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MAI NTAI NI NG SERVO STABI LI TY DURI NG ACTUATOR SATURATI ON EL F THE | NVENTI ON
/111 FI D O *cooool* _ The present invention is relateéd to disc drives. In
parti cul ar, whe/@B400r esent invention is related to servo syRITARSY/3MB2CKGROUND
OF THE INVENTION In a conmputer disc drive, data is stored on a conputer

disc in concentric tracks. In disc drivels with relatively high track
densities, a servo feedback loop is used to maintain a head over the
desired track 1o during read or wite o This is acconplished

utilizing prﬁr M TEO AP&ABAHJ%@MMWNQ SfERISI o di schor
SErfflgﬂﬁt piipmEon 2@%@&&&? W%ﬁi@ﬁ@%ﬁl&f@gﬁé&?e a pos ti on
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actuator control si gRalprestht filvehSon$£EbIdt0d G0 Midclrivdl. aat pratiolilat hak

positions the head. HiStorically, only one actuator, typically a voice coil
notor, was 6seg@ressnpisweniiomisiklatdtetacserResystemsy, nicro-actuators have been
bosi tion the head.  BecausePds RPEREICH THEINYINEEI ot uators general 1y
have a better frequaiaYeon§snenaasctdide, daea ¥btoted 0hl a EBIPhuter Gise Y&h, they
are better able to foll ow'high frequency control signals. Although the

m cr o- act uat or sorreniria tigeks: eln flise qlrisiee yitle selatively Zygh measkvdinsiiesoa| not ors,
they also have a noye Jimted.ran of __notjon. en _a mcro-actuat or
reaches the Ii rsﬁrtvoof%eclui’ascwrlgﬂ e 0 giam") frba%ta%nn%rhee}%{l\éeosv n ?%5315%‘1?1%5"‘% si gnal
to the nicrg- adubidgotediD diOtwriteSupératibnany THIY gs *dce8hplshed WRIIDAAS1401

PCT/ US99/ 30825 -2 %Dverrent of thebm' cro-actuator. Under these con%i tions,
the micro act uRresrcqrded gerva infprmation, eigherdon whdedieatad sporaadisaaaropn sat ur at es
the servo | oop Mo HdERb ARG YSRH5RY s o B muttEE HER BB e

M cro- act uat or serdeinforiteatiorC Edhsad thyatiey head g aleatoduldted a0 stethe entire
servo | oop to becone unstable. Second, the actuatqr contraoller

correspondi ng Pesitipg exios singd (R owhichmrexidey apipdigaiéen shihe distamcof past
state feedhack ' t LS 1t he_ position
set by thquonP ?%%grtwﬁ ﬁ%ﬂ %&gpfbﬁ%&&:‘é&%gﬁé‘?ﬁét %Q%g(?\)%‘rﬁecr)h%elbpcf%&no | onger
tied to the nouenetir odnttdlesigaald. whithsisdiusat apaneyrélnah hactpast thhat es
affects the performance of the controller even after the input to the
control | er dropgsifensihedeadi ue that woul d cause the nicro-actuator to
saturate. The errorfy; BYiPasd a&hats AhLealibRAPGHE SoirhE, as

w ndup. t 5 Prior aflf&g};%?%ﬁs%ve 3tterrp't B to9avoi5 i?\lsta%éap%s and

wi ndup by nodi iiyechty pdettigathrsheafl. Réventty cniraratiwatars havelbédneproposet coi |

nmot or controllers. Al though _ such stens | revent., m cro-actuat or
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because they mpiepd e HcshQ dRe) YA Ghall, 38h HESRORSLAMErs! RneRi Rlves] gnal s 20

that woul d not saturate the m<cro-actuator. Thus, a setvo systemis needed
t hat prevents béiter faequicy iresponsel thamtheupicessomatad As shchyithepagect uat or
saturation but, does _ not fect. the performance of the servo | oop when the
m cr o- act uat or Pitenakie P{]P‘é(tﬁ'@&l.‘ frf@‘?%lﬁmﬁé?om | NVENTI ON

Although the micro-actuators have a better frequency response

25  than voice coil motors, they also have a more limited range of motion.
When a micro-actuator reaches the limit of its range of motion, increases

in the control signal to the micro-actuator do not result in any more
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A nmethod and apparatus are provided for positioning a head over a disc in a
disc drive while maintaining servo |oop stability. WO 01/ 01401

PCT/ US99/ 30825 -3 The apparatus includes an actuator-head assenbly having a
| ar ge scal e w@owm#0dr and a m cro-actuator that are both abterngssssesye t he
head over the disc. An anti-w ndup conpensati on conponent detects when a

m cro-actuator controller is producing &-mcro-actuator control value 5
that will saturate the m cro-actuator. Using the mcro-actuator control

val ue, the anti-w ndu? conpensation conponent generates a saturation
tracking error MVgRENt of tharmerastyasneHnder dhese fepditionsa thsoBlienoon val ue
that the head Qifrﬂgtro?tﬁ?aia@ésgs&flr%t&? position over the disc with the
saturation tracking error signal 10 forma position error value that masts
| 0 the saturati on oWHehea Thizi®attthtoatsaturaldlliifa BESOROBE) NatkesTtdo DRAW NGS
FIG1 is a perspective view of a disc drive_ in which aspects of the present
i nvention nay BEohleraet Fizsl beqause the stabilityhefghr servageapiofesignedrbpsed oop of
the prior agt. 3 ] I Ve | ]

anti-w ndupgco%%gtr‘l{gﬁ%sgo%éf ?ﬁ%bgﬁgghﬁg{oﬁven{tﬁrﬁéﬁe r%gﬁ%éﬂga%roﬁph of the
transfer functsaraés, ihearsaiuge tid @itirogervatloop t&berore ufistable] Swedtidagr am of a
process for reducing windup in a 2o servo loop. FIG 6 is a graph of

posi tion err or thes agiuptpyc RO cArEaspppdingetor the Maickt-r@uator dypisaller vo | oop
of the prior aft I | LI O rQr L f.uncti.on of

di st urbance acg:né:fuedr%gt%:oonzneshggﬁogﬁ%gg \t/agg [f%gi%h%l#. ménpﬁgslg%fgﬁén@g%%ilgn. 25
DETAI LED DESCRuRABIONL Mhdweltol the popigioapechy e sorgpplief, the phsGtde stoeed 00 i n
whi ch the present invention is useful. Disc drive 100 I ncludes a housing
with a basd010n ghrjcontyghleyiis auutppgectirgdo /the gpevemens pf b dieadngkhis hown) .

