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SCALI NG FOR DI SCRETE- TI ME SERVO WM@EMMA DI SC DRI VE FI ELD 65

| NVENTI ON s The present invention rally to a s quj kOEB in a
disc drive. Mire particularly, the pregg®t i nvention relates to

i npl enenting a robust servo control systemin a disc drive. BACKGROUND OF
THE INVENTION to 20 A typical di sc drive includes one or nore discs
nounted for rotation on a hub or Mwmu“mmu Mpl cal disc drive also

i ncl udes one WPOSHFY e transducers y a hydr odynaffi®&V8Pr*fear i ng
which flies above each disc. The transdésers and the hydrodynamc air
bearing are collectively referred to as a data head. A drive controller is
conventional ly used for CROSED-LODP $SOALINGEFOR DISCREFESIMmsed on conmmands
received froma host system_The drive controller controls the disc drive
to retrieve information frotEt¥fe GPNEROMERIN A8 PRIVEmati on on the

di scs. An actuator operates within a negative feedback, closed-Ioop servo
syst.tem The actuator typically includes an actuator armthat supports a
flexure or flexure assenbly whi GELDOR THE INSHNDION t he data head. The

actuator noves the data head radially over the _disc surface for track seek
operations and hol ds TRePesefdufaiongelaissigepesliyftod seru wystim fha diif s c

surface for trac I t.ored on
The. di scs by prourdnapost ARkt RaRER: Ut R 201k AR P s
i nformati on on tl'témsusefraceomfoltsyetemmcadlecpdnsent| ng the data to be stored.
In retrieving data fromthe di ontrols the
actuator so that the data he# SO ehsing the

i nformation on the di iSIEReY )dm%jr L 2003 WO
00/ 51123 PGT/ U599l 312§gyp1@£lq1)ased %trr\lutﬁ%g?oflﬁfaor rra??géﬁs m‘l%g%fdéfaog signal is

t hen decoded by tdtetick ome}mbrurlspiﬂdéer Adypieddigrdiivealdatimclndgrapeent ed by t he

i nformati on stored on i sc, sequent | res nted i r ead

Sl gnal pr ovi ded BYre HaneHanor et LA Par e s un oty g Rish st o head
over a track on ph&edadk diss, The %ﬁ@dudemd@@@@dwdwa&dc% slatidglaee t he disc
and reading data fromthe disc. prior systeis, servo operati ons wer e

acconpl i shed basedlegtively referred to as a data head. A drive controller is

conventionally used for controlling the disc drive system based on
15 commands received from a host system. The drive controller controls
the disc drive to retrieve information from the discs and to store
information on the discs.
An actuator operates within a negative feedback, closed-loop
servo system. The actuator typically includes an actuator arm that
20 supports a flexure or flexure assembly which, in turn, supports the data
head. The actuator moves the data head radially over the disc surface
for track seek operations and holds the transducer directly over a track
on the disc surface for track following operations.
Information is typically stored on the discs by providing a write
25  signal to the data head to encode information on the surface of the disc
representing the data to be stored. Inretrieving data from the disc, the
drive controller controls the actuator so that the data head flies above the

disc, sensing the information on the disc, and generating a read signal



*dedi cated servo head. In a dedicated servo type of system servo i o
information is all witten to one dedicated surface of a disc in the disc
drive. All of the heads in the disc drive are mechani call ao;m e(jaU@the
servo head which is used to access the servo informtion. &THus, lal t he
heads in the dedicated servo disc drive are positioned based-on the servo
information read fromthe servo surface. This type of systemallows thet 5
di sc drive tg,oc&ﬁyﬁgi ently execute parallel read and witep@epet®dBians. I n
ot her words, wth appropriate circuitry in the drive controller, read and
wite operations can be executed in parallel using a plurality of the data
heads nounted on the actuator, the data T%éads bei ng si mul t aneously

positi oned based on the servo information read fromthe dedi cated servo 20

surface. Howevey, track densities magpeti ¢ .di.scs, ha been | ncreasing

for many year s:{’?sr‘fél%hé'éﬂ"‘??%%%_ %?%&%ﬁ%‘ﬁ@%ﬁ’ﬁﬁ _ Yd'i??c‘irf"eequi re nore
accurate and h!&}R-Folfef%%’ké&Bb&WhQQﬁ&aHeBPés@StedB?%@ﬁ&&%t%‘ tfebighia et veen
heads in a dedicated servo system can exceed 0one track wdth. 2s Thus, the

i ndustry has sediscarghidnsequendiylrepeehted inviheireddsigealipoovidad bydhe t ai n
appl i cations. 2\?3‘ J.,UL 20D3 WO 00/51123 -3 PCT/ US99/ 31240 I n an enbedded
servo system sg? eIaf:}formati on i s enbedded on each track on each surface

of every disg. 'Thusac&agl phRitR NSk thelddialead d¥esh irh@or® ke is of _
i ndependently of the other data heads. Therefore, the . servo actuator is

used to positi ogrestihporaticeiin walitingdata hethe digd drel reading Slapafroincthear dat a
head is accessia information on the disc surface. The positioning is
acconpl i shed us & t he enbedded servo data for the track over which the

data head is then flm;sk%rsy_béeh%, 56 op&atbhSwert dcBerhPRsHRE HA98d bhani ng
‘accur acy and hlgher resolufion in the positioning process (because the data
head is positi oaedicatedisayegendedn p fedicatgdpentoizpe dbdyatene a8y, certain

di sadvant ag are encount er,ed .because of,.i ncyeased track.dgnsiity and
mechani os. Che BTOTRNG SAlEH e RO diatd RRET R LA PSR BRI ser vo

systens, the abdiivéyAllwfekehetddd ipaicadibedriveat rasthamichlliecapédtd gies using a
plurality of heads is |lost. That is because the servo systemis positioning
based on 15 i nf#rHabeedwhideiswsed pacsess thesrryp infarmatigna dall ghthet he

nmechani cal tol i . C . j 1j her data

heads i n high ﬁ%c%qﬁéﬁésug‘%@ly‘%g‘g? ée%.%l%&l srg% %%?%%h%{n%g?éﬁgé ggékgrg%rg})ncapabl e

of i ndependent | nf@esatiororead grdoh éhekaieo hafads. TRBUppe aishatddesdlaes the syst ens,

to date, have been unable to execute parall ehﬁrsad and wite 20 i)perati ons,
a

such as si mi t aREHHEMS tp eantiemiETdly sxesute Rgradle apg WrHgepPeratiorsditsc drive.

other words, with appropriate circuitry in the drive controller, read and

write operations can be executed in parallel using a plurality of the data

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.



' Because of these differences between dedi cated and enbedded servo systens,
there is a trade off between servo sanple rate and efficient user data
storage. 25 In addition, there are nany issues in both systens which

affect the positioning accuracy and precision of the servo t of
t he nost inportant issues include the follow ng: 231 LJ?%E@EQ\Mﬁﬁﬁ%

00/ 51 123 PCT/13S99/ 31240 -4 1. Servo sanple rate. The sanple rate is
Limted by the spindle speed and the nunber of servo sectors per track in
an enbedded , w@onsd128ystem 2. Structural nodes in the arm ZRHURVEH240
suspension. ' 5 3. External shock and vibration, which can be either Linear
or rotational or both. 4. Witten-in posit3-on error which results from
tracking errors which occurred when the servo tracks were witten. This
results in repeatable runout. Runout refers to the total positioning error

while t o executing ayd 4ReMbbAddDskAYsRRNH el P inf bt ik endbeRiERbLY
referred to as a static deviation whil’e tracking over |ong periods:of tine.

