are to be accessed. In response to the
command si gnal ,g?ﬁq%a%ﬁﬁlg%‘?%‘?‘}ef% %FGQPH@?%EWBOE&%E)QW I #E¥8sor 170
with a positionﬂgsg r; .-y 185 which indicates a particul ar

cyl i nder over I C{}mﬁilﬁe&ﬁﬁéﬁ%yéi&g@% y 118 is to position head gi nbal
assenblies 246. Servbheprsédlinprmoasshlressédatdenst some of Heesposotheon si gnal
into an anal og si gnal mhicq is anplified by power anplifier x72 and is
provided to thePiRhlees, andotissy avesdagsepren S¢HTOFRAD - 12c0il notor in
actuator assenbly 118. In response to the anal og position signal, actuator

assenbly 118 positions | oad beans 128 and their associ ated head gi nbal
assenblies 116 over a desired cylinder.



The head gi nbal assenblies 116 generate a read signal containing 5 data
from enbedded servo position data which is stored on a selected portion of
each track of the disc to be read, as well as normal data é@@% /?ngessed
fromthe seMR%&%Portion of the disc to be read. The read S

provided to preanplifier 160 which anplifies the read signal and provides
it to data and clock recovery circuit 16#- Data and cl ock recovery circuit
162 recovers data fromthe read signal, which is encoded on the disc
surface when the data is witten to the disc surface, in a known manner. O
course, data and cl ock recovesyMMARY OF T6E BNWEDAI@Nparti al response

maxi mum | i kel i hood (PRI\/L% channel, or_another suitable type of read
channel . ~ 5 Once t hé @&hedief Implespenting a discrete-pmeserwarcandraller #t adet ect i on
circuit 164 whi I ata read
back fromthe d?lgggg}o?&vaigﬁﬁ%%ﬁﬁ Pg&sssgg (lgié}f 1%? ‘é%t?&‘ﬁé? gsgg‘wa?éen%o?r ected
by error detecti®a d@scrdrwetm&lﬁdesmbtdrmngasmmer closed-1ddpbreppésentatiomidfnat i on of
both, in a known manner. 20 During head positionin drlve controller 166
provi des a pési thOsErEp gomiroles angyt és%raﬁta%‘lat%r Sowgdsen thecontr@liesy act uat or
assembl y 118 tos&‘?fé drb QADER B B fﬁ?easltakﬁ‘é -10%?) PeEaPest\{tﬁg g %gleeCt ed
cylinder. In a sector servo positionin r|ve orran edded servo
positioning dri ‘tex)ltrolaeﬂmﬂas@ﬂesoile&&akedS@cﬁQrcoﬁﬁoilblestdie%u&uej atehehas
position information 25 which is encoded thereon and which is read by the
data head and peeRvedeatrollrisggriigrredinihe RRRRAd on 8\656@@196 cenfeHen
processor 170. V\HLS?DOSI tioning information not only gives coarse position

i nformation /51123 PCT/ US99/ 31240 -13 indicating the particular
track over which theTHapeesefbihvestidn sialg, ditdctal o gisodrigesvitictni ng f eedback
to the servo control processor for better positioning. Servo control
processor 170 ré‘éfé’t‘@estaoseé'ﬁ%c?f&ﬁ‘? fer sAUPlEH 5P AraeTVORCHEALEr ¥3esrfr he di sc and
posi L1 ons Lhe hegflghipal ue%%ﬁrmmeeswo;&ﬁae&tc??ﬁggé}%&nwg%? embodi ment,
in which mcroact ua are used, servo control processor is used to
not only controlcohhguxedamles@mémollevsthme sra]eldbméabbh albstundtoni # al so used
to control m croact uat ors not her enbadi e a separate

ni croact uat or c &k 8YQlEHOR fpr lﬁfreéﬁf’f’? sgqteq\dnglggg}gﬁ IR 6?’6‘5@@‘?}6&@

control |l ers);s174 are praykgdgd fox controlling the mcroactuators 158 in
response to the position request signal fromdrive controller 166 and al so
in response to the effhesided gthei béreficiahfeatured ofothe peesgnt inventibe wdilscs. I n
order to wite information to the disc (1 ve control ler 166 15 receives
not only the | o®8EPTHR2BPAIERLUPOR BViRHY oE hedpligwing figyien g rdlried pack 112,

but al so receiveg fhggcd val data to be witten. The location informtion
is provided to se}r)vo control processor 170 (and optionally m croactuator
controllers) 174) as a refm%IEH(&E%ILﬂiﬁION@IEEHE@RAWSl on the data heads

relative to the corr%%go P§ dIS surfages. T ve 2o0.caontroller 166

en,
provi des the®data to %tﬁSF is§ Ay edB AR HBRIeA i OPe SMbodinigRt  whi ch
in turn providegst bt 9l ;@{ﬂ ogn at an output 169 to the particular
transducers on tlg K%Bred gi assenblies 116 so that the data can be
witten to the disc §L(Ef2a:d:lastrahes1anakhuetmammiﬂyinacrcoodmcewhddbnent

m croactuators 15 ave a ﬁ ge of mption 25 which is in excess of the
wor st case mech&MROSFMENtOf|the REsSRR IBXEREh any two of the head assenbl i es

116 supported by act Fm%ua%@t@phxea&gxmma%m i fERO4H gaeh
m croactuator 158 has a range of WO 00/ 1123 PCT. US99/31240 -14
whi ch is i n Bxcessodimentoftthapkesentdinhentiord may be in_excess of a plurality

of track widths. Alsq, in orte_en odlne t he read .channel. provided in
disc drive 110 (whi cﬁlq;r‘fhﬁﬁé’t] p%ﬂ%‘i}i}r‘?“i‘# ghisc r’i"ﬁ(ﬂ‘udes pr eanp
160, data and C'a@%d&ﬁ&%ﬁﬁ%n@'e ahéﬁ%f@;@?egwmd&& {ion 5 circuit 164)
is capable of receiving a plura ty of aneous an paraIIeI dat a
signal s and processing those data signals in parallel, and providing them
to the host system and/or drive controller 166 in parallel. Further, in
one enbodi nent, data conditioning circuitry 168 is also suitable for
providing a plurality of sinultaneous and parallel wite 1 o signals to the
data heads to execute a sinultaneous and parallel wite operation. Further,
in one enbodi ment, servo controller processor 170 and opti onal

m croactuator controllers) 174 are suitable for sinultaneously providing
positioning signals to mcroactuators 15S to sinultaneously position all,

or at least a plurality of, the mcroactuators 1 s so that a plurality of
heads can be sinultaneously aligned with tracks on a plurality of disc
surfaces in disc pack 112. Wile mcroactuators need not be used with the
present |nvent|on mnth thls arrangenent a nunber of advantages are

o )




followwng on the plurality of data heads to allow parallel read and wite,
operations. Further, because the bandw dth of the m croactuator operat| on
is much higher than that of the voice coil notor, this arrg(gﬁﬁgg i é)row des
the ability YOO% i ficantly increase the track 25 density § df ven

di sc surface because it accommopdat es bearing nonlinearity, and ot her
problens which linit the track density o8-t he current WO 00J51123