D sc drive 100 ks ' ] ' on a
spi ndl eI \r/mt or fl %g{etplsa ﬁ%?qiﬁ%%g&dﬁ g%ls %?fgﬁgc%ég §fﬁrf£@h€)é;8{<ﬁlf8%#@%§@ﬁdes a
plurality of i adévafterathedirgas,towhe cdonadlemdroyselskléwra ealueahat iwenldbout

central axis 109. Each disc surface has an _gssociated 5 disc head slider
110 which is neAHfedBeHIAPAEN@N 0 3B e TEnFRIAISCRUSerh bt Rast 8Hde di sc
surface. In thg;e i€s SO R aEWsaddp. sl iders 110 are supported by
suspensi ons Z1 15\,\;%?75}1&3?% In tur?l attached to track accessing arnms 114 of
an actuatons116. ThRriacattasystensiicwe sttenfptéd td avasidahstabiityt ypkwindwy as a
rotary noving coil actuator and ipncludes a voice cpil motor 10 (VCM, shown
R IE B
general |y at 178 meGHHaeHe gty 1B BRGIUKOT,RR Y, L%V Oifq-EORTRPOT ¢ s
attached heads ut AiRbYSH Shaf byddst Ieloh hsads.dddopver a
cc;lr;ltgolgﬁl?g A h{t S Q%agf[) a 0

desired data trac ong an artuate pa 122 en a disc I nner dianeter
124 and a di scsatutaiorditleyeslso de2feaseiecwecall perfotmoance i the setvbeop by servo
el ectronics 13g based on sikgn | s ,generat ed b%/ heads, 110 and a .15 host
conput er (not ERGRAS hey maks the micypractuatay lesp eRPoRsiye &2 rontrelodign®dd2 that is
found in sgpvouglhrduiqRof Sathiile Ble G0 REARALAr T . Because the precise
structure of the servo loop is not significant to the present invention,
servo | oop 202 is sHuown a seryo siystpini isi magdedrthat Meyentsdhe linstability amd art wil |

appreciate t ha%virsl -ru\faoassociated with micro-actuator saturation but does not affect
the performance of the servo loop when the micro-actuator is not
saturated.
25 SUMMARY OF THE INVENTION
A method and apparatus are provided for positioning a

head over a disc in a disc drive while maintaining servo loop stability.



20 | oops are nore conplex than the sinple diagramof FIG 2. In FIG 2,
servo | oop 202 includes a sunm ng node 210 that receives a reference signal
(REF) indicating the desired position for a head on the disc. Sunm ng node
210 conbi neQAHOM0kf erence signal with a position val ue, XEIRSPHORShel ow,
to produce a position error signal that 25 is provided to a digital
controller 204. Digital controller 204 i#cludes a voice coil notor
controller 206 and a mcro-actuator controller 208 that each receive the

position error .§ignal. Base n the position erragr. signal WO Ql /01401
bGT! Usoo) 50825 THeaPRsreR Hapis i Sroatiiea Sied ol adwer aedlrgi t o
control val ue thafatbSaitd Q\hidesladtfatdr VRAICEe BOH abIR!tE meZ2tHehedl over

actuat or-head assenbly 214. Simlarly, mcro-actuator controller 208

gener ates a di ghe adisgofnr amti-ywandep t ¢teapansatiorowonwenent detectsr vdwot aat or 216
i n actuator-head. asset}lnb}ﬁ 214. .5 The c(gntrol val ues ca?use voilce coi |l notor
212 and ni cr o- ANETRRSHAST COPFONEY &5 PrAdyeang 2 UNS AT e YU YaHe of ¢ he

head over tRe dhsCwilbpatikite 4Aé h¥icrd-Reuiioy eMhilg @e hit@oaeaBdtdrScdtfolSum of
t he head novenent caused by the voice coil notor and the head novenent

caused by the rviabre the angmindumicpmpensationgoatfonent genaraies esatitrationy sumi ng
node 10 218 in FI se{vo patterns stor he disc,. .the head

2. Usi.n d on
generates an aﬁ%ﬂcgﬁ‘gs?rﬁ?f'aﬁlgﬁﬂat SHETMRE SRR %‘Fﬁﬁé’g‘ 1A PREUARAd to the
track center. Thaenat @ KoadpRhetates¥¥® bh & pobitiondvef Getdbc wit@nAL Wi thin
assenbly 214 and the digital signal, y, is fed back to summ ng node 210. 15
Summi ng node 2&eturhiéen tragking error sigaabiogiormia pesifiaal erreyalud that efaskence
signal to produce th osition.erro ignal (PES). The cl osed-|oop gain of
the servo |180p¥%?55ﬂ1%“%?‘?fstf‘%%‘%‘grroi'a&é“aa% % HZ - K—n, ~2)G.~", CZ) + Kp_~
(2)Gop:~ ~Z) EQ 1 |oop CBRIEFDESCRIPTION)¥ THEBRAWINGS ~Z) Gp:r CZ) where
H oop(z) is the closed-loop gain of the servo |oop, "Kvcm (z)" 20 and "Kpzt
(z)" are the di scref¥Gt] i@ perspretize viawef @ difs dsiveynivwhicl asnectsmfdhe
controller 206 _an ! - tor ntroller 208, respectively, and "Gvcm
(z)" and " Gpzt p?%%nman%gflﬁé%@éﬁs%r%rt%gh{eidhe transfer functions of voice coil
motor 212 and ni cr oFiGt2igtatlodkldiagrbine ofi edivd Iddp offthé PHosarvOo | 0op i's
determ ned by the denom nator 25 of Equation 1. Thus, the stability is
dependent dA the tr&Haf drisfatieskodiagramnpel @& ¢er¥o deppavih, anteyindyp)
During the desi ' : 01/ 01401 -6 PCT/ US99/ 30825
general ly assu%&ﬁé%ﬁifttgggg§$1 ﬁ%%%/(\lgén of the mcro-actuator will be
t he sane regardl essFit. #his angmiphudé thé trdrefarofitnctbnsofgtied sptrosticked to t he
m cro-actuator. However, the piezo-electric crystals that form nost
ni cr o- act uat or SP§FE%%st roke limted. As such, when the control signal