Because wri tten- ieactpaik ¢roenchrsuniace of eveny HisoniThesl each date hepd methensspeed, it
is referred to as repeatable yunout ., 5...Beari ng nan-l,i ritie Such
o1l neari 11 o PoulR Setal BB Rishy i i b fet et Tl b Socar 1
when the act uat Okerv®d adRMIt6ds Abed RVPposRidICédch@sdiviiuaNgiralHea@ abhilekhdrie to flex
circuit bias forces on the actuator. I n other words, the actuator is

coupl ed to thé dipgetiaandatabead skressinginfornation peihedisesirfaceidn t he
act uat or positi °.’i'>%si’ﬁ9>§j 118 ARGy u%g il L@%@@&ed’ 41,811, R981 Hle P the
a ﬁe act uat or ﬁange. . SC

di sc, the flex circuil s forces on can C

flutter which resubtwhich thedafadiRadisdhea flyimut . The anount of disc flutter
i s dependent on the sghgdle.speed.and the stiffness of disc substrate. 25
8. Gain variation resWhiledhisfrestisia direeased posifioningaccwiagy pnd dighery

cross-track. 2,4 bl RO R SRS, B TUARRE AR08, 8 gkl 1 on
er r or sanpl € noltser eSlﬂ PI ngpf)r om ﬁ% Ia na ne? I'C varrabrti tﬁll? éﬁlecei roni c
norse, etc. 10 independently of any other data heads), certain disadvantages are -
encountered because of increased track density and mechanics. One of
the disadvantages is that in typical embedded servo systems, the ability
to execute parallel read and write operations using a plurality of heads is
lost. That is because the servo system is positioning based on
15 information received by one individual data head, and the mechanical
tolerances are inadequate to accurately position the other data heads in
high track density systems. Also, current actuators are incapable of
independently positioning the data heads. Thus, embedded servo
systems, to date, have been unable to execute parallel read and write
20 operations, such as simultaneously reading or writing a full cylinder in a
disc drive.
Because of these differences between dedicated and embedded
servo systems, there is a trade off between 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:



" Prior conventional servo controllers have included proportional

integral -derivative (PID) controllers which axe conposed of two 5
conponents: an observer and a regul ator. The observer receives input
position information each tine a servo sector is crossed, @d\f@%l 76803s
position and velocity. The regulator then provides feedback ‘qn the observed
signals. In a seek node, the regulator typically zeros the error between a
reference velocity trajectory and the observed velocity. | %cbr Els{z J | owi ng
mode, the reg¥P&¥¥i23zeros the error between the desired trac ”%53’ FtTon and
t he observed track position. The regulator controls according to a PID
control technique. Suffice it to say that4PID controllers are highly

advant ageous in nmany disc drive applications. However, PID controllers may
not be advantageous or desirable ~5 in all disc drive applications. For
exanple, it may be dekiralServdmmplevatde Thesnugpds wade rlgnitet pde t he flexure
assenbly and the trrgnsducer or. slider assenbly, or qn the actyatqr . arm or
on the suspensi otP'B efslpé%ﬁ?‘é‘?mg‘?.O?Wpé”egtﬂfscl?%gﬁciﬁé?8?§"ﬁ%‘e§lgﬁ?lovi ded, -
t he servo actuat Qrv8 ¥pdiem evol ves froma single input single output (SISO
system 20 where the inhput is an error signal and the output is a voice coil
current signal, to a 2wl tismuemrabmpdmjmtgplmn@uﬂmw§M}M®)‘»iosyst em whi ch

oot on ot bt s oot o PR Saf S0 YR utR o
m croactuat ors. MWidigha3WeBok. System coul d be controlled by sinply 25

decentralizing a PID controller, this may present problens. For exanple, if
a plurality of heads 4re Writienémpositey eporwhidvresults fsemgeackingerrens of one

data head can be_affected th i I ou ositioning of, .2 3 J UL
5003 V0. 00, 1125 i s esd B the j Qe N s p%”%‘%‘?fa?ié‘sg?%%s Bat a heads.

Further, high bapgeable runp@s i Rurtit Rfefad tRX @il dsitRdnsid etebiivalle nodes of
the drive and cause vibration, ringing, or other interference which can

tend to inter?erexegiting eiaclhédlaingopgragipna fuaeehis trpicalynwedersed to aany of .
these issues are_pit. 2 i iscrete ti out put

f eedback control aggﬁplF %ggﬁgoﬁ%’m@\%a%g%ﬁ)ﬁ%%eqkpggfgﬁ‘se’ garegglg%t t hensel ves
when attenpting Weitieriih@@Bifibnandir $Csyeichrdnizae toyhé spindle speéd, Xenl- poi nt

digital signal processor in a disc drive. For exanple, the conputation
capabi lity provi Ef‘_é%Fr‘?%tQﬁSJFP%&}ta‘_%ng‘h%‘Putpr ocessors which may be used in a
disc drive is typicalgy Q%eaxg?ghamﬁgarﬂ&t %uEﬁgﬁﬁﬁin@aﬁHém%gT19inS' gni ficant

i ssues. The size and nunber registers in a digital signal processor can
be quite |imisedrot¥heral deagf ovdvihysgeresis, rjaxtiodady Wdeh dhe acttiter iumbeingof bits
required to store“t he results of intermedi ate cal cul ati ons may exceed the
capacity of the ® gwr‘éeé?gtﬂeérs in the digital signal processor. Thus,
overflow presents a s4.gni fNgalhedtity dub to fibx addiit biedforthre@eRdhatdOn speed
and structure, as well as the nenory capacity, in a digital signal
processor can nakeotbemwords: Heectutenis apwpad tathgrdise dripe eantraller, sinply due
to the number of th‘%&'ﬁcﬁ“a%%k A E‘P;esécngaetopﬁé{i%ﬁ?ﬂe n%'é&m&%?“ antially
all digital 20 sign processors are tixed-potnt processors. Thus,

i mpl ementi ng2a | diffeeéntdhdial Rdsitidrision thy SliseMbeled citc@it bads {6icgah thy ocessor
can be highly inpractical. Further, quantization errors in a conventional
DSP can becone affttdter ¥ &apgddering the control accuracy of the DSP in a

servo systemin the djsc ?J’i%ch"ﬁu&&%%&% k&@lhts if Rorl REpRtATERInd iV FRE T ON
addresses at | east sore o ese or other
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.



. problens, and offers advantages over the prior art. 2 3J UL 2003 W
"001 51123 PCTNS99I1 31240 _7_ SUMVARY OF 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 21|3srd@t_| 2803
i ncl udes obtaining a stable, closed-1oop representation of 5 theé servo
controller and the servo actuator. Bounds on the controller states are
derived fromthe stable closed-l1oop representation. The controller states
are scal ed bagedoen2i he controll er state bounds, and the sePGDHUEERIMBI | er
is configured in the DSP based on the scaled controller states. The present
invention is also directed to a disc drivg.which includes a servo
controller coupled to a servo actuator used for controlling actuation of
the servo actuator. The servo controller is configured with scal ed

troll t at es, | ed i
controller states, scaled Rased QlaANMOAORE AN FofY Helld Al 2

cl osed-1 oop systemincluding a servo cont e servo actuator.

These and ot her beriebilitj, alectrenit motse, €. t he present invention will becone
appdrent upon review of the follow ng figures and rel ated expl anati ons.
BRI EF DESCRI PTI ON OF WEWWE\E%\?%‘Q’PF@%{O&FIP Ve HS ‘éé?f? BIYOrEPRe in

accordance w th qne,STROG I (PRD) ddAErdleRSFRIch hRY &thbOsd itfRo 2 111 ustrates

an actuator assenbl §ﬁ| n accoro(gnce w th one enbodi metr)n of the present
invention. Fl& 8omipbuetts:adresbsarveraddgi negalaters Sdelbyeriver aeeoredarpe wit h one

zs enbodi nent of the Br,esent .invention. FIG 4 is a bl gck i agram of a
portion of the diPOENGRIRErMAtoNeashtNe ST PIHeSRRISERBH n%‘?‘fie e present

i nventi on. V\gogi%/oﬁhﬂagelogig.rpfﬁé L3 el gb@deﬁéeﬂbﬁcpbﬁ% di agr am of

a portion of a servo control t 1n accordance wth one enbodi nent of
the present inveobsamedsignals. Ina seek mode, the regulator typically zeros the error

between a reference velocity trajectory and the observed velocity. In

10  track following mode, the regulator zeros the error between the desired
track position and the observed track position. The regulator controls
according to a PID control technique. Suffice it to say that PID
controllers are highly advantageous in many disc drive applications.