PCT/ US99/ 31240 -15 art, in a far superior fashion to sinply using the voice
coil nmotor fox track follow ng. Further, since in one enbodi nent, each

m croact uat or has a Fla@ges ablotkidiggrawhbfehposionrvf @sesascodftrod cpéuit il ity of
data tracks, the 5 mcroactuators, thensel ves, can be used to execute short
seek operati onsachééﬁpcéﬂéﬁlapn%ﬁ@bﬂﬂiwté’ééwRr@S%ﬂtthW%th| n the range of
notion of the mcro t.0r tructural
nodes in the disc draflvtdjeglgnél 5‘{) ?%Elrtllé?lﬁ ta%%ag%%#cgé?%ag%ﬁ rol during
the short seekscoritrdl alhg&itaacmwfdan&é&marmmmnhfeﬁk bftheiplesely Oof a
nunber of ways in accordance with the present invention. For exanple, the
voi ce coi |l nbtoiventianconventional disc drive is controlled by a servo
controller which is The input is
the head position nelilsc’zﬁ?}é% dc Qﬂ%}rﬁ‘gp &Biﬁ%&gh%g)asczérg\%? a and ~ s
the out put typigalbyydeiniashé bdec\deives c0|I mot or through the power
anplifier 172. However, in controlling mcroactuators 158, the servo
control system of tHEGBdsaflow diperm Jhiskasing Rbe Enplemeniaton of gyesvoand

mul tiple out put g, It ad fromthe
enbedded servo TN %Ar]ﬁeﬁtulqglr%ﬁ Seg??é}\)%gﬁﬁocgﬁgpﬁg%égp%ﬁe& é}{’fg and may 20 al so
optional I'y, 16 ncémbedinhentrof kied pregertdaidritioms of one or nore of the

m croactuators, relative to the vo,ce COI| rmt or or coarse act uator). The
nul tiple outputs i ehye VIENE

positivner (VCM an al probl em
Wi ch presents. |t ool ok 2‘*%’??3%%&%@% ?%%99%%?%%@.%%%%‘@ ol ural ity
of data heads ai'rﬂhﬁ:leﬁWdl@d‘lpdnkSﬂl)'Z,Whﬁﬂltls aetitédsont Bapindiempeai (hooni ng of one
data head can be affected by si mul t aneous positioning of adjacent or

proxi mate ot her Sk, hﬁ&d@sc CIa’VNBléé/ Bisepackdi? irmgoe 3&'@4’@““&% Hi gh bandwi dt h
posi tioning,ca L,.cause

vi bration or§ot H‘eﬁfqetﬁt%éﬂper%%ce 13 a@g&mﬁfg}r‘%ﬁr@%&m&ﬁlﬁ? Bﬁg posi ti oni ng of
adj acent data hﬁ&alﬁonihmstademtnahmaem*lﬁ)cliathrdlsasﬁ.utaheoprvﬂselmtiaﬂariyent| on, the

servo control processor 170 ar cr act tor s, co ol |l ers) 174 account for
t he movenment of S%F a%ﬁdt%%ﬂ@é@? taé?er%@é’é%@/)]lfg”g“éés ar r angenent
|s to use a Pl Dn%%@{]d’ﬁ)rarpééﬁﬁﬁQ§s¥&bﬁ§’ﬁ§1ﬂld1&rdfxmmea‘3nﬁ? Lither a
SISO controller (wth no mcroactuator) or a controller (with

m croact uat or) . asdamibheshawn anBhdris of ﬁ\ettppé_Bnmwn lasd gotarg mylimg <8k vo

controller including a W, ervo .cont, | er mented as.a di.gital

signal pr océ%so?cwﬁgpf‘“y% Fejce F?{{;{E‘PEOT (‘;Cﬁ% %thgerﬁﬁ%]yh%"gagposi tion
of each head, tgicbebAMNEr mmt%aaﬁat%%&emb%y el Al atBERed he reference
signal fromeither the host controll or fr the disc drive controller

166. 1 S FIG SHGAukl6ratoas apiverysdiZitapositionfllGAs 316 vverclesiredatar ocessor

170 and m croactuator controller 174 are conbi ned mt@oz h a single servo
control l er, inpHafsfk ea"s“s%le}ﬁ@é disg furipggs, Yreer the contel al glecronic byt s a

reference signal;dfgyHoamd RetHiPalsc S¥skain.or d| sc drive controller 166,
along wi th head ILI’-)OSIE?II on - si gnal s f(c)r each of the heads 181 (head 0O 20 head

N) which is2$ndi cat i Mere$pecifecalipsictuasor assemnbly Ti8guvotdiabout ppus 141rtom DSP 190
is provided to voice cqil, or (V. 73 whi.ch_drives uat Qr assenbly
(or E-bl ock) 11¥0tate a8 ]E)a %ng]&%&enfrﬁ Y alsais %‘ﬁ)"cgﬁé\‘/‘f out put

signals to all gf stebsacw}waaag%uafaeanﬂ,@%%%%%agxhuawsv& A&hRact uator N,
al so represented by desi gnat1hon nuneral's 159 a 161)




2s coupled to actuator assenbly 118. The inputs to DSP 190 al so thus

i n€l ude head position signals 171 fromthe rel evant heads, as well as
relative position signals 179 of each of the heads with re§Eg%§ %@ﬁ CcM WO
001 51123 PCTKR8Y18%240 -17 173. Each of the microactuators FYYSREWcoupl ed
to a head 181. Also, each of the mcroactuators has an associated relative
posi tion sensor 183 which senses the rel#ive position of the

m croactuator, relative to the voice coil notor (or actuator assenbly 118).
The rel ative position sensor s 183 can include any suitable sensor, such as
a capacitive sensenf the teacks ohhbe sinficeabd distsyipeliaf pakslilRi BIGASIROfan Thus, it
can be seen that DSP 190 provjdes the coarse positioning si?nal to voice

coi| notor 173 PBMQYSEifFeraiiashs ties emtheiangmnestadivsstodrasky yingonpsp 190

| r 173 PERYESTIOTALG bt & i P
mhod] ment . DSP TS Rar AT P ok B it Bl R R R s e

rel ative positi giinksdsesichi@idliestlyluppohts hehder felitivelts @ 1bak bearh Bb ghaccount
novenent of adjacent or proximate heads, (i, it takes into account

(i.e., .
cross-coupl i hg e dider pantpliowiheropegophy atthettise thegdidendn ermout put f or
each m croactua i i o8 - hi .1 SP 190
mccounts for ot PLb AR RHLALEL MNRARIET: coxtbily tiXandh Byt ene
i ndi vi dual headflux Assals ih onRgastodisa@rive) dISEnd 20adiag infolmation preyi de
di sturbance rejection, to account for runout, to prevent excessive actuator
current, and toflpxasveaealndrae, thesurfpeeo! thpdispopen uibich it isflyingeHIGR FIG 5

illustratively I 'ttgéq(, b r orithm or
a nodel - based a g%ﬁ%ﬁ%]n%h 8%@8519"]8{ Pﬁ?%\(}:) &Bi%lg%é%riagéeﬁy g\l‘}vgdi agram
i | l'ustratingooninchmidsddsd poriona2danglarality lof bet@afpresLnt] 26, sintdlpp opf

devel opi ng the servo control systemin which DSP 190 is inplenented as a
nodel - based al giiedieamseE2Bransl dplurality of beadsgimial apserpbliesflilo. Basscussed as an

overview, and t 1 . perti to the
or csent | nvent | Barn T2TRURER Phole HER Ao BYSH SR AR 00, 51123
- 18 PCT/ US99/ 3134t movemelt abodedxis R21f iActatopaghs 128 @dend ok basepri marily
a set of differential_ equations that desc&i ?e the structural dynam cs of