FIG. 5 is a flow diagram of a process for reducing windup in a

20  servo loop.
FIG. 6 is a graph of position error as a function of disturbance
accelerations for a servo loop of the prior art.
FIG. 7 is a graph of position error as a function of disturbance
accelerations for a servo loop of the present invention.
25 DETAILED DESCRIPTION
FIG. 1 is a perspective view of a disc drive 100 in which the present

invention is useful. Disc drive 100 includes a housing with a base 102 and



5 exceeds a threshold, the transfer function of the mcro-actuator suddenly
changes. Specifically, the'transfer function changes such that a further
increase in the nagnitude of the control signal does not cause the

nt cr oact uat Qfg hipregave. Wen a micro-actuator is driven beysddobSesadi ity
to respond, it is said to be in saturation. to Since the stability of the
servo loop is dependent on the transfer function of the mcro-actuator,
sudden changes in the mcro-actuator's transfer function can cause the
servo |l oop to becone unstable. Thus, when a m cro-actuator becones
saturated, theaaopicoees@iorehdwnp Dia deivedoe funkérdhtiaded s dist |dHil06,0n, the
control |l ers usual lg% i nclude state information such that the controllers are

af fected by thavhisRis gosmnged gr a spindlerpator & shaman by dicdampdfBat or does
not fully resp ' . ' - . . 1.4 4t he
controller is (riﬁc])gﬁ %%ééefr()%a{g@g?é%)éepy rtgﬁgdo ftlg&?h@%ib%ﬁ}t&%%?{ ’E‘gu %gd. As
such, the st at d6or ad-rdthgorcatdvt@ehiesl Héctive E2oh hbiisksadfadehasgn agbtiagid on. Even
after the mcro-actuator |eaves saturatiqn, the biased past states remain

in the contPol Ids head siderel 0iwich irgmaepigd t isg daive dBQ for kemparnieatitince of
the controll el willlife GAIMGHA00 1R RERBmbR! Sl il BGS MIRANPYRR SOl Ut on
to wndup is to design the mcro-actuatof controller 25 so at I't does not
drive the m cr guppbottéd by sudpledsivat LiZihivh areinaurrdattdchgd & shik Ragsmgevent s

b
such as rotati ona{5 vi bration. However, in order to, acconplish this,
addi ti onal con@fmgilat of anactuntors) 1o ckheprtyater shoyryyin BIG- 1 ipof the brpeo1
PCT/ US99/ 30825 . i 00, r tJ . _er
function of thém h]%r%sogté{)%ﬁ glﬁovc%%f ?%%Fttedra Eq}sa“télﬂ‘g‘ﬁlé‘ggy%‘nddg%c#@%% that the
per f or manceloof (VEM)s stioron igengrallg aal & cVeide enibmotdrell dbites dvarter Héent s ar e
not present. FIG, 3 provides bl ock di agram of ervo | oop 301 of the
present 5 10 it e RGP s ﬁﬂ@@gﬂ%a Bt sheft Tod rspesitien gﬁ?‘%élﬂg

turated with | A ' ' | £ 08 t
saturated wi t hoyt, d’é%ﬁ&ﬂd@ﬂ"ﬂrﬁt{lﬁo‘?@}gﬁ GRS ?ﬁtﬁ 199 YehlGedHl &a&g&% at or

controll er and wthout universa fecting the performance o e servo

| oop. In FIG 3dliamaeterh2d argl andide o886 diambtient?d. &V aief avilancer 138 isedrivek) , with
a nodi fied feegback vaJ ue, yc(k ich js described further. bel ow. The

out put - of sunmi gseﬁ%ge%@“%(l%a B%ﬁ?%ﬁlgﬁ?lﬁcﬁenﬁfeﬁgb%g‘ﬁ?dﬁugﬁn & provided
to voi ce cojl ng(gﬂ and m cro-actuator controller 304 in
digital co(rjlltsr Oﬁ&%{?{o?) 6. Elé@?&%ogﬁgtzhe position error value, voice coil notor
control | er 302 geneFHtckisa bloclcéiagmarh of esenvollogm Rzthatliscio(kil in sérad i s
provided to a voice coi or 308 in_actuator-head assenbly. 310.
Sinmilarly, m cﬁgeﬁ%&f‘tfatlé? gE RIOPY - §%ﬁ“@%h‘€ﬁ§?‘é‘§e %F‘r‘ﬁ'sz’FeoQ%BF §&8r cont rol
val ue, Upzt (k) glocb@%ex%t%ﬁ%ﬁih@ar&q_élthe QReRhf fiveMBIN SerddROP 0205 AREWAL OF
control value is not provided directly to the 20 m cro-actuator. |Instead,

t he control valine siapsiéied tthrmoudhose skillgd dn ithe agpeilbappregiaie thahservo
represents the. non-linear behivi r % t.he .m.croact E?L(?r due to saturation.
Speci fi cal 130, JQQRFAIE PIRTe SRBWPIPOT 28 £Be BMRlF et ML FlF-4i on control val ue,
Up" that is expressed @ag: 2Uneld tosp P02 UAclides HPsumblihg A& 2100hEQ 2 vo_<
< U, where Up" is the output of saturation operator 312, Uozt is the input
to saturation opeiesor réfefencetsignad (REE) @mﬁtatﬁ'@th%d@@tﬂdl gosiienfat fon 25

val ue at which. the mcrq;actuator saturates, ;and Ul is the negative " WO
01/ 01401 PCTI ué@@%?ﬁég%gf’ﬁ_ BRBng e D R t\i}J‘éf‘%%rea % sierahvithe

m cro-act uat or ;s PAue, Userib&l Bélo@n edbidbduse 8 PRBtoA PSH sigldl Yndtn FI G 4
where U~, is shown al ong vertical axis 400 and Upzt is shown al ong

hori zont al 24xi $s povidathto eudigital esintxcdlen2@4.i Digitad epnireller3d® ingludes i ded to

mcro 5 actuator,314 . .of actuator,-h assenbly 310, Based.on i.s .nodified
control signal ,vomeccrobl_xagmacto(g&roilfaaﬁgggé atﬂécré'@ﬁ_ .atolrh?c’é]%f%@’ér?@%thts

conbi ned with the PRYRERAL pBSHBHARS dynal B#ed GRithe PBSiBIbn B rafgraljown by
summ ng node 316 of FIG 3. At its new |ocation, the head generates a

position value, y(k), which is output to servo firmmvare (not 1o shown) and
fed back to a summ ng node 318.