However, PID controllers may not be advantageous or desirable

15  in all disc drive applications. For example, it may be desirable to
provide microactuators between the flexure assembly and the transducer
or slider assembly, or on the actuator arm, or on the suspension or
flexure assembly. Where microactuators are provided, the servo
actuator system evolves from a single input single output (SISO) system

20  where the input is an error signal and the output is a voice coil current
signal, to a multiple input multiple output (MIMO) system which
receives 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



"FIG 6 is a flowdiagramillustrating the construction of a servo control
algorithmin accordance with one enbodi nent of the present 5 invention.
FIG.7 is a block diagramof a representation of a cl osed-1o00 er m
inthe disc drive. FIG 8 is a floe; diagramillustrating ther Jm%ﬁf
i npl ementation of a servo controller in a digital signal processor in
accordance with one to enbodi nent of the present invention. 'DETAI LED

DESCRI PT10N ogvd@s%}_m-” VE EMBODI MENTS FIG 1 is a plan vi g#/mpEseR1dayPi cal
di sc drive 11 0. s¢ drive 110 includes a disc pack 112, which is nmounted
on a spindle notor (not shown), by a disc clanp 114. Disc pack 112, in one
enbodi nent, z 5 includes a plurality of i i vi dual di scs which are nount ed
for co rotation about a central axis 115. Each disc surface on which data
is stored has an associ ated head gi nhal assenbly (HGA) 116 which is nounted
to an actuator addiBREMPTPIExipatepidier dataheads oFurthg, highbandvidtisenhl y shown
in FIG1 is of t 4 -AS [ i i3] tor and

i ncl udes a voi cegg?)llh}g%ﬁ\é?ﬁ%\g‘gg Elrg\%:\llﬁllr rélerﬁgér%%]&ytﬁg?hﬁgf\&%#ge coil notor -
220 rotates a tuaiteaticss&iping ot dtheniihterfeteicamttadiven tbkd\so ihtdifeadoatith a pi vot
axis 121 to position HGAs 116 gver desired data tracks on the associ ated

di sc surfaces, ubRfposiieningafsdpcest datadianic circuitry housed within disc

drive 110. 25.More spgglf : . . i about axis
121 to rotat eshead gi nba Oggiég%ﬁsﬁg%&%}’?héenergl%rg/{pléﬁglﬁgé%%garlc 119 which
causes each head difcrdtatinessepin fgedlatkicontrel gosohdtortéaweveny a ausibet ofed 2 3
J UL 2003 WO 00/511 23 PCTNS99/ 31240 -qg one of the tracks on the surfaces
of discs in di scPpAtk™Mspoese mglyes whep atampHnste gRPlerenk & diseTster on t he

i nner most 1 adi us g (s bRE KRS a likb BPoRt diBRaIR R basH ¥aisPlrivBeFa SCs.
Each head gi nbal assénbly 136 ha oa gilﬁgal ‘%ﬁl h rsessi I'i entlynsupports a
slider relative txampleptie copgutation ¢tapiabiity peowtedierdigital digridl ow t he

t opography of the disc. The_slider, ip turn, .includes transducer which is
utilized for '8nc86‘?9€§5qrﬁ1_""g‘?%f‘%ﬁePé‘f{fgﬁ‘aagls? A pveraly gutnimitedgnet i -
disc drive) on, &ang heasdhgmbef of d'i?x%ﬂi@&ht_(i?sugs., Thé 8¥%e 58 RLdkSYs from the
surface of the disc over which it Ts flying. FIG 2 is a perspective view
of actuator assemdgistersli8 a digitalaigmal pexessok yarl b8quite limitedd#éhepase porti on
122, a plurality_of, _actuator. ar 26, lurality..of | oad, beans.128, and a
i ural i by of heaegpiime et dhe Bybi kil 38 EPIRIEE "2 bor e
which is, in oner@nm@@'ffmmned@&apla]edlaheﬁsﬁia{@xaéedrmue@mtry@bmﬂ axis 121.
Actuator arms 126 extend from base portion 1Z2 and are each coupled to the
first end of 1&it FReistersenshe diggak signal pyoessears Thes, overdew peeseBts 228 each have
a second end whi ¢ je -ltﬂgfl ' gdlsqi 3
illustrates a grglg?}fi/cagn afigegc}k\%dgi\llv o’q%%é&g tgg?ﬁrrg tdyo@r a é:acf@gafsnbal
assenbly 116. Heacligisnthameassgoipacitylin 4 digitdtdgna)iprbadssck38n milkiesbrmkas a
pair of struts 132 and 134€, and thi nbal bond tongue 20 136, Head gi nbal
assenbl y 116 al sBATHE FAlgeations ighlyimprasich saglyafratp e numprle 140 a~ ~d
an air bearing S%l@ﬁﬁﬁoﬁé‘%bicﬁrﬁﬁhﬁ@écﬁEﬁr&éé. A&, sslathn9nnaugikal | i ng (near
right) edge of the bottomof slider "138. The particular attachnment between
slider 138 agel gkighal prod8&sors ase fivepposhedodesscanyThies impdmentinga. Bri ef | y,

in one enbodi ment{,; a gonpliant sheer 25.l.ayer is coupled between the upper
U face 140 of s lPeRAHeSeTEF 3 andn 2 difiFal SiEnat PTRRRT s EBgue 136,
wi th an adhesi veinhRteAMPLHARL qaRe@ZatioA)eForb &l ALdrivehBbAAIDSP dadt eral notion
bet ween slider 138 and gi nbal

become appreciable rendering the control accuracy of the DSP in a servo

system in the disc drive impractical. -
25 The present invention addresses at least some of these or other

problems, and offers advantages over the prior art.



*2 3 J UL 2003 WO 00151123 PCT/ US99r 31 240 - 10bond tongue 136. The conpli ant
sheer layer is illustratively a nylar filmhaving a thicknes f
approximately 150 mcrons. Also, ginbal bond tongue x36 tern‘?rgt‘-ew-alzngs
trailing edge of slider 138 with a nounting tab 146 which provides a
surface at which slider 138 is attached to ginbal s bond tongue 136. FIG 4
is a block diagramof a portion of a disc drive 110, which iTlustrates a
servo position control circuit in accordance with one enbodi nent of the
present invenWoowsiihe present invention can be inpl enent edPFHUE8Y em

W t hout m croactuators in which a single coarse actuator inplenents the
servo operations. However, the present desgription proceeds with respect to
a servo system which includes mcroactuators, which can also benefit from
the present invention. The portion of disc drive 110 which is illustrated
in FIG 4 includes actuator asgIMMWARYOF THEINVENTION, m croactuators t s
associated wth each head ginbal assenbly (collectively referred to as

m croactuators 158), ph pd of Wplfwnhﬂa?éh%fﬁ%teﬂ%ﬂfﬂ’%E‘éﬂ/te?liﬂréﬂPcwt 162,

error detection c LRg

circuit 168, ser v%&%% ‘“%?4%?255@05’%?%&[]%%& ac'rcr)f)1 1%§§%Ba%a opti onal
m cr.oact uat or conir atilsedtivg iddddeszbtddningen stableddbdedrlodpeprasdnitatitat ofat i vel y
a mcroprocessor or digital corrput er, or other suitable mcrocontroller,

and is coupl ed’ byt}kﬁﬁ§r‘1°l®r‘th€9 Igr e thesspryQanteatonnBrtNds Qﬂ‘rt?‘?éoﬁ’éﬁltl?rol | er

whi ch controls th r eSpindle 176
whi ch supports a gagéfé {i efd)%srg'cﬂ&g%zg %&gﬁggrée#ése?%? ®Each di sc
178 i s nounted fo&ozﬁmctlmrlsﬁresvuré bead¢al baded oh fhe adratidllen xtase ]mfurfdkt anhd ewe 11 5.
Each disk 178 has a first surface 180 and a ecovéi)osurface 182. Surfaces
180 and 182 i ncl uegvesHREslarizcontiguzedyin he DR} (psugrp dhesraied §99131 240
-11 tracks for reggidi ng and storing data in the formof, foi exanple, flux
reversals encoded on the tracks. As described wth respect to FIGS. 2 and
3, actuator assenbly IT& presérttdegeribivnds ploo tirected 28 a dligolvivieiwalgichhe plural ity

of actuator arns 122 5 Each of the actyator arns 126 is c g)gl ed to at
| east one of the M5HeBESRE C1e9gtrollgLePup 2)SPEVO PCURigr Hse h support one

of the head gi ﬂbakoﬂ%aﬁgpgetagnéx%@f &La%woea@tda@oﬂﬁe sé}voaéem%u@pfsr espondi ng
di sc surfaces 180 or for accessing data wthin the tracks on the disc
surface. In one ikonfigured iih saleddoneolisr statet sgilebbidsed vpenipbyncadse i ncl udes

t | t t t 15 th t d t he
head gi moal - assenbFHEa T 73 LPETIoSoD T BRLPE & B araT g ot

di fferent tragks, ﬂmeek;(sgchytgr It should again be noted that m croactuators
need not be used to obtain benefits fromthe present invention. As
illustrated in FIG 4, Thase rodotheitbspeficiddeatyresiob thy preferd dnvantionywidk or ar ns

gi nbal 130 and- asCeorm B et TR g e e W IR e T The

m croact uat ors | S58xplamatiomsf or ned of PZT material, electrostatic materi al
arranged to deflect accordin caaC| t| ve, fl ul d| C..El.ectromagnetic,
magnet ostatic, or thernall y-g- RE DESERIPHQ NESi ve control | er
112 typi cal | y 5 ecei vespa ¢ OREHIes] 802k:ibE ﬂmc@om%te S G b feng cat es
that a certain portion of one or nore o? discs 178 are to be accessed. In
response to the coﬁﬁnrpdeﬁngnwlentxd:nl ve controller 166 provides servo control

processor 170 with a pQsi n (or reference whi ch i ndi cates a
particul ar cylinder ov@% é/ﬁ‘ wyrases %‘&C&&fe?aﬁ)a%ebﬁﬁwﬁ% ance WEhone; ¢ on head

gi mbal assenbl i esedbBdimh ¥ tw}gi&jt iRGeasor 170 converts the position

signal into an anal og signa Is anplified by power anplifier 172 and
is provided to the voiH6&.3ilhgst@ites d hdad30®alBs@dblylih28cd@INSO@itBIize0 - 12

coil notor in_actuator, asse In response to the anal og position
signal, actuatdr S’é“i’@ﬂﬁ“e}?‘t?gg‘%%??’]tbrh"senl M89d beans 128 and their associ at ed

head gimbal assenbl i espi&le iy BlocR difpzhmn&H aPOrtiBHISE the disc drive in

accordance with one embodiment of the present invention.