€ Kl

the disc drive. Pemjan j2 re spdcopplad tgdhe bits end of erthersong 65 tWdnst r uct i ng
the nom nal ;pod [ gqugﬁ] ' VA=Y .about the
drive dynam’lcs. ﬂ%ﬁi%gﬁ%c}\?ﬁe g%y ezsgeéthﬂé?[‘ﬁ‘z%g‘gésﬁ‘g %&Wﬁ#@é / measur ed
data. This typecaipleditoa bredd gimbad asseadly tlédef i ne parameters in the system
nodel, and all of this information m‘ily be used to construct a nodel from
the first principl estioP iHnstraieempieatly sgazgedovisy ofienerembadimgriehani nt y
description is g ; v 118 i SCoitHdaY § S ] Sqek | rated by
bl ock 194 in FI G&%é%gg%ﬁgg¥aﬁt}s agg%cr iaptgslsg#b?}é]-ﬁ %ﬁlsut%reg I vg 1y desi gned
to capture the B, whittehas/a pair obtoutg 192 ard V34, katliaggimbabbsattaaigad with a

i blrock 1030 P dsmeheE peerbb LG HEldFS el WHER TapeR 1 ed. Thi s
ensure That t he PEal e S e e A e T Iy
avai |l abl e, t ool bcttedaptd railipgdnehriright) édge of Svebatporanf sivdert138. That r ol
g: ggr Idf, Ih \r/n e\'/\,hi Chpgr%xj?:u a? aitta | egr?trl)te?vgeénnsliac'ie}/ %é grtl g?:ﬁba‘\'i@[ﬁ isdeicrcgr(;&)lighe%n the
in any desired manner. Briefly, in one embodiment, a compliant sheer
25 layer is coupled between the upper surface 140 of slider 138 and a lower
surface of gimbal bond tongue 136, with an adhesive. The compliant

sheer layer permits relative lateral motion between slider 138 and gimbal



The nodel is then validated. This is indicated by block 197 in FIG 20 6,
In short, the nodel constructed to this point is a robust control nodel
which is a nodel for a system which contains not only a nodel of the system
dynami cs, bSO #¥idcertai nty and noi se description as wel IFCHW481& al | the
nodel validation problemis fornmulated as a linear tinme invariant system
wi t h norm bounded structured uncertaintyl®nd 25 experinental data. Mbodel
validation is perfornmed by considering the nodel validation problemin the
frequency domai n. Techniques referred to as ~-analysis and ~ g-analysis are

performed to dessidioRgusiss. MEte dofepliantEh&d1ael 23i1IACHAEVE) A/ 3HaAB1m19 nodel
is consistent with the data and whether the controller is consistent with

t he model . Fi nahawng & Heicknsge pf arpropimatelelbOusicrense dHpegdinkr] Jorglai | abl e

opti m zation softwar arith f of. i = d.optimzati are

avai bl e under°Phge L euRdles Margling AR blalRee i HEl e B e
Tool box. This iBi6iwiKick pt&Hdbya Bdsde at Whith slkd€r138is atkehed esgimibdlnvention is
directed primarily to inplenenting the controller in a digital signal

processor. Isnplkanshtoagheldtf any type of discrete-tine filter (such as
di screte-tinme contr syst in.a closed-]| =0 0N fi.xed- poj nt
g{I“Gr is a:l?rq.)ck Qxalgtram 01 8 BordR of g dgc ]d?igg tlﬁﬁgwglgbnt

processor or DSP re rcre conversion o

description of fliersedhkelvoPositRM dont@] dirédikRthcbOidahcARSE dridt | On. A
significant problem which nmist be addressed is maintaini ng adequate

resol ution in temebedimentet the presept awmentioguant i zation errors from bei ng

i ntroduced, while |im tirn% Eheve%L lgglcg]'%ibgn I L 1 'lni n‘g;zS ey u(;t z%ti onal
requi renents. The pr Santoscar | ng algori TS used 18 SUIB%I he

i npl ement at joon Bfcréac@@iefsah whidlealsirhls éd@tadtiidter FhpletenpAde s&hvd0 or M MO
servo controller on a fixed-point DSP in a disc drive. The present

al gorithmis megerpéans. dnvsesterdhepaesent dessriplics psoceeds With ebpRSt e dins, 20
o it . < P! i q
such as those S%a c?%ﬁstérﬂ »J}Q& &ngya%s h%@f%'é{;,{a‘?&s% Eﬂtcaﬁggglsb%ﬁ%]éétgf%xﬁea“

al l ows i npl ement n-on a f1xed-poi nt w th T ewer
previ ous al gorithepredefit ifventidn. oThé@poniort dfdisd diévest1dtvehichis illnetratedvo

controller were scal ed such that, under  the worst case input to the servo
control |l er, thdnFIG.4includes actuator assembly 118, disc pack 112, microactuators
15 associated with each head gimbal assembly (collectively referred to as
microactuators 158), preamplifier 160, data and clock recovery circuit
162, error detection circuit 164, drive controller 166, data conditioning
circuit 168, servo control processor 170, power amplifier 172, and
optional microactuator controller(s) 174.
20 Drive controller 166 is illustratively a microprocessor or digital
computer, or other suitable microcontroller, and is coupled by bus 111 to
a host system or another drive controller which controls the plurality of
drives.
Disc pack 112 includes spindle 176 which supports a plurality of
25  coaxially arranged discs 178. Each disc 178 is mounted for rotation with

spindle 176 about axis of rotation 115. Each disk 178 has a first surface

180 and a second surface 182. Surfaces 180 and 182 include concentric



2s states would not overflow the internal registers of the controller. This
type of Scaling does not take into consideration that the controller is
part of a cl osed-1oop servo system and the worst case may_allow for input
WD 001 51123 W9512399131240 -20 signals to the controller f%{ys%lﬁ“ﬁi not be
present in a closed-loop environment. FIG 7 is a block diagram of a nodel
of a closed-1oop servo systemin the disdldrive. Mdel 200 includes summ ng
node 202, servo controller nodel 204, disc drive nodel 206 and summi ng node
208. 5 P represents a nodel of the disc drive nechanics. K represents a

nodel of the sepeksLERALERIViAE andBeoridpddta in the¥Brm/EAbESRRMSle! fi8x desi red
position of the head, and PES 212 represents the closed-|oop position

error. The ext ergwgrsads enapdedonahe ttackss represented by d, and represents all
of the exogenous dis

turbances acting o isc,drive that r in
position to error. THS c{éﬁcﬁ e%t%ﬁ%5?#1"81&9?;&58%@“%J,acﬁ’sat%re?‘?é?lﬁ‘gfy;h:she drive
position error gighdds Ha?@ﬁbrtidr{”@z%ggbﬂtir@cth@?ﬂ'&{aﬁb} 8f acBtor ¥rms 1%, al SO the
i nput, uP, 216, to the disc drive 206. The output of the disc drive 218 is