Summ ng node 318 al so receives a cal cul ated deviation in head position (a
tracking error),8yaw. (k), that is caused by the saturation of the

m cro-actuator. This calculated deviation is generated by an anti w ndup
conpensat or W20/ #ied on the difference, 0~_, (k), betwee®CIRS94398280mand
val ue provided to saturation operator 312 and the output of saturation
operator 312. In FIG 3, this differencebis formed by summi ng node 322. In
nost enbodi ments, anti-w ndup conpensator 320 nodels the transfer function
of m cro-actuator, 314, sych that,.t out put of anti. 20, _w ndu onpensat or
320 represents Y9 8‘?‘%%‘#8% e 01}?@27@6\§?ﬂgﬁaﬁa@éﬁgﬁarlrﬁ\98'ﬁ\g1 Y%Pﬁetﬁam)s

m cro-actuator ﬁl@did&@lt teatwia &l mbie: Pt it hhesdubr-héRl A448HbNE 20p€r at 1 on
at node 318 is'to hide the deterioration in plant perfornmance due to

m cr o- act uat or Sailarlyt iroerofactumtotheordniler @08 generdtes fai digital domt] value

deterioration, gconpensator, 320 s able t revent W n an is further
abl e ![O keiap tﬁgaQ‘gWB"‘ldﬁgﬁo6ﬁ’é‘lf:’éﬂ'?cgﬂjatf’ﬁQﬁﬁ%ﬁﬁo%%semg@%f: 01431 -9
PCTNS99/ 30825 Dur i nerkaalontdl vRfkes tAlese8fdi@CLsH RotGOReRIAhRY0-32Qak@n be seen

mat hemati cally by exam ning the conposition of the output position value,
y(z). From Fl G218 totmoue, therehyethanpang: the(psitiore 0f Yhe-hpad over-the(dipc~ G . ~" ~

(z) + Kp ~ (2) =~ Gz ~ - G-~ 0.p: 5. EQ. 5. where e(z) .is the
z-transf or m of Stﬂ‘?élf’&f‘]éé%% @Cf‘ﬁeﬁt@ngg’éﬁﬁll%é(ilé a%%%‘ Pgt}g&eﬁafl‘%‘iﬁ %mm ng node
300 and is defilgeeddy tBE Zbice doiiZhotdrYdrd) thieGhead fbyement dddse& @y theand where
K,~", and Ko" are the transfer functions of the voice coil confroller and

t he mi cro- act uahisro-ecmetas | Bris sneepingtafiest is, repyesentes)) bnpamimingoridez) ar e
the transfe fgigti f the voice coil and the mcro-actuator,
respectively, m?i@ ‘s the transfer function of the anti-w ndup
conpensator, r(z) iJdife sérvif RS BoRéd thetHeedRE Siheehedidperatedn~P. . (2)
is the z-transform of the difference between the input and output of the
sat uration contanelogopignat ¢hat ingigatpsathieodistaicarfdom dwnhepe torthe featkand

recast as: Y(z)_ = Z)wr(z 2 G ~ (2)..0,-0,.(2) 4....Qp: ~ Q. " (z) 9gQ
51 + Q2) | + Cﬁffg %rhi a&%g g&%ﬁ%:co&%r)ted: 1Rt~9~8n?hgtt% ﬂgng)&'—l%l?) + Kpzt
(z) ~ Gzt (z) abbemBlyl N4tand thodiginil Bifwal, G0 (LAt AGaHIAE Ablle Moglel s the

mcro 20 actuator, then G pz %l (z) and equation 5 sinplifies to:

z) = v, (2
Y(z) = 1 ~Q5 ) Summping _no@g)Z@O él_gqn .‘(Lg)traﬁé_ the digital signal from the reference
signal to produce the position error signal (PES).
The closed-loop gain of the servo loop of FIG. 2 is described by:
K,.,(2)G,,(2)+K,,(2)G,,(2)

H,Dop (Z) = vemr veur
1+ K, (2)G\on (2) + K 1, (2)G . (2)

EQ.1

where Hioop(2) is the closed-loop gain of the servo loop, "Kvem (2)"

20 and "Kpz (z)" are the discrete time transfer functions of voice coil motor

controller 206 and micro-actuator controller 208, respectively, and "Gyem

(2)" and "Gpzt (2)" are the discrete time transfer functions of voice coil
motor 212 and micro-actuator 216.

The stability of the servo loop is determined by the denominator

25 of Equation 1. Thus, the stability is dependent on the transfer function of

the micro-actuator, "Gpat (z)". During the design process, designers



Note that the first termon the right side of Equation 7 represents the

cl osed-| oop response of the servo | oop wthout saturation and w thout the
anti-w ndup conpensatioh. Since the closed-loop response WO 01101401
PCT/ US99/ 3084pp17014d11 S designed to be stable wi thout satur %ﬁ&ﬁwﬁogiss term
represents a stabhe value. Also note that the second termon the right is
zero when the mcro-actuator is not beinggdriven into saturation. |In other
words, the anti-w ndup conpensator is effectively decoupled fromthe drive
5 controller when saturation conditions are not present. As such, the
response of thegergraby lagppne shaidhe analer fenasipnigidhe mirronpatdator wilhpensat or

when the mcro-actuator S eratj ng in.its mal de. This represents an
advant age over g’?‘% a}m%lrr?g_ae{ﬁfefgsl \/O\A?Eﬁlbeu%la@'lstflcelﬁgt at oré@eség%%&rﬂéldggrt@o | oop' s
response even WRRNidto-d¥tEdtor. ablowaivef, thepidAd-Aa@tialckyealk BhdttforiehgdR! node.

As the control signal fromthe mcro-actuator contrdller increases over the
saturati on poi nmictohecteatoondre efreke himitasl. r iAghsuddy, dehest thegoentrelnsignal

' . Thi t in the. posjLion f th |
ot her wor ds, St nE-SBURR BB R TP p P TRePaualb SreSE . o
whi ch the servocRyfgeemdpReigially, ank iththsferfuhbigorleRchgebiahieh thata alrtiieugh

tracki ng performance is hindered during saturation, the servo |oop's
stability is nainmedsadn thexnagnitude of thetcomitnoh sigahl ders rgcawsd thepnidoes not
track as well, tt\gl eryva fi rr%}r%}e corilti nugi Lo.r g:veinvbe acgu%g el.tdgta
concerni ng the POSFII 0R BT he BT AL SHERST Prigd" iy migre ! e\}’lét}j Bend zo
readi ng or writ k&poRREH ¥ daiso bé i feutaged. drifts too far off track. In one
enbodi nent, the drive controllers and the anti-w ndup conpensator are

real i zed in i xed pobince ghe stahdity ©f 4b¢ Agrvedopptis deperdens focthedednistent i ons
that are guaranteed to ve Less th 1 ntigzation error.,

Nurrer i cal overfhl) C%iog (E)ffr1 err?fcggaﬁéuag%prs 8%&%&? éar%%é%‘o%‘gcfn }%%'Sc%%éqrisng of
the controller ghatfes fandich tdi bshser thersefsi@dop fo be&Siné Ans@PILSERLs,t he

m cro-actuator in the anti-w ndup conpensator. Specifically, the state
matrices of theWhsilet migro-BetUgEaTeberoBESpFaiYIatethgthe ¢pbirg19egYadeop can