5
]
H



"The head gi nbal assenblies 116 generate a read signal containing 5 data
from enbedded servo position data which is stored on a sel ect%@ pﬂljl_l BBOBf
each track of the disc to be read, as well as normal data to be accessed
fromthe selected portion of the disc to be read. The read signal is
provided to preanplifier 160 which anplifies the read signal -and provides
it to data and clock recovery circuit 162. Data and clock t o recovery
circuit 162 repQyenss data fromthe read signal, which is ercodgshmnd he

di sc surface when the data is witten to the disc surface, in a known
manner. O course, data and cl ock recover_ﬁ_ci rcuit 162 can be a parti al
response nmaxi mum | i kel i hood (PRWM.) channel’, or another suitable type of
read channel. t 5 Once the data is recovered, it is provided to error
detection circuit 164 i.ch tects whether an rrors have occurred in the
data read back fromt 'é’l‘%ﬁﬂgﬁgd\’/ﬁﬁrérl’?QEFWFB%%OgﬁS?ﬁPﬁB{‘HQ@fC“Eﬁ’Rors are
corrected by err gecod@iRethitlofd &bbdimbBfothe Préstat GRRhEBH! er 166, or a
conbi nati on of both, in a known nmanner. 20 Ddring head positioning, drive
control ler 166 provi dBK:. & ipasion diagmimpilastrating drevonstanetiasi ofgrsscassor | 70
causing actuator ass | y.,118. t o pasition head ginbal -assenblies 116 over a
sel ected cyli ndef‘?lifﬁrgig%gﬁfrb’t" %%&@8“%?0‘@#‘? PS%FW%@BP%* O?(SS e%ﬁ?seéﬁbedded
servo positiori nghvdnb¥g), a portion of each sector on the disc surfaces has
position information zs which is encoded thereon and which is read by the
data head and provi dellG.-#s abljisk dingramad acppresentation ofeelpeedlsnpr ol
processor 170. The pasitiani i nf.armation not only gives coarse position
information 2 3Y Byiteadﬁéﬂ%\ﬂisﬁﬁf%hzs PGT/ US99/ 31240 - 13 indicating the
particul ar track overrmiga¥afoe dadganti@iastratng theiiftplernbnialis® oPd Sarvges

tuni ng feedback to the servo control processor for better positioning.
Servo control preeeselar in 2@ligitad sigaak progeseorgpgiceqrdan¢awhemei on read from

the disc and positions the head ginba enblies 5 116 accordingly. In one
enbodi nment , i][I:)l) ﬁnlgﬁg%necl}é)ég%ﬂe rtegerns%Jreg%éfE'ed, servo control processor 170
is used to not onl yDETAILED DESCRIPEICHE OFILLASIR ANVEEMBODIMBNTS ) but it
is also used to control m.croactuators 158. | n another enbodi nent, a
separat e mi croact uat oFlG drit 7 laneriewy &f a syriea |disqdrere Kl Bisg &rive Bloact uat or
control lers) 174;aj r.o ng 1 RPL i@ dtre kb s 158 in
response to the pos‘ﬁ%gc?naé% %es?ﬁ’svlggnafsq*‘r om 8ri veépéon{g?%ﬁdggrwf% and al so
in response to thHewenheddetdsqudahp ildvh Dist packalli2pin oeeenbodimenhé di scs. In

order to wite inforpatiqQn to the di.scs,,.drive controller, 166 ~ 5 receives
not only the!f océﬁcﬁlfigﬁqutlﬁé‘tfﬂ IBFIH%.%I%HISLCB hygrerpapntsd fi Qe pack 112,
but al so recei vesothtién a6&uta cedahPaxif118 EAEH bise Burfddieor ARAH fita ishf Or mat i on

is provided to servo control processor 170 (and optionally m croactuator
controller(s) T FWyechbasearr asbediatnd bead gimetial nsseoddy G )36 mihidvist he dat a

heads relative to th orrespondi ng dj ur f.aces. N, drive zo
control ler 166 pfrg’%ng‘?e{tota}?ea‘%ﬁqﬁr 3 erB@%J?t“% gf?c?%w&;?g' EBRATETShi ng
circuitry 168, whisehblPsKoWmidFIGY il Gesf thé Bipel koW Ed 4 fftadi matingebfiut 169 to

the particular transducers on the head ginbal assenblies 116 so that the
data can be @it pe&Ha0s anf éndindes asypigeodgnoton (RCMh shawmesenerally ah 1ghe

enbodi ment, mcr %&E%ﬁﬁ%cﬁol?ﬁh@?ﬁ\(@s aaﬂa@é‘g%g%g@;ﬁ'Bq”itﬁ%‘ég%ﬁ?ﬁi S in excess

of the worst case nechanical ‘'msalignmen any e head
assenblies 116 sHGAY 1 Rhboyt aivedhgis 125 Repdditiorl HE Ad Tl 6anvet Hediredndzadi ment ,
each m croactuator 158 has a range of notion 2 3 J UL 2003 WO 00151123
PGT/ US99/ 31240 - Fackgnrcthejagsqcipteddiss suréacey, yidey thacoptipl pf elgettpPiay be in
excess of a plurgallt f i . , In one enbodi nent, the read
channel provi dedﬁ#&#%y%gué%f%h%%&{'%yc ﬁl:')n t he enbodi nent shown in FIG 4
includes preasp 160, Nrtaspiticallpektiaeteainybleills pitots GEownrdisdll &b '
detection 5 circuit 164) is_capable of receiving a plurality. of

si mul t aneous andr{jatedierd gimhelkassqrghlios 410 aeneselbe a9 g arndkeWhitha signals in
paral l el , and pr oyj.di t a RV troller
166 in parallel 91‘95?% ep,ﬂgﬁ]gtgﬁgélg%%%@?%?%?g%%ég% |?‘?%r?ic%5ﬁ%§lr cuitry
168 is also suitable for providing a plurality of simultaneous and parall el
wite o signals to the data heads to execute a sinmultaneous and parall el
wite operation. Further, in one enbodi nent, servo controller processor 170
and optional mcroactuator controllers) 174 are suitable for sinmultaneously
provi di ng positioning signals to mcroactuators 158 to simultaneously
position all, or at least a plurality of, the mcroactuators ~ 5 so that a
plurality of heads can be sinultaneously aligned with tracks on a plurality
of disc surfaces in disc pack 112. While mcroactuators need not be used
with the present invention, with this arrangenent, a nunber of advantages

)