represent ed by ¥Rch aftheiastupéorcarais h6tiheoypded ta asreast ondef theddddvbednas

transducer. The ur enment 0.is represented b 15 Fl is a

f1 ow di agr am V\hfl%aﬁ?q(ﬁgﬁnﬁ@’ }W%r%ﬁﬁﬂﬁﬁp?rﬂ(%“é%{% headi GPP]gr in a DSP.
The rodel of thass%%mﬁésqusl%lé&m EI% 3) Eb&y dokfespdndifig dife@uk@Bdespnt ed in
discrete-tinme state-space tormat by the follow ng set of equations, or

real i zati ons: Eqr182forac¢dssingdatawithjn-thedrgcky ondhedisc g@face. In one

y~(k) =C~x~(k) +Dzu~(Kk). wher,e x~ is the .controll tate ~ 1s the-
control ler i npuflrusgrr%vﬁg bé)d')?(rﬂgntCS?ﬁl}%m éi aSSE’F‘%[}i 515%%5@@%“‘1\?‘?% t he
di mensi on of;oX~miaRAcRlab T58RELSEMSnih P ehdWaRRTuctls orQRE hehd 8imBdiat es.
Obtai ning these realizations is indicated by block 222 in FIG 8. 2s The

di sc drive npdeks2odlies mithirrtrack, oremonreofaplusalityoé differenti tsagksten t i me

st at e- space fornmat f.ql | owin et ,of equations; E

Xo k" HL) <Apxp( ka7t o BRbOT o IS OB FRESEF 2030 et mpfte used

YP~) - CPXP~) ~' DPWREkthivb@iefitsRoirsthk pResdnbiventivg A9Nhaehwel Ratigagor) state,
up is the disc drive input, and yPis the disc dive outPut. bt ai ni ng t hese

real i zati ons i sniniaghraters BH8 prvbkprvidedonrpctuatygr agmyhiod, endeadibéasop
t at e- space i ONs . rning F 7 il hved fromthe
Lot o Shace S0Tbh SR RN 8 B P PR P ERR eS8

n
st at e- space con er’ and SC et out as

equations 1-4 abgyRiatdtbilitbrs, e af Ry 6Wen guitfgeliraHor dTia m@RSactifiord 5) uwW - Ym
r-(Yp+d) Eq. (6) up=y~ The resulting cl osed-|1oop state-space equations are
then given by: BEBB-cqnbafqrimed)of RZIgnateriph plectrogiptic magerial apppged & x° (k)

(P BB 2D G 5D 58 R
thermally activated.

20 In operation, drive controller 112 typically receives a command
signal from a host system which indicates that a certain portion of one or
more of discs 178 are to be accessed. In response to the command signal,
drive controller 166 provides servo control processor 170 with a position
(or reference) signal 165 which indicates a particular cylinder over which

25  actuator assembly 118 is to position head gimbal assemblies 116. Servo
control processor 170 converts the position signal into an analog signal

which is amplified by power amplifier 172 and is provided to the voice



-21 ~1+DpD'r' Cp x (rk) + pl J ~I +DpD'~"" r~k) d (k) ~~I + Dp D )-~ DP D
bt ai ning the closed-l1oop realizations is indicated by block 226 in 20 FIG

8. WO 00/51123 PCT/ US99/ 31240 -22 The state evol ution Ofptjﬁgt‘?s g(%)%oed-l oop
system can B ¥54Rded under worst-case assunptions on the BX0YSHOUY i nput
signals r and d, as follows: Eq. (9) k-1 x'r (k~ = Aax(~~+ ~.~r ~ n~
BrUr (m a~=o where Egq. (10) x (k) = XP2{k~ Eq. (11) al ' r (k) =r(k)- d

(k) Eg. (12) A
p D r' Obtaini
001 51123 - PCT/
of the cl osed-|
bound on the ex
general, it wl
equal to 0O when

5

10

15

20

25

-B ~|+DPD')-~DpD -B ~I+DpD )-'CP 15 A'r Bo (I + D-. DD )-'
C A--BoD ~l +DPD r' CPEq. (13) B~~l + Dp D )-' Br B pD (I

gil blRoPRUteudtsr 4936imbBi HE. Dy ré¥poske Exhel ahaldgposttion

WO

+ D

US99/ 31240 -23 From the equation governi ngést ate evol ution

signab peivainr agsapoleliid 1 rotifensioaddeamsd 28and,
SSRGS 2300, S,

5 CcoTRehedginfites asdeaiblids 116-generdb)a read signal containing
data from embedded servo position data which is stored on a selected
portion of each track of the disc to be read, as well as normal data to be
accessed from the selected portion of the disc to be read. The read signal
is provided to preamplifier 160 which amplifies the read signal and
provides it to data and clock recovery circuit 162. Data and clock
recovery circuit 162 recovers data from the read signal, which is encoded
on the disc surface when the data is written to the disc surface, in a
known manner. Of course, data and clock recovery circuit 162 can be a
partial response maximum likelihood (PRML) channel, or another
suitable type of read channel.

Once the data is recovered, it is provided to error detection circuit
164 which detects whether any errors have occurred in the data read
back from the disc and which provides an output 167. Errors are
corrected by error detection circuit 164 or drive controller 166, or a
combination of both, in a known manner.

During head positioning, drive controller 166 provides a position
signal to servo control processor 170 causing actuator assembly 118 to
position head gimbal assemblies 116 over a selected cylinder. In a sector
servo positioning drive (or an embedded servo positioning drive), a
portion of each sector on the disc surfaces has position information
which is encoded thereon and which is read by the data head and
provided, through the read channel, to servo control processor 170. The

positioning information not only gives coarse position information

In

e controller is

he&if ni ned given a



k-1 r _ k-3 n-r IlIla7(Ixrl (k=11Ycf Il m~~ Acl BrfiJdcf \mmO Eq. (15)
k- mr ~~~1 Af Bd t~rnm~ n~=0 10 Eg. (16) k-1 ~ ~~Ak-J-rB Illr _ dll
cf cf 0

%q(é)ﬁ(}é%) ~cf Cf Il ~1lr d ~ 15 The '~ m- Q?"elérgg)sﬁ%d nor m

of xrf ~k= i by the ~ 1 normof the cl osed-|oop trans uncti on
from exogenous di sturbance, r(k~ d (k), to state xrf~k~" The ~1 normis
easi |y conputable given the closed-1oop ridtrices Arf and B~, . .l.his norm
is a worst case bound on the largest state o f Arf and Br, (k~. y~.~at is
desired, instead, is the worst case bound on 20 each individual state of xr
~k~ . Recal | thahdichiing thegparhietlentmatlsovdr wiidh the-data\Wea @ fifihg 3t also

PCT/ US99/ 31240 -24 are the Ncontroller states x~ ~k~ . Fromthe previous
equation, the bdif eﬁﬁlrpﬁgfﬁgﬁmﬂbrqéﬁsgqvgtcgg,tro;(progﬁssoré%{rpeygr cal cul ated as

foltows: B (18osfioning, | Servo Bbhrdl fibresibr17n réadis fo ffie pistiioh, "=0  Fd.- (19)

