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Dl SC DRI VE HAVI NG CHARGE FEEDBACK DRI VEN M CROACTUATOR BACK
| NVENTI ON .The present invention relates to data storage systens and, nore
" particul ar WO 99/66501t he use of microactuators in a disc drive MEHUS99/13119
positioning apparatus. Disc drive data storage systens use rigid discs
which are coated with a 10 15 20 nagneti zabl e nmedi um for stor iivieg!
i nformation j Bty of circular, concentric data trackgmwmﬂﬂ“m wm
are nount ed @i"ﬁmmﬂm"{mm not or whi ch causes the discs to spin e

e dIScS 1o

surfaces of t [ pass under respectilve di sc head sliders. *1f¥%
sliders carry t r'iM¥%ucers which wite information to and read i nfornation
fromthe disc surfaces, T jder apd transducer are of her
referred to as a " hea@!s‘gg%ﬁkggﬁﬁér‘;}%(;%ﬁ&égf «5§4¢§§ijgfﬁgsi ng arm
and a suspension. The track accessi &R ?; sliders fromtrack to
track across the surfaces of the di gvgééﬁ?d%r t ‘ST?(}ﬁtrol of electronic
servo control circuitry for tBACKJROUNDNQFOPYEAN VAN TIENSuspensi on
connect the track accessing armto the slider. The suspension provides a
prel oad force througdthepreghntiveatign rélgtiestd datd stvszansyktent ahdr mese pheicslarlyer
toward the disc surface. Additionally,.the suspension.is flexible in the
slider pitch ahQ HOPSE oI ISIRFBRES B %plsﬁ Evﬁge%eP?féCFOQIBgFBPﬁFBWSt he disc
topography. This pi g and: d20) dofde8 ¥ Pirhi ds¥ rlofd HRLAIIEH af QTR itiThal
structure, which can be integral \%Ilth the lodad beam or a separate piece
part that is wehajeetizabldhedihoddr beame oidgirbafaratoion ihaypdutbgnofpiepbsed f or
provi di ng"fine" position coﬁ[#ro]gjég{i 25 the slider and, transducer in disc
drive servo sySPRIEIIGFRHEHS: ridsdirarsrapanied prasPols mPEHadhish caues Bes

| ocati ons al Ongis;:pt% s?%?fm' QU f2les ngh\é%srgs fogé SUndeErad %&1\%@ A ﬁd Qﬁ:ﬂaq ..

M cr oact uat ed suspensi ons often use plezoe FriC devrces, i'Ch° exhi bi t
change in engilthewiddts careaagQlucers dhidpPRtiehfNohkRBRo ahBiréadaRfsigartion fiRgt h
is used to nove the slider and transducer relative to the disc surface.
However, pi ezoshedissiusfadey i ldeslidermnd|tsmstnmnaretoftestbgdoher rafestedre s & " hadn

driven with a |t control driver. steresis i,s particularly

r oubl esoe | n arLarsr FBPEGretby ¥ Saclss e Tagen Wb gbessnr. 1 hetrack

£ CT/ US991 13119 dei i 238ls :Rbvel e sRASE LLAN  SANb R Plck QRUh30Ha 228 dhe L2811 O
termnal which is coupled to the anplifier output. The disc drive head

posi tioni ng appadatths commolfafreldreoniasetvedenarot iangey feseickdiol owiitg opshitednshas
a charge reset co d i nput,, and first and second sw tches, The reset .
command inggt recmsasﬂc@&‘cg?"g‘na“l‘ ﬁé@&ﬁ@“ﬁ%ﬁ‘"&@f‘i“\i@ tg? glfdéfraﬁ'&eé‘rlfpens‘on

i nactive state f ' ' : i trl ;

i nput and the gﬁaa-{lgeesa' él%%? ?Eger%g%rkgﬁk??p%\tgg axgélg@%{aogseggl g'ﬁ %Ethteﬂ)\leylnaSeﬁ‘(t\'zg %1128]
reset signal i sowardthe disaaatficeeAddigibaaldy)dhesusparionds Aedblstieohd dleler pset and
signal is in the active state. The second switch is coupl ed_across tcﬂrg}

m croact uat or &PMAHEEIQNS Lo pieW sheslidentrddollpRahe dise tornggrrlly - i B pitglpandyeell

i nactive state 1a.,C ed te whan,the reset.signal .is in_t ive
state. The di sél%g;r%fl\%g 1{1020381 nﬁ%?%ﬁ %ﬁﬁn?lgalgp%cat?lé ‘Jim?ﬁlac(r%n Sr'?%é?al ﬁl@ﬁ&ggéagn
error feedback beirh@iatseis@bte pde park WRANs Whldled Pt@doddiedhack output and the
posi tion command input. The error feedback circuit includes an integrator ,
an error correcti on Micreagiuatembave beamprogpsed forpmovidifigs fingt pgsitipagontrol of
integrates the gh 1rdge 1d5 f eedback ,out,put for a sel eﬁt ed tinme peri Olga and
generates an iﬁeesg {379 BRRSHHECTE R4S AEF SN e e DR GUCRAFTI S E S F e
pi ezoel ectri ¢ HoeHOAE! 4Akfbus b SisalingGRE LEREM G b&ekn I1f sequplsrlha the
integrator output and to the position control 1 nput and I1s adapted to
generate a cor tkechéadnVEtrgnaliatet atispeagioaseidsuse tampheirsodeviret \wekichaxhibit a
comanded di spl Ecerre_nt of thé‘ pi ezoel ectric_mcroactuator 20 cor reﬁpondi ng
to the posiPi oSnereriaAensh it 2 shangam ae eppliedyolpeac éhisrmhapge inpength is used