23 J UL 2003 WO 00/511 23 PCT/ US99Il 31240 -15- ' art, in a far superior
fashion to sinply using the voice coil nmotor for track follo . r ,
since in one enbodi nent, each m croactuator has a range of ny)z:?%hj%l ggags
in excess of a plurality of data tracks, the s mcroactuators, thenselves,
can be used to execute short seek operations (seek operations which seek to
a track within the range of notion of the microactuator). This minimnzes
the excitation of structural nodes in the disc drives and enabl es hi%her
bandwi dt h ser Y@ @Gadol during the short seeks. o M croact uBFHVE?P8Hcan be
controlled in any of a nunber of ways in accordance with the present
invention. Far exanple, the voice coil not%r in a conventional disc drive
is controlled by a servo controller which is a single input/singe output
(SISO system The input is the head position neasurenent taken fromthe
enmbedded servo dadr ofaRéltracks onfthe Surffeus of diptsdaldise ghckvids. HEBAYvIEC@&nCOI |
nmot or through the power anplifier 172. However, in_controlling
ni cr oact uat ors 15% mpyed Semirrcks tingen Hesnperrpest fadiugrtedeacks HADSARI on nust

have nultiple in iRl Pt 'giglﬂg ' ead
positions read frp%%n%gﬁéggé)gﬁg%fegﬁg%g&i ??P%’rlﬁgﬂ n O%S%Q%kﬁgﬁléﬁgsﬁeads are
flying, and may Zgintab@hibiresiBentlysuppos ddidértrelativlead ialeadbedrh sotisatof one
or nore of the mcroactuators, relative to the voice coil notor (or coarse
actuator). The miheshder candéglioms thetepegraphnef bgidisa sThaslider.dnitw@, t he singl e

coarse positioner, : 1 nti al
pr obl em whi ch pre@gﬁ%@?&ggﬁc&cto t%él%{#tggszgﬁt}gﬁ?%dgﬁﬁrgg{xﬁ%%oq ﬁu%%gh a
plurality of datahbemlersalsén 8 nmaghttindistidtiye)uas ahd eealing Snfohahtidhee.g.,
positioning of one data head can be affecbeg, by the_sinultaneous

posi tioni ng of adiwciENersal) BewxineshEac Hdhe disc QvREYaNCch itisklying. FIG- 2003 wWo

00751123 PCt NS99/ ig %%:é%géérﬁe"\lji&b &M%@B&eﬁfr&g 119 AYa R RS0 gﬁi?éhe

structural nodes ve and cause vi ion or other i1nt erence
whi ch can i nt &r f eéneuded bast ipertjzosi2Rj oplundg it fof acuateratmddlé, spladdity Bius, in

one enbodi nent of t resent | nvention, the servo control _prqocessor 170 or
m croactuator 5 éB#Eﬁﬁ%f@)aT%ﬁpﬁ‘&l&Mﬁthﬁngﬁéﬁﬁﬁiféﬁ@ms 18?' g?"f?er dat a
heads on act uat or, A55F ) i!ﬁclja%lgsa%v@lﬁiEﬁf%%@eﬁiﬁo&&éiﬁ?cd%;ﬂd}oQbser ver
based servo controller inplenented as either a SISO controlfFer (with no

m croact uat or) orpizotyl iMovemettrablohbaxi§ W1t MAgtizhooauhs d2eeNtend\hothbase
arrangenment is to_ lg | ude a si.ngl e, serv ontral l.er.including a M MO
servo controller RQ@P@E@%@%@&@%{‘%}“@H a° tgf §ﬁ5 Iengro(gc?étggro?ne(?f > The DSP
has inputs ingi cabhdBedrh€128cadaf®sdrhé TI8 Akh Bacha Beamhd didewhghati ve position
of each m croactuator and the reference _signal fromeither the host

controller, or f r@#p{eﬁéoeif@edaim‘aaéaé%mhlbil r 166. ~5 .-FIG 5 illustrates
an embodi ment in whi chysey; s&&m;g%ﬁaggﬁﬁ L0000 dhES fEhvaE "

controller 174 are co |'ne¥1’8| nto s Si n%%?{ewser Vo cont ro‘#q
i mpl ement ed as a HoGR glifiBal aXzhtlP Q16. ddeddvgisntas assembly A6 hcbudesfoimbalce si gnal

265 fromthe host system or disc drive controller 166, along with head
position signal s ¥8rwhishhagp paief pautgd32and (3 and@ simbahbard RNEMSI ch i s

| ndi cative of,f h%@??{?&?ﬂ?@a@ a6 alé@inQiﬂd%Qtsli&EPfﬁsQﬁc&?%g%ﬁ provi ded

to voice coil notor drives actuator asse E- bl ock)
118. FIG 5 al so uppenstnfatedd40 ahdtn BisPeddfg purfadedd?. Juanmducaisddbbese t 0 all of

the m croactuators 158 (m croactuator, O mcroactuator N, . al represent ed
by designati on ndpgated en i@'@‘lmniﬁlr}g}@s‘*%ﬁItg%i{"_?%‘_”&ﬁfgj_ﬂflﬁ”rfﬁs ly 118.
The inputs to DSR al-t%hlié’xj Sachiat betvbetdgidieass 919&%1125! B0 Bmplithéd om t he

rel evant heads, as well as relative position sig 179 of eacCh of the
heads wi t h respedh ahp deiidd maruger] Biefly, 20 08e Wbodisedt23 coOpliagosigep40 - 17

173. Each of the _m croact ors i s,shown coypl ed t he 181.. Al so, each
o e D At AT s Sl ervea e bt Sr a0 B et WEg3' whi oh

senses the rel aligenBos diirPl Rind Bl RO Rineslvel Ae\Brdishfie voi ce
coil notor (or actuator @ssenbly 118). The relative position sensor

sheer layer permits relative lateral motion between slider 138 and gimbal



© 5 183 can incl ude any suitable sensor, such as a capacitive N$O\ y
ot her suitable type of position sensor. Thus, it can be seea'ifhszszU?go

provi des the coarse positioning signal to voice coil notor 173 for
positioning the entire actuator assenbly 118. DSP 190 al so provides the
fine positioning signals to mcroactuators 158. |In one enbodi-nent, DSP 190
not only takes into account the head position and rel ative position

associ ated wth eac? head, but also takes into account noveEpRiedfiz4d] acent
or proxi mat e WeYP&%i . e., it takes into account cr oss-coupling of the
heads) when providing the m croactuator output for each m croactuator
associ ated with each head. In this way, <105 pSP 190 accounts for structural
node excitation when positioning each of the individual heads. Al so, in one
enbodi nent, DSP 190 controls to provide disturbance rejection, to account
for runout, to proaddengestissihesompliaat ohees layep inillustmtively pratarddmoi se
imunity. The DSP_190_ i,.l,ustrated in. Fl il rativel ies either
a 20 PID or PlD%baB’é‘é% RS é*és’e%‘t%ﬁpgrS’ﬂ“t‘%‘%P’oTr%oéJ“ﬁ%%%] ?‘t%%sg'éx%?qgg%rg?t hm FIG 6
(e.g., blocks 19¥ng99)36 tErrﬁinfai:@Wtditﬁlﬁx&%‘r‘edlgé ofslidlat 138gvieha m@ddtirng tab
accordance with the present invention of deve] oping the servo control
system i n whi ch 1¥8pvhigh pravidess WF@HW&C@IW&E@& B adlached gmbaln  Each
block in FIG, 6 w4 i-efly discussed as an overview, and the 25
portions of tsheﬁrgg‘t t(c))ggué){d%system pertinent to the present invention wll
then be di scussed i n RiGepisarbloed diagram oPa podtidsh &f 20i63dMee T, i3

PCT/ US99I1 31240 -18 A nom nal nodel is first constructed which is primarily
a set of differdhustraterqtrive pasitiongongekerquiidnageordanqecvith ane dynanmi cs of

t he disc drive. | S1:1.5.] Ol ; 192 in FIG 6. In constructing
t he nom nal mde&%ﬁ@%ﬁg@bggﬁgﬂgév?}sﬁ? Tustratively known about the s
drive dynam cs. Thi s Thegusedpimvenagomeambé ahplethensddnin aetypten vathoneasur ed

data. This type of information.is used to define paranmeters in the system
model , and af1 JPTPREIAAESR HETOHSING ‘E?é‘rﬁf_saéﬂlatt%‘p%"ﬂﬁg‘f‘?’ﬂfétth%s%‘ae! from:
the first pri nC'(ﬁJe‘?&ic(r@.r HbWdver At b?éseﬁﬂ%@kﬁgﬁéﬂ prodedds with el bl Nty

description is constructed for the disc driv 10 This is i1 I'lustrated by
bl ock 194 in Fl Gert sybheen whidv ingiudey mdeseactuptdrsrwhish can also bendfit &toyn desi gned
to capture the d

i ve behavi or, ong with variati ., ,assocj.ated with a
| ar ge nunber of 1oF PURER TPy, Ha Rorfion  EEre e AR BALFIERRDL r ot ed
in block 192. Papfrat;nBieRdabh&thiot @8scRhbly 188 3Usd S4an e, thitedhelfbisi | €d. This
is ~5indicated by block 196 in FIG 6. Such objectives are provided to

ensure that Ihe asefédted svidhoraghead gimbalasesmblyi(erjlectiyrly cefamreddo as | v
avail able, tools_to optim and finali d I of the. trol
al gorithm whi ch r{:ué:goaﬁg& ﬁt%ﬁé%ﬁ%@g }fqﬁléézl\%g’r(?a\é??ﬁ%?% \?\%{/escmé%r ecé‘[%ﬁ{} on the

di sc drive. The 16Rd& o detédiion citalit ded, ettiveldungroller 166 daatcedditioninigock 197 in
FIG 20 6. In short, the nodel constructed to this paoint_is a robust
control nodel WHEH1ES sergrontobprocesspsldth R ERTYIHIEL RS aRdt only a nodel

of the system dy&,ﬂ’ﬁﬁ"‘?ﬁmi{?&f‘?ﬁ°ywcﬁf’*ﬁ? y7@&nd noi se description as well.
e Idat1on proble