-1 =W x~ ~ ~; onponent of e vector ~ ~ N Al so, it
shoul d be not ed ihfoainatiba réaddrbm theeligcaindopsitidhsahe hdf gisnlgl assanibiesl t o
converge if the closed-|ogp systemis stable. Using the to bounds on the
state evol ut Pon1PRECEBMEDI | er states, x~(k), can be resealed. This is

i ndicated by block 232 hfefdoGdifent B ALARIHCAIEIGRA 88d Servo

control processor 170 is used to not only control the coarse actuator
(voice coil motor) but it is also used to control microactuators 158. In
another embodiment, a separate microactuator controller (or plurality of
10  separate microactuator controllers) 174 are provided for controlling the
microactuators 158 in response to the position request signal from drive
controller 166 and also in response to the embedded position information
read from the discs.
In order to write information to the discs, drive controller 166
15 receives not only the location of the information to be written on disc
pack 112, but also receives the actual data to be written. The location
information is provided to servo control processor 170 (and optionally
microactuator controller(s) 174) as a reference signal to coarsely position
the data heads relative to the corresponding disc surfaces. Then, drive
20  controller 166 provides the data to be written to data conditioning
circuitry 168, which in turn provides that information at an output 169 to
the particular transducers on the head gimbal assemblies 116 so that the
data can be written to the disc surfaces, in a known manner.
In one embodiment, microactuators 158 have a range of motion
25  which is in excess of the worst case mechanical misalignment between
any two of the head assemblies 116 supported by actuator assembly 118.

In another embodiment, each microactuator 158 has a range of motion



guarantee that under worst case exogenous inputs, the states of the
controller are bounded by magnitude 1. This scaling is given by the

foll ow ng di agonal state transformation: WO 00/51123 -2 X~ ~~
X~ ~~ T-" x"ﬁ%‘?"/%gé9/31240 Using this state transformati o%ggﬁ%gég\%\? state
controller realization is given by: 5 Eq. (21) x~ =Tx Eq. (22)

Xx~(k+1) =TAT-' x~(k)+TB~u~(k) Eg. (23) 10-14 (k) = C-T -~ x~ (k)+ D~u~ (k)
Eq. (24) maxl x~(k~ =lz~lh<_ 1 s This new realization can be inplenmented on
a DSP using fractional binary arithnmetic, as indicated by block 234 in FIG
8. Furthernore, whidh isabicess ofameitsachweiridnaaddndpbant expesr dflaoiuidlity he ~~
norm of the exogenous disturbances, Il r ~d I~ , is less than the

di st urbance | evef! Ga&gwidiht ohleprinQrerembadiment, theyead shannsl proyidsiny 20
above. VIO 00/ 5425, LCTHd 500 3 Akl fiiblenERHLAnPHRO aRcRAbEd that thi s
met hod of scaling the controller s tates I's not conservative. One can

easi | y constr uct preadips160; Haaaadwhakaeeovenpriniis16d arghérryr detegim t han t hat
used to construct the state trarclrﬁ_fornati on, Such a_di sturbance signal would

cause the st al esCirgusled)iscppable ofresivinga Phrally Rt sisalanenys and t he | east

conservative st | I I L: - L 3 r t is
guaranteed to ngﬁgrg\i}glﬂ%%\%%b%? aéﬁ@r@cg%%ﬁ%ﬁt@s%%&ﬁgé%@&( g%%f(rﬁl%létra]gg | evel . It
shoul d al so be npieddihgaherhhe tisclhdst agstémcritl /Quelrivie cohfropec®ih i nventi on

can be used regardl ess of the nmethod used to design,the controller and
regardl ess of whBuRdel Fuethsadh gae sFbogiaerisedta coRdicamEdrReTRiléhisonce

aspect of the pr essalJuly RO SBANAGYI? LAASH, GAR JaPRIPIRALT 0. Of

configuring a no ased, discre o controller i'n a tixed-point
digital signat psignsssothe(da&Pheddsrtoepertuteh binngtemeses mod patallal @it06 in a

disc drive 110. The netggd i ncludes ~ s _obtaining a ssable, cl osed- | oop
representati on oPPEREOR %f‘?fom ong qrehodiggent, servo controller processor 170

and optional microactuator controller(s) 174 are suitable for
simultaneously providing positioning signals to microactuators 158 to
simultaneously position all, or at least a plurality of, the microactuators
15  so that a plurality of heads can be simultaneously aligned with tracks on
a plurality of disc surfaces in disc pack 112.
While microactuators need not be used with the present
invention, with this arrangement, a number of advantages are achieved.
For example, precise position control can be accomplished on each of a
20  plurality of the data heads. This allows precise and simultaneous track
following on the plurality of data heads to allow parallel read and write
operations. Further, because the bandwidth of the microactuator
operation is much higher than that of the voice coil motor, this
arrangement provides the ability to significantly increase the track
25  density on any given disc surface because it accommodates bearing non-

linearity, and other problems which limit the track density of the current



and the servo actuator 206. Controller state bounds on the states of the
controller for the servo controller 204 are determ ned fromthe stable,

cl osed- | oop resentation. The controller states are scal n the
control | er é’Y%‘?és ¥3unds. The servo controller is configur e‘g&/@%gég @n t he
20 scaled controller states, in a DSP. In one illustrative enbodi nent,

obt ai ning the cl osed-1oop nodel is perforlfed by obtaining a state-space
realization for the servo controller 204, obtaining a state-space
realization for the servo actuator 206, and obtaining the closed-I|oop

st at e- space reahttzit a far shpesidr fashiohao 2inslyatsingsthecmideanilimator 6ss for the
servo controller 204 and the servo actuator 206. WO 00/51123

PCT/ U599/ 31240 ek follomisgher aspect of the present invention, deternining
e ot &t CFRANDASircd P BRE BBEG i CDIALAG 3L AR Subut | on for
a closed | oop systeminc e servo contro Ier he Fvo
actuat or 206 basaedxdm)ntthchhahi éxcessl af agrutadiop ofidateltracks)dhelet er mi n| ng a

wor st case bound on the state evolution for_ the closed | oop system 200.
Scal i ng can &l s&ipwagsiatersdemsslvasica bg ugeditomecutesthorteesk gparations
transformation. r(sl'ég @8&[& ?\%Jv%cl‘fé‘&ekbc‘s al PRSI LG He Phdel oo &%ﬂtﬂg
fractional binary tormt. resent |nvent|on al 50 &an 1 nel a disc
drive 110 with amdﬁiaamht@r)tﬂ"hn&ﬂumameamb excithion dfdtriautad gndlediirsthesur f ace,
rotatable relative to the data transducer. A servo actuator 206 is coupl ed
to the data trafésrsrespadipables highsaPand wisdth semerconérol duyimsithe st di sc
surface 112. A S&h\O controller 204 is coupled to the servo actuator and
controls actuation of the servo actuator 206 based on a bound on a state
evol ution fao a cl osddicibastuatsp 15§ sirebe &firdlledlindnpof h hensr \vowagnt r ol | er
204 and the servo actuator 206. In one enbodinent, the state evglution is
based on a st at é‘léifz&’é‘éarrcéé?ﬂigﬁ eSS ANYeRkion| &9k 8XarBBls, ?&Fs‘t%?ﬁcoﬂhl s