PCT/ US99/ 30825 gfé'bn%?ﬁné@ﬁ%ured transfer function of the mcro-actuator to
sui t abl e cont roP of tware such as MATLAB (avail abl e from Mat hwor ks, Inc. of
Nat i ck, Massgchuset t k) addition, theponwiolies wuhllpindidgstats @fordndinhsedh of

i npl ementing an 5 anti-w ndup conpensati on scheme under one enbodi nent of
the present i nvEitithe. controllespanpefipgtedt |y, the pastestalps tfnihesserye doep-i zed by

setting the sec 0 qg{gp_ t . . lers and

t he out put of th@(?a hﬁra |(16§Ctglglégr;la(%ogr§ “to%)hgle};r)%&'pi{ld g% let%gg‘btg&r%égl’ptg‘gi tion
val ue, y(k), I spasagtteestondd tinehoubpabllef id he lsagaroadcaegpely fied Ab thkep 504,
the output of the saturation operator, Up_, gki ifs det erm_ned based on the
output of the niRIEMERt Patthe Redh: r 651 Rich, Trszstaes) of e condfplispPeceme

di fference bgt h p .t he I affle@N 1P 8. t put of
the m cro- a?tﬁu\gﬁgrge%oﬁ?gggl g%m?émghét e?ﬁn‘%érl:le ) eThi s di eraéﬁgg?lt ﬂ%‘*‘%%k) , IS
t hen used in st epubdidr thelbiasedripast dtites remeini ingthe oatroler, fd@ysolr(ekiimeusi ng a
discrete time filter of the for Xx~, ~(k + 1) = A~". (K)x", ~(k) . + BQ
(Qﬂj (k) EQ 28d w&zt,weéwffect&:? Pﬁ?fﬂmalg%:]f«th‘f)g‘g‘t(‘?é%é~§h(%°;‘é§b°f@5mer e

xQ ~ is an i e an ~" ", ~, an ", are
State space reaplﬁtglg?%orﬁgao QsG{(ﬁrﬁdt?}?) that follow the relationship: 20 "
(z) = Co,~(zl - A" Pne sBution tbaVindi@. i&@o design the micro-actuator controller

25  so that it does not drive the micro-actuator into saturation, even during
disturbance events such as rotational vibration. However, in order to

accomplish this, additional constraints must be placed on the design of



After the tracking error has been cal cul ated at step 508, the nodified
position value, y~(k), is calculated at step 510 as: y~(k) = y(k) + 8y~"(k)
EQ 11 At step 512, the voice coil notor control value, U-~m (k), and the 2s
m cro- act uamaoi@asmir ol val ue, UpZt (k), are determ ned usiPeg/USI%3MRS50vo0i ao~ *
-12 PCT/ US99/308z25 x 0", (k + 1) = Ao", (k)x 0", (k) + Bo", (k) Y (~]

EQ 12 (k)x ora (k) + Done (k) r(k) EQ4#3 “a' ~ Y (k) where x 0", (k) is
an internal state variable and A o", , Bo"~, Co0", , and D o", are state

space real zatj one of i Rl AN OdRL LRk SLLOW LS gkt onshier
where Kp®,,,~" arT(tﬁétrdr;congtsHspf;%Qﬁge& frﬁagﬁ%fx%rwéy '&Tétitﬁ? ngrzenﬁgnéa dtltRe M cr O

actuator contro n e voice coll notor contro At step 514, the
system i s i ncr ssrebtledp ismffdetednmeh veleamudistsizibarice events are setqiresenby

incrementing k to k+l. FIG 6 is a graph of position or.as a function of
rotational acceler aﬂc?)r"f’ HPH&%@@&’%@}‘Q@E‘ ; gt FBB‘}YOJ‘POR ﬁ@{%{%rpr%ﬁef‘f‘ Posi tion
error in merojReRes,ifas PANNA! QRbceidhaBl (K] Dbl dLhathbapal

acceleration in ra§| ans pgr secon&gsquared I's shownal ong horizontal axis

612. 15 Sanpl eplachige additicraipiasttéifs &02he 60%kro-anuatdbcarteollenr kel by smal |

x's and represent the positlf'd,og val ues, %/&l ced by, the o |l oop for
ally; aff P

k),
a correspondi n@’_“ih?f"él“i“b‘f?&?_ e&F‘B&ﬁ}E:ee THe Crﬂt%?glée SqY lﬂ,poé’oéigréér esents
the point at “@'&&xﬁ:ﬁiﬂ%%ﬂ@@@é cSthBires Qm&n%@vm,é(ngvm{mdm&to

destabilize due’to mcroactuator saturation. 20 FI is a graph of

posi tion error feegbackf ualttj piikpfwhich &t deebeditether belown Yreooktpetioby a servo

| oop of the present, i nventjon with gntiw ndup c ensati.on. Posjtion error
i n nicroi ndhesSTETERS MY I:%p??glsfeP??‘E%TI‘ egﬁgag-fog@;a\%g@é& pEafe Lel eration
in radians per secondl spHaF @enkrsllSN YN aAHORErBYChZASE dbn@dile IM2in Sanpl es,
such as sanpl es WO 01/01401 PCTI US99/ 30825 -13 700, 702, 704, and 706 are

mar ked by smal Higitad camuolier$06s Based dretheqmisitioprerver wadwe, vpide xoilprasduced by
the servo |oop for coryespondi ng ratatignal di.sturbance jn the.drive.
Li ne 708 repr e%@?ff%l?e_trhgéétﬁeﬁ? & #hYEhe afoﬁofoaﬁtfoc}n‘é"iﬁuﬁ’l g'{iﬁ'_kdﬁ)anti‘@t dBused the
servo loop to g?&lié@d'tbzﬁ-vcﬁcg keil PRt BENGe Lhadtachedd Skicasblpfatohe present
I nventi on can be
15 Similarly, micro-actuator controller 304 generates a micro-actuator
control value, Upx(k), based on the position error value.
The micro-actuator control value is not provided directly to the
micro-actuator. Instead, the control value passes through a saturation
operator 312, which represents the non-linear behavior of the micro-

20  actuator due to saturation. Specifically, saturation operator 312 provides

a saturation control value, U;,, that is expressed as:

Uh Up:l 2 Uh
Us,={U,, U,>U, >U, EQ.?2
U, U,, sU,

where U, is the output of saturation operator 312, Upx is the

input to saturation operator 312, U is the positive threshold saturation

25 value at which the micro-actuator saturates, and U is the negative



seen by conparing FIGS. 6 and 7. Specifically, it can be seen that under
the prior art the servo | oop destabilizes at an accel eration of roughly 9
rad/ sect. However, under the present invention, the servo | oop does not
dest abi | i ze wapétidigadan accel eration of 21 rad/ sect. Thus, tdornsey»e2d oop- of
the present invention is able to handle nore than tw ce the disturbance of
the prior art without destabilizing. In.gummary, the present invention
provi des a servo | oop 301 for a disc drive 100 that positions a head 110
over a disc 106 while maintaining servo |loop stability. The servo | oop 301
i ncl udes an 15 theeshaldbpatheedipnasueist yigdlo theapiieny-actyatpy satsates ddiuat or 308

and a mcro-actuator 314 that are otﬁ abgﬁ tg ve Qe.heﬁid 110. The head
110 gener at es are%(%}l“f‘ Bris whPwe, sxgpicallp 8 FiGo i Whdenlad S SIYLAE P over t he
disc. A mcro-actuyuator.caontroller. 3D4 generates a, m crqg.Aactuator 2o control
val ue, Upzt (k)‘,’ergﬁarl_aé’rsi‘lsﬁﬁﬂgt @l 31&?‘3193@?‘\53106V085§8615293a position error

value 303. An anti 'VFH%dHQtp%@naEPGB%Ht% % @&@@ﬁ@&z%ﬁ?r&%d 380migoupl ed to

the m cro-actuator control'ler 304 generates a saturation tracking error,
fiyu"(k), basechamtoh8lacf ratwtorberd efsendily$10A Basedi ony thisnpodémd 318, 300
t hen conbines at | east the positiop value fromthe 25 head and the
saturation tracqa“ﬁré’?éf%' r‘?’@?t?fﬁpq{eﬁﬁog‘f’f’?so{geeﬂ?a&f \Tgn.}sug\ogsgx_ent W
d1/01401 PCT/ USQRARRBRE Svith 4hé Iﬂs&é}ﬁgntugéeéra@eaebprwkoﬂ NM&RL IR glet erm nes
a position error value 303 in a servo oop 301,” having an actuator 314, a
head 110 and a shiosm bpGunfmagmtdeodlt ocFlddes @énsrmaw herasiopothe haad val ue,
y(k), based on the positiaon of the ad,110. over e disc. 106. An 5

act uat or cont ro$er\?5¥ﬁse? p@?’f’?”(vl?§1}e’ iyzkt LS E’noelﬁgltlégj %1%03%}%’%83“%
determne ifgi tSHO@I{)@hQ%d bidtod SR sdeszgur ati on value, Uh, U for the
actuator 314. A tracking error, 8ya-, (k) , is then generated based on the
amount by whi ch t he Summingonodoly elsovigreiveses selitinted alevintionhinl ieasht ur at i on
val ue. The position error.val ue iis. generated bas in part an to.the
position val ue %9?&“?’}1@ kg ?fﬁoré‘r%?er?. /|HRA 1§ C?‘bseggﬂyuﬁ‘aéﬁﬁﬂraganf?ﬁme even

t hough numer ous_char ri st a‘ﬂ; agd ] ]%n‘g dipents of

t he present invfg%{?gﬁ‘%%%\fé tgg%rs] ngglafq’%%t iniactﬁ.hgJ f%?%fgag%{%g degc?ﬁ%ti on,
toget her with deiripscarhpdri3atost320Waged oantiefdiffedencd) Af, (Wprheoweeredodi ment s
of the I Sinvention, this disclosure is illustrative only, and changes may
be made in det aidnsasd pekiegprloyided tratdterasionf opstratoc 32 endndhe arutpmigefrent  of
parts wthin the principles of ':Tger‘:?éegeglt i.nvention to the full extent

i ndi cated by t hH@t¥HRaEaR O§erEeTall Zmia Al Hg> dhisididierearss fo iPYHFUNEINg pended
clainms are exprrﬁ&se by For exanple, the anti-w ndup conpensator nmay be 20

i npl emented in hardware instead of software wi thout departing fromthe
scope and spirit of Ihheogreasmntimientse ahtionind@p empandator 820 inoodels dre al so be
made. WO 01101401 P N8991%0825 - 15VWHAT, 18 CLﬁ&%ED |S: 1. A servo loop in
a disc drive foFapbdi tHGHPRP! dMHEGEBIAEY A4isveh iRt Sheagnirydi  ABtser vo

| oop st abi | bd Y, Wil S&iPers2QR 20MRpISEANY thaiRshdeahe diaadoars RN ¥
conprising the head, a large scale actuator and a mcro actuator, both the
|'arge scal e actmaved ifathe heormcuraterabad atoorsabwnteg. cibabilee effectmol/ they t he

head over the disc,,and the head bei capahl. neratj.ng .a posjtion

val ue based on %WF%SP?IGHOB\F&“?%E@%? é%?o g‘lﬁ‘? gﬁ%ﬁéﬁrh‘ﬁ?h@qd&@fﬁ‘ | er
capabl e of ge”e%é’}fdr nfe Wb 18- Al YALAlatdOsA@RHOA! frodl 4R dRftrdllet ViBY the

m cr o-actuat or based on a position error value; an anti-w ndlégl corpensati on

conponent coupl kdirtgpthisideteniamation.ctonepensaton B20 is dblgy toaprevertpatyideipond

enerating a satyratio o
g g 25 is ?ur%\er a%le to keep the servo loop operating in a stable range.



tracking error based on the mcro-actuator control value; t s and a summ ng
conponent capabl e of conbining at | east the position value fromthe head
and the saturation tracking error to formthe position error value that is
provi ded toWH@&/4H%ro actuator controller. 20 2. The servddT8EP"PE25cl ai m 1
wherein the anti-w ndup conpensati on conponent conprises a saturation
operator that receives the m croactuator’control value and that selects and
provi des a saturation control value, the saturation control value sel ected
by comparing the magirdideadtatih, he FEEIAOELRPRILE: YA Uk 12 I

magni tude of a threshol d saturation value of t sanme polarity an

sel ecting the wadthematitdllyt bg e@nlihing thegeorhpostias df hibe saitpuatposifioaont r ol

val ue. WO 01/ 0%401 PCT/ US991 30825 -26 3. The servo |l oop of claim?2
wherein the antlug Ko FrORbEAshEt cambe sepodiatit furt her conprises a

di fference node th recel ves the. m.aroactyaf-or, Gontr % e t he
saturation control gg/zglnuegﬂaﬁlg‘""t(%g? %@Jﬁg@g%b‘;’ (é?:]f Ftt; e’F’gn)éeF’a{fgl lf‘gj] %
representing t i f € t 4ennt k V. d t he
saturation gon?\rﬂ'(lﬁ%véa{?)trjgsh&% Qjﬁ%ﬁgﬁlggltggpd{g%g%ltgﬁ?nsggv%eﬁié*%a?ﬁg

anti -wi ndup compgnsdiy smunigoek300fandtibdeficedps:i ses a m cro- act uat or nodel
that nodels the 1o transfer function of the m cro-actuator and that
produces the saturation trackdmy@rrb{2oseadz)dn. tzhle differenc&X4l ue. 5.
The servo | oop of claim2 wherein the saturation control value is provided
to the mcro- aéndawbers K.areard Ko are the treasier duactinnsueft the. vaise goil A net hod
of determining a position error value in a servo |loop of a disc drive