I n,general, the va is fornulated as a linear tine
invariant sy®tem w t DrivgraonbolladBd is iliusttatively ammiczopmicedsyr andigitsl

Val 1 dat 1 on-pr obIGTATEE EOREE HUHRS THRRPATECHH HeOSPROTardl B as
(err)-analysis gngehst 8fdidifl oRAAbMS 8ridE BoRELIQ WEREh tonl6k B bl & her the
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



"2 3J UL 2003 W 00151123 PCT/ US99/ 31240 -19 nodel is consistent with e
data and whether the controller is consistent with the nodel Zla r@UILyZ
nodel is optim zed using comrercially avail able optim zation software.
Al gorithnms for conputing (err) and optim zation are avail able under the
commerci al designati on MATLAB (err)-Analysis and Synthesis Tgol box. This is
i ndicated by block 198 in FIG 6. The present invention is directed
primarily to inplenenting the controller in a digital signal processor.
| mpl ement at i orvOPYsAE t ype of discrete-tine filter (such as F&T&BP¥IEY%: | ne
control system in a closed-loop ~0 on a fixed-point processor or DSP
requires efficient conversion of a floatingipoint description of the
control systeminto a fixed point description. A significant problem which
nmust be addressed is maintaining adequate resolution in the arithmetic to
prevent quanti zat 't&@k@fcfr%c%ixfiﬁ%ﬂh@;@{d?ﬁ\gdHtéﬁ?ﬂ'\@?&m%‘h‘&‘-’exb dimg the
resolution ~5 to mnimze conputational” requirenents. The present scaling
al gorithmis usedrecrsaippmoded bp theplacksent at i on of a general |inear

di screte-tine state spgce Sl $O.or..M M) ser troller on a fixed=point
DS 11 & di sc drive. TS SSTSEECER EOPRR TGS AR 8l derT 1R hen
previous scaling ah@addstHass poridnSI22RuppoitiipsBe pRiraltylof abrubhR arms 126.
above-identified patent appf)i cations, and allows inplenentation on a

fi xed- poi nt DSP wiEeph petherchiatay armgr 26 recaqwplad towd leablyens aftthe lord bepmspr i or

algorithm the st s; of :  he V:Q tr e uc hat, under
t he worst case i n%gg {‘%ac{ lﬁeél rrészl(r:z\%’omctglglg’reg?l{' %al(r?ép o;éﬁénezﬁ%g% g?%ig\llfg’@? d not

overflow the inteapemblRyglE @ilseled irl FIG. 8patidvelcbaespohdirty d¥@surices 180 i Ng
does not take into consideration that the controller is part of a

cl osed-1 oop ser vo o5}82 fomaceesging Hatawithin thg sackegn theldisg qusface.dpone 2 3 J U
L 2003 WO 00151123, f¢:Thbe %r%lb%éﬁﬁl&t,— &dn gimbal assembly also includes at least one

10 microactuator 158 for positioning the transducers on the head gimbal

R

assemblies within a track, or on one of a plurality of different tracks, on
disc 178. It should again be noted that microactuators need not be used
to obtain benefits from the present invention. As illustrated in FIG. 4,
microactuators 158 can be provided on actuator arms 126, on load beams

15 128, on gimbals (or other flexures) 130, between gimbal 130 and
associated sliders, or at any other suitable location. The microactuators
158 can be formed of PZT material, electrostatic material arranged to
deflect accordingly, capacitive, fluidic, electromagnetic, magnetostatic, or
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



" signals to the controller that would not be present in a closed-I|oop
environnent. FIG 7 is a block diagramof a nodel of a cl osegéoo servo
systemin the disc drive. Mdel 200 includes summ ng node 20 B\}_ 2003
controll er nodel 204, disc drive nodel 206 and sunm ng node 208. '
represents a nodel of the disc drive nmechanics. K represents a rmdel of t he
servo controller. The input r, 210, represents the desired position of the

head, and PFS fjresents the cl osed-1oop position errorp~figos1hs" nal
di st ur bance 21&&%(¥£?epresent ed by d, and represents all of tﬁg exogenous

di sturbances acting on the disc drlve that result in position 1 o error.
The input to controller 204, u~, is genera%y 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 drlve 218 is represented by
yP, and is generalcfl mmgrm@smafmséﬁmblhém cadesponse tothearhlegpositivre

measurenment 220 iS.represente Fl Io dl LAagram whi ch
illustrates inpl er’?egﬁ} ﬁ&mﬁﬁ’é F%(%y?:f)grﬁ Jl-f loadée%@g Fite m)del of the
servo control | er %@sdocnaftécmﬁaalalglanbmassaﬁblﬁe 11epresedesited dyledecrete-tine

state-space format by the fol ng set of equations, or realizations: Eg.

(1) x~(k+1)=A~-x~ (k) +B~th¢ Rgachgimhg! assemb %@(ﬂﬁgenﬁm&wwmcmw is
the controller g E}\fer pﬁoeedQSd 88%%%&%& d%&%}ucthpgto\fed biy aEQE ggntroller

out put. Assune th I mensi SO rep reSents t he

nunber of control I;@m@taﬁmhnﬁbltaﬁthbag;ctclslbsﬁea’deaéwz:atas@ms:nalsdatmbse’att ed by
block 222 in FIG 8. 25 The disc drive nodel 206, fromFI G 7, can be
represented in di f€gessesliromdheselacke @P&?ﬁ%w%@?%aﬂoméwaﬁglm of

equations: Eq~ (3 3‘, W b% 0/ 51123 -21
PCTI US991 31240 Eq)ls?lp k%ljgf?- %@ﬁg{" Cha"&»ﬂer‘%tyel’egcpggn\{ggc drive (or
servo actuator) stmbeidesiPtd aatblaﬁddlcﬁkrdbvmqdmput162am:hta/£hdao&me di sc dive

output. Obtaining these realizations is indicated by block 224-in FIG 8. s
The cl osed-| 0df str&tWeBhHCEItd§azRPERE @W@?rﬁ.th@r%d@gﬁal WHichds encerey

derived fromthe %trﬂhsd%%g&ac%%%m@aaefmw&temetmghks%gggg% i\ disc drive

set out as equations 1 ove, using the followng fee equations: Eqg~
(5) uwr -Y~ r-(YP+d&notwnométher( 6f cosg; data ahdeclodsiecovery aiicoitad2 taodp]aa

ot TERE L R T e S 00
x (k) + P ~ P ~ PRitablPypeRdtReddh#RRD-T~1 ( () ( )) rk-dk BP D~ ~I + DP
O-) . ds 15 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.
20 During head positioning, drive controller 166 provides a position
signal to servo control processor 170 causing actuator assemoly 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
25 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



"Eq. (8) Y~,(Kk)=~(I+DPD~r'DPC~ (I-rDPD~~""CP x (k~ + p( ) ~(I+DPD~) -
(1+DpD~r~ r(k) d (k) Qotaining the closed-loop realizati OnsszgteﬂjL ﬁhﬁ
bl ock 226 in 20 FIG 8. WO 00/ 51 123 PCT/ US99/ 31240 The

of the closed-1oop systemcan be bounded under worst-case assunptions on

t he exogenous |

nput signals r and d, as follows: Eg- (9)

X r(k)=~dx(~)'~"~Aa' n~B'rUa~m~ 5 r~=0 where Egq. (10) x° r(k)— x (k) xp(k)

lo Eq. (Il) zr

‘r(k)=r(k)-d(k) Eq. (12) A~ - B (I +DP D

- B
~| + DP D )-wo®05I2% ~ r= Bp (1+D Dpr' C~ Ao- BpD~(| +DpD ~' ")@%9’3’(21"3) B

~ +DpD )-'

by block 228 in )~IG S. 2 3 J UL 2003180 00151123 ' PCT/ US99/ 31240 _23_

From the equat

Br BPD- (1 + DP D~ )-' (Cbtaining the bound is indicated

i on governing state evolution of the closed-loop system a

bound on the states can be determ ned given a bound on the exogenous

I nputs, as indi

assuned that the initia

CajRficdih Fbi‘l@ plirtiédQr tAckbiar vPhich ke @A Bead is ﬂytin%/iid dlsde

state of the controller is equal to when 5

conputi ng these bprevddes tHgingfeedback tq theservo control processor for better

20

25

positioning. Servo control processor 170 reacts to the position
information read from the disc and positions the head gimbal assemblies
116 accordingly.