st ate-space rea [

State. space 1 ot Sar MERchlydiRal ditBHGEls SESIRREY B BB Lo
actuat or 206. Imvlaaloishﬂmgllelmpﬁtr/ahgeem@ﬂhiﬂ]&@@ﬂetrhél“}saempat Bahelat or 206

i ncl udes a coar actuator 173 and at, | east ctuator 159-161. The
servo controlle e?@!’of’lélof‘ﬁﬂ%as&r%ﬁ“ﬂfeé‘ e e @Fgﬁ? S%P&"j‘fa/éﬁ troller
190. 25 Althqug { & reference to
preferred eh‘ od?hnéﬁt&téﬁQ%ﬂEénr)}s sEél}'ltt?@%?g%?‘Egﬁ;?fﬁsﬁp ognl ze that WO
00151123 PCTNSOahiild#e 172 8Hohange $n netrdiingadercantuhtursi 88)dhelsdrao | wi t hout

departing fromthe spirit anq] scope of the |nve[i|1t|on o
control system of t epresent invention must have multiple inputs and

multiple outputs. The inputs include the head positions read from the
embedded servo information over which the heads are flying, and may
20  also optionally, include the relative positions of one or more of the
microactuators, relative to the voice coil motor (or coarse actuator). The
multiple outputs include the outputs which drive the single coarse
positioner (VCM) and a number N of the microactuators.
A potential problem which presents itself to the present
25  architecture in which a plurality of data heads are simultaneously
positioned is that the positioning of one data head can be affected by the

simultaneous positioning of adjacent or proximate other data heads.



WD 00/ 51123 -29 WHAT IS CLAIMED | S: PCT/US99/31 740 1. A nmethod of
configuring a discrete-tine servo controller in a fixed-point digital

signal processor (DSP) for controlling a servo actuator i i ive,
t he met hod MYM¥I&Bng steps of: 5 (a) cal cul ating control P"e&“g#’g’?lég{)ounds

on controller states of the servo controller froma stable, closed-Ioop
nodel representation of the servo controilber and the servo actuator; (b)
scaling the controller states based on the controller state 1 o bounds; and
(c) configuring the servo controller, based on the scaled controller

states, on the @ﬁ@hb&ndm@thf’@shﬁdﬁm%cﬁi@km theMiai@infl hitkles af EHe @fiverg st ep
(a) conmprises a step of: t5 (a)(1) based on a state-space realization fox
the servo cont r @hfepustvibrations@raberdatenterence vhieh gaminterferegsiglitheoop

st at e- space real iOél%IOitl‘lglj%Ofgﬁng%St @%?‘gg%sofrrhq}safnrg&e é’é@ﬁ%cﬁ}g{‘entt QFth%al cul ating

step (a) conprises's etermning a casé bound on a

state evol uti on predendirtleasion, theegvexeh@o) proeedsei D éaicsedck@atepnt rol [ er and
the servo actuator based on the stable, closed | oop representation. 4. The

met hod of cl & mcentxabers)d7¢ pecosnhiaribe BroFpmens okeothpr datadeadoenst ep of :
appl ying a diagqgnal_ . matrix,stakte transformtion. WO 00/51123 -30
PCTNS99/ 31 740 5° ﬁoéar?é?ﬂ(b)% 12? claim?7 wherein the scaling step (b) yields

a new controller reaOredrtfigem@itiswhaseh PID bBs08f baredises oxdoBrofien
conprises a step of: configuring the servo controllers with a new

control I er real inplenoentsd apeither aFEOcangoler(wiitonamitiopeiugtarbemnat . b. The
met hod of clai mﬁl%‘%ﬁ%p‘épg«zi &E%%!&ggftfr? théy ar?‘?l{ege!réén% iegsentially of:
case on & dtate evo f

(a)(1l) determ ning a wors oun i'on f'oX a cl osed

| oop syst emionc hintadiga bliglssivecararillep idcdudiapgd MIMOs@iveOcattdlrior based on
the stable, closed |oop representation. 7. The nmethod of claim1l wherein
the scaling stepmplgmensed psp digited signplprogesser (DSP). The DSP has inputs

indicating the head position of each head, the relative position of each
microactuator and the reference signal from either the host controller, or
from the disc drive controller 166.

15 FIG. 5 illustrates an embodiment in which servo control processor
170 and microactuator controller 174 are combined into such a single
servo controller, implemented as a DSP 190. DSP 190 receives as its
inputs a reference signal 165 from the host system or disc drive controller
166, along with head position signals for each of the heads 181 (head 0 -

20 head N) which is indicative of the position of the head. An output from
DSP 190 is provided to voice coil motor (VCM) 173 which drives actuator
assembly (or E-block) 118. FIG. 5 also illustrates that DSP 190 provides
output signals to all of the microactuators 158 (microactuator 0 -
microactuator N, also represented by designation numerals 159 and 161)

25 coupled to actuator assembly 118. The inputs to DSP 190 also thus
include head position signals 171 from the relevant heads, as well as

relative position signals 179 of each of the heads with respect to VCM



(b)(1) applying a diagonal matrix state transformation. ~ 5 8. The net hod
of ‘claim 1 wherein the scaling step (b) yields a new controller
realization, and wherein the configuring step (c) consists_essentially of:
configuri ng YR@/H&30 controllers with a new controller reS&T’Q?ﬁ%bﬁoon t he
DSP in a fractional binary format. 20 9. A disc drive, conprising: a data
transducer; a disc, having a disc surfacé/-rotatable relative to the data
transducer; a servo actuator coupled to the data transducer to nove the
data 2s transducer relative to the disc surface; and a servo controller

coupl ed to the $73 VEnchk Had ghicrafctusiond isGhbivingoupa ©Q{ kekliZi31: Also,

PCT/ US99/ 31240 actuatjon of the servo actuator, the servo controller being
configured wit headhrfrthe megrogetyators havan assopiatestreltive nosiiinn ssnser 18Bat e

evol ution for a_gl@s I: LGmb rollier and the
servo actuator. @%&%ﬁ?\%f%ﬁﬁ%%&eﬂ%\%ﬂ ai m%@ﬁ?{@%ﬁé?ﬁ%@ﬁge g%%n “rol l er

state bounds ar gokaséillnioR(cs hafiator ABsankig-118D THeRIRR R HositiodteRiort he
cl osed | oop system 11. The disc drive of claim9 wherein the state

evol uti on i s5 bab®ragringlude ang sujsalle sereeri Hehias A cRBRCitirRSYIsOBETADOP Syst em
12. ‘The disc gugvgg@%qlg&}gﬁﬁ'%ép%ﬁ il shbord I"l%uitﬁ‘%%ﬁ BREH tf\cg‘lé$§g‘%q onis 1o

based on i ndi vi a edl i zati ons of e Servo er and

the servo act uapfyviddsthe tbarsepssitidhingesigial ¢b abive t3il WRRHE1 T3 fohe servo
controller is configured with the scaled controller states in fractional

bi nary format. pesitigniagdheentdejagtuaser %ﬁsamHn@WPem ?tl%PWﬁ% thontrol | er
conprises 15 a fihé?gé'eghﬂ%s?é‘gis tJOSm'cIQ%ctgAtﬁ%dng'. ve of claim9 wherein the
udes aecoars {43t oran