havi ng an act uaeeroller aaddhe anigroraguator qomEroller, HEEPEHneY Gndz)sevds of : (a)
generating a posi{i on val ue hased gn thehgositi on of tfhe head zo over the
disc; (b) dénewiRFratharpnsieincions ot é(PEé;CO{IE?dééﬁgrlcaftor%&laé%r acki ng
error based on the amount.by which the actuator control value exceeds a

t hreshol d sat uFeRPREIAVEIR UG (BndS 28hq dyanpéste AURFHRN t Ple thespRtivvindepor val ue
based in part on the position val ue d the tracking error. WO 01/01401
-17 PCT/ US99/ 36@@Bensafor, 1{73 isthestrapsioppaithg rﬁ%&?@ r?l%@ﬁé“élt Padzh tracking

error conprises ste of. (c nerat,ing a saturation control_ value by
sel ecting the ﬁéﬁlééﬁnﬁﬁﬁﬁi%g}é‘éd&%%eil??t%egré&eolfnpyéf‘ﬁ‘gé’u&‘fﬁ%fithffng the 5
act uator contr gl ¥aldiecaRfbl dpkht&shol d saturation val ue of

15 Equations 3 and 4 can be combined and recast as:
__ 0@ . 9@G, () G,
y(Z)_l'l'Q(Z)r(Z) 1+Q(Z) Ap:l(z) 1+Q(Z)Ap:f(z) EQS
where:
(2) =K, (2) G\ (2) + K, (2) G (2) EQ. 6

If the anti-windup compensator accurately models the micro-

20  actuator, then sz, (2) =G, (2) and equation 5 simplifies to:
0(z)
y(Z) =mr(z)—GFZI(Z)Asz (Z) EQ- 7
Note that the first term on the right side of Equation 7 represents
the closed-loop response of the servo loop without saturation and

without the anti-windup compensation. Since the closed-loop response



the sane polarity as the actuator control value; (c)(2) subtracting the
saturation control value fromthe actuator control value to generate a

di fference value; and (c)(3) generating the tracking error based on the

di fference walmmi4oo 8. The net hod of claim7 wherei n gene®&T{UH/I0pAS
tracking error further conprises providing the difference value as input to
a nodel having a simlar transfer funct tiPh as the act uator, the output of
t.he nodel providing the tracking error. 15 9. The nethod of claim6 wherein

the actuator i%as’ae do6EQ16 6L YahY withBut fq'fa%fonsiﬁmy?e&ﬂ%p&%%iém s{aisﬁg mat i on

on a disc, the disc®rive conprising: 20 an actuator c to a head and
capabl e of novivigué.heAlbeadtd ehadithé seenid karaabhothe dghtoisszarbevhérs ¢thdbased on
control values produced by an actuator controller; anti-w ndup conpensation
means, coupl ed WisTeREUAAIIATGE DeBg Ay e intg FatUrAORc ARy At WRESe MMabl e of

A AR A SRS SnFEhRL 0l Ry lecouficd Ao fhe Mridt - AT E

>n~yt o] e_ZU]| £ a] caldoilet callrabaalatitrc adruditions and et prajeral] da] amhc ahea] ca] cal

ca] ca] ca] ca] ca] ca] ca] ca%ca] cal] ca] cal] ca! Y1S5 20:% G |wrl gb] X]c]ca] ca]ca]c

aU] ca] ca] ca] ca]t€aR)RsE] O] Hif] S8Tv0a]leap cif] O} caffects gﬁlﬁa}%]@éﬂ'&’&} ca]ca] ca
calcalcalcalcallj : : o iry ]

L ORt ot A2k P24 Rarbmongator when e misgeactuator is gperating & its gormal medey o

] ca] ca] ca UV] caMiis aephéserty]ativadddntddec aver] priad afteanti-windup systems that

V] cMaV] ca] ca] ca] ca{ca cal] ca] ca] ca] ca] ca] ca9%®

&Y, 1.,v,, )
- O - - - - 01122) 2pfigrtest theySerya 10eny/ISNSG9VER] wglarb]tgq \é’j“Eéﬁ'é%F]-lé'éTc‘ﬁﬁﬂ ca] ca] ca
Lol ool A e AR RheavbsaagLalos) ool oa) el oal el cal oa cal cad cal el

zt oi d_zI gb] X] c] ] ca] c&d deMjonadot sighabiroal freahiratécaihta] mahodkr ajcadsea] ca] ca ¢
aJ cal caV]ca] ca] ca]ca] ca]ca]ca]¢c

<<a<U:::::::::%%%W,%ﬁéﬁlﬁg‘&%‘@H]i} tighnedg ekt cal cav]
T crav] cal cal ce careay) Lapcep s o eidy M S KbaRaning, gt fhehedy I cocorn

L1111 kJ~ysl fa\ bthbt jwedrds)] he] seadfhd derm on the right represents the amount by

15 which the servo system loses tracking for the head. Note that although

tracking performance is hindered during saturation, the servo loop's

stability is maintained. Also note that although the servo loop does not

track as well, the servo firmware continues to receive accurate data

concerning the position of the head. As such, the firmware may suspend

20 reading or writing operations if the head drifts too far off track.

In one embodiment, the drive controllers and the anti-windup

compensator are realized in fixed point arithmetic using 16-bit state-

space realizations that are guaranteed to have less than 1 LSB of

quantization error. Numerical overflow is prevented by appropriate

25  closed loop scaling of the controller states and a third order model is

used to represent the micro-actuator in the anti-windup compensator.

Specifically, the state matrices of the model can be generated providing
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+10% & ()-!'E y)$10%1§-/ * ( I | oS () - 10%R (3 - .
1008 () -1 niboiy g & S-S'i%l’n%%a{ﬁé'%?@- et 8 fnd, sHRHER bpABITE 6 (9, s
10/ /13- 10%r& () OB 1 (ol = YR Sutp @ IOHT&iC)o- 2R Con 9% ( h5\ dEB1
10/ /1 % 10%& ()‘?é%‘%@a%ﬂ'(b%'f‘%q'1 ow‘é"ti’) T 10% ()] 10@&“?%@&’ ?6’%}@ () -
2cdEB1 At step 506, the difference between the output of the saturation operator

and the output of the micro-actuator controller is determined. This

difference, A, (k), is then used in step 508 to determine the tracking
15 error, 8y,, (k), using a discrete time filter of the form:
% (ke +1) = A, ()%, (k) + B, (F)A,., (k) EQ. 8

8V (k) = C,., (k) x,, () + D, (A ., (k) EQ.9

where x,,(k) is an internal state variable and 4, , B

aw /

C,, and

an 7

D,, are state space realizations of G 2 (2) that follow the relationship:
20 Gpu(2)=C, (e - 4,)"B,, +D,, EQ. 10

After the tracking error has been calculated at step 508, the
modified position value, yc(k), is calculated at step 510 as:
Y (k) = y(k) + 8y, (k) EQ. 11
At step 512, the voice coil motor control value, Uvem (k), and the

25  micro-actuator control value, Upa (k), are determined using;:
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10j j | #GL0% j & () - L! #GLl0% j & () - LGLOY & i%-L!(GlO%)o&' ()-L! GLO%GE () - LS
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and D,, are state space realizations of the plant model that follow the

coml

9

5 relationship:

K@= o e - 4,)" B, +D EQ. 14
pai vem - Kp:, (Z) = “eom cont comt cont .
where K. (z) is the combined transfer function for both the micro-

actuator controller and the voice coil motor controller.