In one embodiment, in which microactuators are used, 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
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
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
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
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

by

PRIV > 4N



" max~X~~ k~=~~ry~mr~~~r Brltlrl mn~=0 Eq. (15) r-~n. ~ ~I A-r B~rtia (m~

m-0 10 Eq. (16) mr0 Egq. (1~ ~u ~ O<< 15 The Q- -e~ induced 2(3 %Q]Legggggus

is given by the ~~ norm of the closed-loop transfer functio

di sturbance, r~k~ - d {k), to state x<< (k~ The Q- normis easily

conput abl e given the closed-loop matrices "~~~ and B~,. .L~s:ormis a

wor st case bound on the | argest state of A~~ and B~, (k~. fat is desired,
instead, is tﬂgowlg case bound on 20 each indi v~dUal st at epcfusosiesn

Recall that the tirst Nelenents of x<<(k) 2 3J UL 2003 WO 00!51173 -24
PCT/ US991 31240 axe the Ncontroller states f ~k} . Fromthe previous
equation, the bounds on the controller sta 463, X~ ~k~~ can be cal cul ated as
follows: Eq. (18) x-i tV ~l r dIl ~lim~ A~ -J-mBcll x.-~o0y=0 s Eq. (19)
~V a the i conponent, of .the vector ~ ~i = ... NASso, it should he noted
that the linit in”@aﬁhisi‘ﬁﬁéce’f%o %E@ki‘%‘dé‘ﬂré"é‘df‘%éhe st AR he

cl osed-1 oop syst egy b3S hadhs- Agﬁmﬂoﬁe@nmm,ﬁt,%féaacﬁaﬁsag@g\%%wn, the
controll er states, x~fk), can be resealed. This is indicate y bl ock 232
in FIG 8. The st dissirard1f¢whmhednl theoergbrdisnentshavwmain it dringloded case

exogenous inputs, the s s, . of the.controller . bopnded, by pagnitude 1.
This scaling is gP\rl%ai’inlbél&E'ﬁlétafaé’Idlcg 'lﬁfg‘jc?:l’ieé}f;Sﬁ?i‘f‘?i%aﬁr}éy?rf%@%? ion: z 3
~ a ~ 2003 WO QOI 54281645 Eabledyectiving a plurality B EirnultahddBslanBCTNS99/ 31240
Using this state transformation, the new state controller realization is

given by: 5 Eq. ( pgyaldea;ta‘sjgnEhf_an(igz))cessing those data signals in parallel, and

providing them to the host system, and/ or drive controller 166 in
parallel. Further, in one embodiment, data conditioning circuitry 168 is
also suitable for providing a plurality of simultaneous and parallel write

10  signals to the data heads to execute a simultaneous and parallél write
operation. Further, in one embodiment, 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 inerease 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



X~(k+1~=TA~T~" Xx~(k~+TB~u~(k~ Eq. (23) to y~(k)=C-T-' x~(k)+D~u~tk) Eq.
(24) max~X~~k~ =ll1 X~"~< 15 This new reali zation can be i npl gngnntﬂf 80@ DSP
using fractional binary arithnetic, as indicated by bl ock 284¥i .
Furthernore, this realization is guaranteed to not,overflowif the e~ norm
of the exogenous disturbances, ~~r dl! , is less than the disturbance |evel
used to construct the state transformation from 20 above. "~ ~. 3 J UL
~u~3 WD 00151123 PCTI US99/ 31240 -26 It should also be noted that this

met hod of scalwmgysifze controller. states is not conservativECTEREAAHA
easily construct a disturbance whose . emnormis slightly larger than that
used to construct the state transformationis-Such a di sturbance signal woul d
cause the states to s overflow. Thus, the present technique is the |east
conservative state realization for a discrete-tine controller that is

guarant eed to not AVRY{ {20 ¥hpRlordaghidet sikiply BHRE Ithd PeicElLSil Hidweree | evel . It
shoul d al so be noted that the scaling technique of the present invéention

can be used regar tlagk lbiwingre net hod used to design the controller and

regardl ess of 1 o whether, microactuator,s are used. . In accordance with
once aspect of the pre 'é‘ﬁlileri?‘W‘éﬁﬁlf‘iodlr?,er%borcr@?‘ﬁgge?%‘%’i’%\?‘i’%ﬂ“’fé‘?’s?Fﬂﬂggrrenti ng

or configuring a gPARtcRINAREh isGh 8%t 6f 4 pRBalBgTOfAatPhél@! fHRr In a
fi xed-point digital signal processor (DSP) for controlling a servo actuator

206 in a di sc Ari wdcrbactuamns themsedees ersl heoesed Yo exetitte sharhseek opestifans

act uat or 206, Con B PEFoLpa hishsRgk tEn ERRLMART e ol BEMES, (s

the servo control hgtrodBhatthp T8 Slinintiecs the eRditdtivndf dkuetursl ras8ek-ihaRe
representation. The controller states are scaled based on the controller

stat e bounds. Thedisedrivesand eratles higherchandingdiheservesertgolduringthe shertal ed
controller states,__jin a DSP. In one illustrative enbodi nent, obtaining the
cl osed-1 oop nodel “i's perforned by obtaining a state-space realization for
the servo contipol | er 2Rfcrogdttidtor 158 canbeabRtrepal i Argodf Z@imber dfavayishe servo

actuator 206, and obtaining the closed-]oop state-space realization based

on the 25 stat e- sfFhROFdAE wathi thA Presgpt yentien ipreaample the voigacathd t he

servo actuator 208,,tor in a conventional disc drive is controlled by a servo controller
which is a single input/singe output (SISO) system. The input is the
head position measurement taken from the embedded servo data, and

15 the output typically drives the voice coil motor through the power
amplifier 172. However, in controlling microactuators 158, the servo
control system of the present 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.



©z 3 ~ mzo~3 WO 00/51123 PCf/US99/ 31240 -27 I n another aspect of the

present invention, determning the controller state bounds i ﬁermmy
obtaining a state evolution for a closed | oop system i ncl udi ig t~b|

controller 204 and the servo actuator 206 based on the stable, closed |oop
nodel, and determ ning a 5 worst case bound on the state evolution for the
cl osed | oop system 200. Scaling can al so be perforned by usimg a di agonal
matrix state transformation. The controller can be inplenmented on the DSP
usi ng fracti o¥P¥sBizary fornmat. The present invention al so F&APSlde a
disc drive 110 with a data 10 transducer and a disc 112 having a disc
surface, rotatable relative to the data tslénsducer. A servo actuator 206 is
coupled to the data transducer to nove the data transducer relative to the
di sc surface 112. A servo controller 204 is coupled to the servo actuator

and control s act High®an&vidthgdRionhg@einaicne thinhtertimdesohdueidiven a
state evolution for a closed ~ 5 | oop system 200 including the servo

control I er 204 an@dicausesupiasioacr gshesinteprencs Whieh eaiatrrfrsawiththe state :
evolution is bas%%g%%nﬁw%@d?éc%g@fﬁa51‘3 4. “FdsOfA c;rrcére RSR8&dnL00p system

Thi s state-space Ization’1s also I'fTustratively based on i'ndi vi dual

stat e- space real ipzedenbiitvenfion, the s&wueoR@olmotessbt BI0 ciidiceomdtdaeer servo
actuator 206. In another illustrative enbodi nent, the servo actuator 206
i ncl udes a codr s €OREPLRHDA74 2aroyRAkiosthe MevemsREoLRthedate heador 59- 161. The

servo controller 204.is  this,q18ul tiple input multiple output controller
190. 25 Althoughatﬁle prééent yi nvention has been described with reference to

preferred enbodi nent s Oneariepemekt isitedse a PIDebservembdskd s@vogohzelldrhat c 3
J UL 2003 WO 00/5117Z3 PCTNS99I 31240 -28 changes may .be nmade in form and
detail without déPRIGMeRSed popifhere AP crntrg %r@\etsa‘p'eo BECTOARURtRDATE on. 2 3

~ UL 2003 MIMO controller (with microactuator). Another arrangementis to

10 include a single servo controller including a MIMO servo controller -
implemented as a digital signal processor (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