servo actuator Tnc e actuato a m croactuator, and wherein

the servo cagtrol | erinc@gurhb@EnEngUDIE PIoendtiiply takd iritb At&reu titiead
controller. 16. A disc drive, conprising: 20 a_disc; a data transducer

movabl e rel ati vEO$HoR pad aflative posjipn asseeiated withsgh hgad, thatt alsp daléssansducer
oL LS el PR PSSO Ml iy 2o on
account cross-coupling of the heads) when providing the microactuator
output for each microactuator associated with each head. In this way,
15 DSP 190 accounts for structural mode excitation when positioning each
of the individual heads. Also, in one embodiment, DSP 190 controls to
provide disturbance rejection, to account for runout, to prevent excessive
actuator current, and to provide noise immunity.
The DSP 190 illustrated in FIG. 5 illustratively embodies either a
20  PID or PID-observer based algorithm or a model-based algorithm. FIG.
6 (e.g., blocks 191-199) is a flow diagram illustrating one method in
accordance with the present invention of developing the servo control
system in which DSP 190 is implemented as a model-based algorithm.
Each block in FIG. 6 will be briefly discussed as an overview, and the
25  portions of the method and system pertinent to the present invention

will then be discussed in greater detail.
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Y10% | & () - & 6 Yaet&iethodelas Ydpasisle Witkex$stimgbahd commercially available,
tools to optimize and finalize development of the control algorithm
which can be implemented in a variety of ways directly on the disc drive.
The model is then validated. This is indicated by block 197 in FIG.
20 6. Inshort, the model constructed to this point is a robust control model
which is a model for a system which contains not only a model of the
system dynamics, but an uncertainty and noise description as well. In
general, the model validation problem is formulated as a linear time
invariant system with norm-bounded structured uncertainty and
25  experimental data. Model validation is performed by considering the
model validation problem in the frequency domain. Techniques referred

to as p-analysis and pg-analysis are performed to determine whether the
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 10%8& () -: 10%8& () - Flké% fodel¥s o!plﬁ%qiggﬂlsi%g commercially available
optimization software. Algorithms for computing 1 and optimization
5 are available under the commercial designation MATLAB p-Analysis
and Synthesis Toolbox. This is indicated by block 198 in FIG. 6.

The present invention is directed primarily to implementing the
controller in a digital signal processor. Implementation of any type of
discrete-time filter (such as discrete-time control system) in a closed-loop

10 on a fixed-point processor or DSP requires efficient conversion of a
floating point description of the control system into a fixed point
description. A significant problem which must be addressed is
maintaining adequate resolution in the arithmetic to prevent
quantization errors from being introduced, while limiting the resolution

15 to minimize computational requirements.

The present scaling algorithm is used to support the
implementation of a general linear discrete-time state space SISO or
MIMO servo controller on a fixed-point DSP in a disc drive. The present
algorithm is much less conservative then previous scaling algorithms,

20  such as those set out in the above-identified patent applications, and
allows implementation on a fixed-point DSP with fewer bits than the
previous algorithm.

In the prior algorithm, the states of the servo controller were
scaled such that, under the worst case input to the servo controller, the

25  states would not overflow the internal registers of the controller. This
type of scaling does not take into consideration that the controller is part

of a closed-loop servo system, and the worst case may allow for input
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3a33dEuV7!! environment. FIG.7isa block diagram o a model of a closed-loop
servo system in the disc drive. Model 200 includes summing node 202,
servo controller model 204, disc drive model 206 and summing node 208.
5 Prepresents a model of the disc drive mechanics. K represents a model
of the servo controller. The input r, 210, represents the desired position
of the head, and PES 212 represents the closed-loop position error. The
external disturbance 214 is represented by d, and represents all of the
exogenous disturbances acting on the disc drive that result in position

10 error. The input to controller 204, u., is generally the drive position error
signal (PES), the output of controller 204, y., is also the input, up, 216, to
the disc drive 206. The output of the disc drive 218 is represented by yp,
and is generally the position of the read/write transducer, The
measurement 220 is represented by ym.

15 FIG. 8 is a flow-diagram which illustrates implementing the servo
controller in a DSP. The model of the servo controller 204, from FIG. 7,
can be represented in discrete-time state-space format by the following
set of equations, or realizations:

Eq. (1) Xc(k+1)=Acxc(k)+Bcuc(k)
20 Eq. (2) ye(k)=Cexc(k)+Dcuc(k)
where x. is the controller state, u. is the controller input, and y. is
the controller output. Assume that N is the dimension of x., and also
represents the number of controller states. Obtaining these realizations
is indicated by block 222 in FIG. 8.
25 The disc drive model 206, from FIG. 7, can be represented in

discrete-time state-space format by the following set of equations:

Eq. (3) xp(k+1)=Apxp(k)+Bpup(k)
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Eq. (4) yp(k)=Cpxp(k)+Dpup(k)

where xp is the disc drive (or servo actuator) state, uy is the disc
drive input, and yyp is the disc dive output. Obtaining these realizations
is indicated by block 224 in FIG. 8.

5 The closed-loop state-space equations governing FIG. 7 can be
easily derived from the state-space equations of the controller and the
disc drive set out as equations 1-4 above, using the following feedback
equations:

Eq. (5) ue=r-ym=r-(yp+d)
10 Eq. (6)up=ye
The resulting closed-loop state-space equations are then given by:
Eq. ()
x (k+1)] [4,-B.(1+D,D,)'D,c. -B(1+D,D.}Y'C, Tx.(k)
[x,, (k+ l)] ) [ B(r+p.D,)'c.  4,-B,0,(1+D,D,)C, }[x,, (k)] '
B,(1+D,D,)"
l:B,,Dt (+D,D,)

](r(k)-d(k»

Eq. (8)

y.)=[0+0,0.)'D,c. (zw,,arc{ ""]

(k)
(v+p,0.)'D,0. (1+D,D.)" [d(k)]

Obtaining the closed-loop realizations is indicated by block 226 in
20 FIG.8.
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follows:
Eq. (9)

x,, (k)= Ac,x0)+ZA" g U (m)

5 m=0

where

10

Eq. (12)

L A, -B,(1+D,0.)'D,D, -B.(1+D,D.)C,
s | B(r+Dp,)'c. 4,-B,D(1+D,D.)'C,

<

Eq. (13)

5, [ B¢(1+D,,Dc)-‘]

"|3,0.(1+D,D,)

Obtaining the bound is indicated by block 228 in FIG. 8.
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system, a bound on the states can be determined given a bound on the

exogenous inputs, as indicated by block 230 in FIG. 8. In general, it will
be assumed that the initial state of the controller is equal to 0 when

5 computing these bounds.

Eq. (14)
k=
mkaxlxt‘l (k1= |xcl ©™ l A:‘,"'"' Brlucl (mi
m=0 .
Eq. (15)
A-1
< Z AS"Bu, (mx
m=0
10
Eq. (16)
k-t
< 3atnB, - dl.
m=0
Eq. (17)
<|| Zatfa |- d].
I10

15 The = =% induced norm of ¥« (k) is given by the £\ norm of the
closed-loop transfer function from exogenous disturbance, ” () (), to

state *¢ (k). The %1 norm s easily computable given the closed-loop

A, and B

matrices

of Aa and B, (k).