At step 514, the system is incremented to the next servo sample or

10 sector by incrementing k to k+1.

FIG. 6 is a graph of position error as a function of rotational
acceleration produced by a servo loop of the prior art. Position error in
microinches is shown along vertical axis 610 and rotational acceleration
in radians per second squared is shown along horizontal axis 612.

15 Samples, such as samples 600, 602, 604, and 606 are marked by small x's
and represent the position values, y(k), produced by the servo loop for a
corresponding rotational disturbance in the drive. Line 608 represents
the point at which a rotational disturbance caused the servo loop to
destabilize due to microactuator saturation.

20 FIG. 7 is a graph of position error as a function of rotational
acceleration produced by a servo loop of the present invention with anti-
windup compensation. Position error in microinches is shown along
vertical axis 710 and rotational acceleration in radians per second

squared is shown along horizontal axis 712. Samples, such as samples
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5 The performance characteristics of the present invention can be

seen by comparing FIGS. 6 and 7. Specifically, it can be seen that under
the prior art the servo loop destabilizes at an acceleration of roughly 9
rad/sec2. However, under the present invention, the servo loop does not
destabilize until an acceleration of 21 rad/sec2. Thus, the servo loop-of
10  the present invention is able to handle more than twice the disturbance
of the prior art without destabilizing.
In summary, the present invention provides a servo loop
301 for a disc drive 100 that positions a head 110 over a disc 106 while
maintaining servo loop stability. The servo loop 301 includes an
15 actuator-head assembly 310 having a large scale actuator 308 and a
micro-actuator 314 that are both able to move the head 110. The head
110 generates a position value, y(k), based on the head's location over the
disc.
A micro-actuator controller 304 generates a micro-actuator
20  control value, Upz (k), for driving the micro-actuator based on a position
error value 303. An anti-windup compensation component 312, 322, 320,
coupled to the micro-actuator controller 304 generates a saturation
tracking error, 8y,,(k), based on the actuator control value. A summing
component 318, 300 then combines at least the position value from the
25 head and the saturation tracking error to form the position error value

303.
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10% position error value 303 in a servo loop 301, having an actuator 314, a
head 110 and a disc 106. The method includes generating a position
value, y(k), based on the position of the head 110 over the disc 106. An

5 actuator control value, Upx (k), is then generated and examined to
determine if it is larger than a threshold saturation value, Un, U, for the

actuator 314. A tracking error, oy,,(k), is then generated based on the

amount by which the actuator control value exceeds the threshold
saturation value. The position error value is generated based in part on
10  the position value and the tracking error.

It is to be understood that even though numerous
characteristics and advantages of various embodiments of the present
invention have been set forth in the foregoing description, together with
details of the structure and function of various embodiments of the

15 invention, this disclosure is illustrative only, and changes may be made
in details, especially in matters of structure and arrangement of parts
within the principles of the present invention to the full extent indicated
by the broad general meaning of the terms in which thc appended claims
are expressed. For example, the anti-windup compensator may be

20  implemented in hardware instead of software without departing from
the scope and spirit of the present invention. Other modifications can

also be made.
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WHAT IS CLAIMED IS:
1. A servo Joop in a disc drive for positioning a head over a disc
while maintaining servo loop stability, the servo loop comprising:

an actuator-head assembly comprising the head, a large scale
actuator and a micro actuator, both the large scale actuator
and the micro-actuator being capable of moving the head
over the disc, and the head being capable of generating a
position value based on its location over the disc;

a micro-actuator controller capable of generating a micro-actuator
control value for driving the micro-actuator based on a
position error value;

an anti-windup compensation component coupled to the micro-
actuator controller and capable of generating a saturation
tracking error based on the micro-actuator control value;
and

a summing component capable of combining at least the position
value from the head and the saturation tracking error to
form the position error value that is provided to the micro-

actuator controller.

2. The servo loop of claim 1 wherein the anti-windup compensation
component comprises a saturation operator that receives the micro-
actuator control value and that selects and provides a saturation control
value, the saturation control value selected by comparing the magnitude
of the actuator control value to the magnitude of a threshold saturation
value of the same polarity and selecting the value with the smaller

magnitude as the saturation control value.
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ab, bhbbb$caBSH50j ! The servo loop of claim 2 wherein the anti-windup compensation

component further comprises a difference node that receives the micro-
actuator control value and the saturation control value and that produces
5  adifference value representing the difference between the actuator

control value and the saturation control value.

4. The servo loop of claim 3 wherein the anti-windup compensation
component further comprises a micro-actuator model that models the -
10  transfer function of the micro-actuator and that produces the saturation

tracking error based on the difference value.

5. The servo loop of claim 2 wherein the saturation control value is
provided to the micro-actuator in order to drive the micro-actuator.

15
6. A method of determining a position error value in a servo loop of
a disc drive having an actuator, a head, and a disc, the method
comprising steps of:

(a) generating a position value based on the position of the head

20 over the disc;

(b) generating an actuator control value;

(c) generating a tracking error based on the amount by which the
actuator control value exceeds a threshold saturation value;
and

25 (d) generating the position error value based in part on the

position value and the tracking error.
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(c)(3) generating the tracking error based on the difference value:

i} -
/

10
8. The method of claim 7 wherein generating the tracking error
further comprises providing the difference value as input to a model
having a similar transfer function as the actuator, the output of the
model providing the tracking error.

15

9. The method of claim 6 wherein the actuator is a micro-actuator.

10. A disc drive for storing information on a disc, the disc drive
comprising:

20 an actuator coupled to a head and capable of moving the head to
different locations across the disc based on control values
produced by an actuator controller;

anti-windup compensation means, coupled to the actuator
controller and the actuator and capable of reducing

25 windup due to actuator saturation.