" -29 WHAT |5 CLAIMED I'S: 1. A nethod of configuring a discrete-tinme servo
controller in a fixed-point digital signal processor (DSP) for cont é i ng
a servo actuator in a disc drive, the nmethod conpri sing st ﬁﬁ é
calculating controller state bounds on controller states of the servo
controller froma stable, closed-lIoop nodel representation of the servo
controller and the servo actuator by determ ning a worst cas€e bound on a
state evolution for a closed | oop systemincluding the servo 1o controller
and the servovwaséosaiar based on the stable, closed | oop represwstsaizaon; (b)
scaling the controller states based on the controller state bounds; and (c)
configuring the servo controller, based onyihe scaled controller 15 states,
on the DSP. 2. The nethod of claim 1 wherein the calculating step (a)
conprises a step of: (a)(1l) based on a state-space realization far the
servo controller d , 0 at e- space
2D realization. 4%Tr%bﬁn3€ﬁg§ﬂlc?&§v§%tﬁfs ° %ﬁ’ﬁ?ﬁ‘g@ﬁ%?&s%g%@ﬁs&é% (-
conprises a step en‘choaﬂmxyﬁdﬂgaauﬂbe@tmalnasscbmamdselaheepamﬂmfmnmlan ~ 3
J UL Q03 WD 00/51 t23 PGIIUS99/3 t 240 -30 5. The nethod of claiml
wherein the scal i Wictsepsepple (iR RVPIIGRINEIoPE ARttt EtR e and
wherei n the configye i SbeR (f)fgctﬁ%p bIF1 ) CHne fela R Rsbhe ser vo
controllers with a new contro realzatlon ?1 In a actlonal
bi nary format.s 6.18Bhanimitdeanyf smtaﬂ:lmehsubend\asakapamﬂveuémor ngast ep (a)
consi sts essenti al y of.: (a) 2) det.erm ni n?r Jiﬂ.{l\/vorst ase b&%ng gn @ state
evol ution for a cft §’éﬂ“¥aB y BR}IPAR PeRFCRg I Pt ttcan\s seghthabPPEA%nd the o
servo actuator b ForelsN 7. The
met hod of claim iﬁ%ﬁéﬁltﬁ@ﬁhazgﬁggﬁ%ﬁhggg%i é%eﬁéﬁlgﬁgﬁggzé’eﬁ?. ally of:
(b) (1) applying apmtagongthamnrenctsmmr@smndﬂyﬂw RGP A0 also pr@-ides the et hod

of claim1 wherein the.scalin i el ds new controll er

real i zati on, and g&?‘?e?%si’tho‘llﬂﬁs%‘ﬁ#s 8&&(‘%‘?@¥ Elg% consi sts essentially of:
configuring the servo Iﬁ%aé@mﬂo%mem ﬁ@Pal90?1Wt SHQttEPés ififo dcB&k{t4RE hofy on the
DSP in a fractional binary format. disc”drive, conprising: a data

transducer; a di S}msnﬁmvancbrﬁatd«ltsppsmm r&s@ecmhedmﬂam@l heetl dntitwadsottakdshe dat a

transd t uat the data t t t
dara 25 11 ancducdh BEATVBOY SRR Rt RE Ik B a LG  DeREND | or

coupled to the sefc¢dumGtesaicdiipRig of Bt Keakib) When pRovldiMdglth@Rdoactuator
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.



* -31 of the servo actuator, the servo controller being configured with
controller states, scaled based on bounds on a state evol LE?O@UEI’Z@QI3| osed
| oop systemincluding the servo controller and the servo actuator, the
bounds bei ng based on a stable, closed-1oop representation of the closed 5
| oop system 11. The disc drive of claim9 wherein the state_.evolution is
based on a state-space realization for the closed |loop system 12. The disc
drive of claim 1l wherein the state-space realizationis b
i ndi vi dual st¥Pd¥SPZte realizations of the servo controll erarscgﬂ’cfggmtzﬁoe servo
actuator. 23. The disc drive of claim12 wherein the servo controller is
configured with the scaled controller staflds in fractional binary fornat.
14. The disc drive of claim 13 wherein the servo controller conprises a
fi xed-point DSP. ~s 15. The disc drive of claim9 wherein the servo
actuator includes a coAmsming mededis fasicoasrided adtickaisgrimanmky awetobi n t he
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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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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
ailows 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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signais to the controller that would not be present in a closed-loop
environment. FIG. 7 is a block diagram of 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.
P represents 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
error. The input to controller 204, u., is generally the drive positién 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.

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) xe(k+1)=Acxe(k)+Beue(K)
Eq. (2) ye(k)=Coxc(k)+Deue(k)

where x. is the ccatroller state, uc is the controller input, and ycis
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. -

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, u; is the disc
drive input, and y; 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-yar=1-(yp+d)
10 Eq. (6) up=yc
The resulting closed-loop state-space equations are then given by:
Eq. (7)
[xc(k-k])J_l'A[ -B(1+D,D,y'D,C. -Bl(1+D,D.)'C, :'{xc(k)]

x,(k+1)] (+pD,Y'c. 4,-BD(1+D,D)'C, |%®)|"

B.(r+D,D.}
o e

P c(] DpDc)

Eq. (8)
y.®)=[(r+p,0,Y'D,C. (1+D,D.}'C, {x‘ ((’I‘c))] +

[(] +D,D, )-IDPDc (] +D,D, )-I {;((];c):l

Obtaining the closed-loop realizations is indicated by block 226 in
20 FIG.8.
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The state evolution of the closed-loop system can be bounded ‘

under worst-case assumptions on the exogenous input signals r and d, as

follows:

Eq. (9
k=
X (k) = Ac",x(O)+ Z A5"BU, (m)
5 m=0

where

Eq. (10)
x \k
SR el
10
Eq. (11)

(k)= r(k) - d(k)

Eq. (12)

¢l

[Ac -B(r+p,0,)'D,D, -B(I+ D,D.J'C, J

15 8,(1+p.D,}'c,  4,-8,D.(1+D,0,)'C,

Eq. (13)
5, =[ B(r+p,D.) J

B,D,(1+D,D,)

Obtaining the bound is indicated by block 228 in FIG. 8.
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10 10[ ddef gdgyhz]
5  computing these bounds.

Eq. (14)
mka)4xd (k1= xd Z A"""’ Btlutl (mj
m=0 I
Eq. (15)
k-1
= ZIA:I—I—’" Bclucl (mX
m=0
10
Eq. (16)
Sl
m=0
Eq. (17)
<|| 2Bl - a).
o

15 The o =%« induced norm of ** () is given by the 4, norm of the
closed-loop transfer function from exogenous disturbance, r (k)-d(k)’ to

state *ef (k). The & norm s easily computable given the closed-loop

A, and B

matrices <" This norm is a worst case bound on the Jargest state

of 4 and B, (k) What is desired, instead, is the wdrst 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:

el

5 Eq.(19)

H"é”» =y,;the i* i=..N

component of the vector V>

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)

[

xl

[4

L

2
x|

N~}
x

<] |

Using this state transformation, the new state controller

realization is given by:

Eq. (21)

;c( =Tx,
Eq. (22)
xc(k+1)= 74T xc(k)+ TB.u_(k)
Eg. (23)

Ye(k)= C.T7 x,(k)+ D.u, (k)

Eq. (24)
mflx[y?r (k) =]z..<

This new realization can be implemented on a DSP using

fractional binary arithmetic, as indicated by block 234 in FIG. 8.

Furthermore, this realization is guaranteed to not overflow if the ¢

r—d )
norm of the exogenous disturbances, ” ""‘ , 1s less than the

disturbance level used to construct the state transformation from ¥

above.

F

() - F MO%& ()-S "10%& ()= s 109 ()- FdE4/ 1010, FA10%& ()-
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It should also be noted that this method of scaling the controller
states is not conservative. One can easily construct a disturbance whose

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

transformation. Such a disturbance signal would cause the states to
5 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 regardless of
10 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

15  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 controller states are scaled based on the
controller state bounds. The servo controller is configured, based on the

20  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

25  state-space realizations for the servo controller 204 and the servo

actuator 206.
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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, a;d 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 servo 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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changes may be made in form and detail without departing from the

spirit and scope of the invention.
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29.

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:

5 (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 by determining a worst case bound on a state
evolution for a closed loop system including the servo

10 controller and the servo actuator based on the stable, closed
loop representation;

(b) scaling the controller states based on the controller state
) bounds; and
(c) configuring the servo controller, based on the scaled controller

15 states, on the DSP.

2. 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
20 realization.

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

step of:

applying a diagonal matrix state transformation.
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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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of the servo actuator, the servo controller being configured with
controller states, scaled based on bounds on a state evolution for a closed
loop system including the servo controller and the servo actuator, the
bounds being based on a stable, closed-loop representation of the closed
5 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
based on individual state-space realizations of the servo controller and
10 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
a fixed-point DSP.
is 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.