<" This norm is a worst case bound on the /Jargest state
What is desired, instead, is the worst case bound on

20  each individual state of *¢ (k) . Recall that the first Nelements of *< (k)
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bounds on the controller states, Xe (k)’ can be calculated as follows:

Eq. (18)

v=}-

5 Eq.(19)

=\y,;the i* i=..N

component of the vector ¥>

Also, it should be noted that the limit in equations 18 and 19 is
guaranteed to converge if the closed-loop system is stable. Using the
10  bounds on the state evolution, the controller states, x.(k), can be rescaled.
This is indicated by block 232 in FIG. 8. The states are rescaled to
guarantee that under worst case exogenous inputs, the states of the
controller are bounded by magnitude 1. This scaling is given by the

following diagonal state transformation:
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Eq. (20)

x.|

]

x|

o

N-1
x 7.

%o

Using this state transformation, the new state controller

realization is given by:
5 Eq.(21)

A

xe=T1x,
Eq. (22)
xe(k+1)=T4,7" xc(k)+ TB,u, (k)
Eq. (23)

10 y.()=CT7 %, ()+ D (k)

Eq. (24)

m’?.xlfcc (&) =% s

15 This new realization can be implemented on a DSP using
fractional binary arithmetic, as indicated by block 234 in FIG. 8.
4

L

Furthermore, this realization is guaranteed to not overflow if the

. r—-di,. .
norm of the exogenous disturbances, " - , is less than the
disturbance level used to construct the state transformation from ¥

20 above.
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states is not conservative. One can easily construct a disturbance whose

o norm is slightly larger than that used to construct the state

transformation. Such a disturbance signal would cause the states to
overflow. Thus, the present technique is the least conservative state
realization for a discrete-time controller that is guaranteed to not
overflow for a given, pre-specified disturbance level. It should also be
noted that the scaling technique of the present invention can be used
regardless of the method used to design the controller and regardiess of
whether microactuators are used.

In accordance with once aspect of the present invention, a method
is provided for implementing or configuring a model based, discrete-
time servo controller in a fixed-point digital signal processor (DSP) for
controlling a servo actuator 206 in a disc drive 110. The method includes
obtaining a stable, closed-loop representation of the servo controller 204
and the servo actuator 206. Controller state bounds on the states of the
controller for the servo controller 204 are determined from the stable,
closed-loop representation. The controlier states are scaled based on the
controller state bounds. The servo controller is configured, based on the
scaled controller states, in a DSP.

In one illustrative embodiment, obtaining the closed-loop model
is performed by obtaining a state-space realization for the servo
controller 204, obtaining a state-space realization for the servo actuator
206, and obtaining the closed-loop state-space realization based on the
state-space realizations for the servo controller 204 and the servo

actuator 206.

-£10%
Z109& (

& ()-1F 910%d& ()-F
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In another aspect of the present invention, determining the
controller state bounds is performed by obtaining a state evolution for a
closed loop system including the servo controller 204 and the servo
actuator 206 based on the stable, closed loop model, and determining a

5  worst case bound on the state evolution for the closed loop system 200.
Scaling can also be performed by using a diagonal matrix state
transformation. The controller can be implemented on the DSP using
fractional binary format.

The present invention also can include a disc drive 110 with a data

10 transducer and a disc 112 having a disc surface, rotatable relative to the
data transducer. A servo actuator 206 is coupled to the data transducer
to move the data transducer relative to the disc surface 112. A servo
controller 204 is coupled to the servo actuator and controls actuation of
the servo actuator 206 based on a bound on a state evolution for a closed

15 loop system 200 including the sex:vo controller 204 and the servo actuator
206.

In one embodiment, the state evolution is based on a state-space
realization for the closed loop system. This state-space realization is also
illustratively based on individual state-space realizations of the servo

20  controller 204 and the servo actuator 206.

In another illustrative embodiment, the servo actuator 206
includes a coarse actuator 173 and at least one microactuator 159-161.
The servo controller 204 is thus a multiple input multiple output
controller 190.

25 Although the present invention has been described with reference to

preferred embodiments, workers skilled in the art will recognize that
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229.

WHAT IS CLAIMED IS:

1.

A method of configuring a discrete-time servo controller in a
fixed-point digital signal processor (DSP) for controlling a servo
actuator in a disc drive, the method comprising steps of;

(a) calculating controller state bounds on controller states of the
servo controller from a stable, closed-loop model
representation of the servo controller and the servo
actuator;

(b) scaling the controller states based on the controller state
bounds; and

(c) configuring the servo controller, based on the scaled controller
states, on the DSP.

The method of claim 1 wherein the calculating step (a) comprises

a step of:

(a)(1) based on a state-space realization for the servo controller
and the servo actuator, deriving a closed loop state-space
realization.

The method of claim 1 wherein the calculating step (a) comprises

steps of:

(a)(1)determining a worst case bound on a state evolution for a
closed loop system including the servo controller and the
servo actuator based on the stable, closed loop
representation.

The method of claim 1 wherein the scaling step (b) comprises a

step of:

applying a diagonal matrix state transformation.
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5. The method of claim 1 wherein the scaling step (b) yields a new
controller realization, and wherein the configuring step (c)
comprises a step of:
configuring the servo controllers with a new controller realization
5 on the DSP in a fractional binary format.
6. The method of claim 1 wherein the calculating step (a) consists
essentially of:
(a)(1) determining a worst case bound on a state evolution for a

closed loop system including the servo controller and the

10 servo actuator based on the stable, closed loop
representation.
7. The method of claim 1 wherein the scaling step (b) consists

essentially of:
(b)(1) applying a diagonal matrix state transformation.

15 8. The method of claim 1 wherein the scaling step (b) yields a new
controller realization, and wherein the configuring step (c)
consists essentially of:
configuring the servo controllers with a new controller realization

on the DSP in a fractional binary format.

20 9. A disc drive, comprising:

a data transducer;
a disc, having a disc surface, rotatable relative to the data
transducer;
a servo actuator coupled to the data transducer to move the data
25 transducer relative to the disc surface; and

a servo controller coupled to the servo actuator and controlling
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on a state evolution for a closed loop system including the
servo controller and the servo actuator.
5 10.  The disc drive of claim 9 wherein the controller state bounds are
based on a stable, closed-loop representation of the closed loop system.
11.  The disc drive of claim 9 wherein the state evolution is based on a
state-space realization for the closed loop system.
12.  The disc drive of claim 11 wherein the state-space realization is
10 based on individual state-space realizations of the servo controller and
the servo actuator.
13. The disc drive of claim 12 wherein the servo controller is
configured with the scaled controller states in fractional binary format.
14.  The disc drive of claim 13 wherein the servo controller comprises
15 afixed-point DSP.
15.  The disc drive of claim 9 wherein the servo actuator includes a
coarse actuator and a microactuator, and wherein the servo controller
comprises a multiple-input, multiple-output controller.
16. A disc drive, comprising:
20 a disc;
a data transducer movable relative to the disc;
a servo actuator moving the data transducer relative to the disc;
and
means for controlling the servo actuator based on scaled

25 controller states.