pi ezoel ectric njcra uat or cqrrespondi .to the,ntegratqgr output. The
sumi ng el eman'E‘QJ éjon\%(i}, gh%ésalngitf)aﬁlsc‘bcﬁ{'rﬁ%%wsﬁ t&ntgf dé%ﬁa“‘tq 8 361??'8‘(1: Ton si gnal
to generate a ghdzoelebR@lt RORES ARNICURTWI SEHMISE hiy Ratesis widRddi®s ¥Rhthe
driver circuit. The error correction circuit can further include an of fset
control input, valtegeianttdi@roer.r Blysieossisd5 paitgnhrlyi tsowtdfsosteatnl dise dmousghve he
of fset control input. In an alternative enbodi nent, the charge feedback
circuit includes a reference capacitor and a voltage feedback anplifier.
The reference capacitor is




coupled in series with the piezoelectric mcroactuator, between first an
second termnals of the position control output, and forns a qe@ﬁé@&ﬂ@%de
_therebetween. 19 S E P 2002 WU 99/6G501 _5_ 1'CT/US99/131 I'9 [

bl ock di agMe@rgéestihe disc drive illustrating servo control cPeTmstaysIL9
according to one enbodi rent of the resent invention. FIG 3 is a top plan
vi ew show ng a m croactuated suspension in the disc drive having a pair of

| aterally spaced strips of piezoelectric material. 5 FIG 4 is a graph
illustrating displacenment of a typical piezoelectric material versus input
voltage. FIG 5 is a perspective view of a piezoelectric crystal. FIG 6 is
a diagramof a head position control |oop according to one enbodi nent of
the present invention. 10 FIG 7 is a schematic diagram of a m croactuator
control | er, whitenipalef thaapyuon eermsalcutpemndhas ageasiadrergninal whichappoilednt
of the present i 'E‘r\’eer}nilci’('[?'ro'ﬂt%c 8 is a schematic diagramof a differenti al
driver circuit used | fe croactuator controller shown in FIG 7,
according to one emIQQidTRrﬁri\thcTa@%oﬁfi@ﬁﬁa@tapbﬁh\éﬁﬂtciaﬁffurtﬂaér fcadeS &ﬁxrg?é reset
schemati c di agram of a charge feedback driver, which mrrors the charge
from a ref er encacaapabichdrs & phagargstteroahend mput, oyt andiesondisngcho. drhe
al ternative_enbodi nent of .the present invention. FIG .10 is a schematic

di agram of a cREFGEPTEEALRAUTIFTVETS 2 reetyBRA! hgVing 3RAGHNE F1akf 27 HutRgave

enbodi nent of i t] : I

PREFERRED ENBO%{A%EKF%sﬁ{l&\S& et "SQEE??%%‘?@@EE?? se,\%'é §198 g%’il ?y’ “gﬁnggﬁiﬁ%ar?%
whi ch the char geivtedehacindlidsuatosed stattew peregetesar Bigaal is@n the idisdidltae hdc
drive 100 includes a housing with a base 102 and a top_cover (not shown).
Di sc drive 1003f@pemaaty vhenthegeset gigael ipatthelagave sihtec W hesasppdswiches a

spi ndl e not or %not (ghowns) hb -a di[sc ocI a%lo& IeI)i SSt Zéhgagk 1806t Si- ne udes a
plurality of i 8\'}3}1‘: I (s IR aR T TR M ] uAt 881 5F*CE D }é&f(ﬁ% Haur '°
central axit 1@Re inEacht @it andYicfRELshRSH N Bkt R4 iDeRtheld@ivaligedh is
mounted to disc drive 100 for comuni cation with the disc surface. In the
exanpl e shown in FI Ghedischizassheid Posiriensigpppatag dy feubpensiwlesinlafornhi ch
are in turn attfaﬁpe t.o trackl g&gessi n% a;lm; %jlﬁ of, an actu t}?r 116. The
act uat or shown f§eAback cigrug qeupled hsswenyyhe spisgetsedpacagigyspadthe gositon
Actuator 116 ingludgy ihﬁé@ ﬁﬂ%%@ﬂ& BURRAELLS iddMEIRaHN Bl 0Ol anl drAGK
accessing arns 114. Each of the track accessing arns 11471's coupled to at

| east one of t kerrsttgpedsivinsmdlldimmirigedleraep oFliesineeghead 1drk@rapesake pbdrge t 0 a

correspondi ng gi sc surface for accessing data within the tracks on thﬁ di sc
surface. Eaéh ‘Eféb%,‘jfs‘?‘ﬁﬂ‘“lfﬂ ajsgle gy pimePar ipdand SRR AR WIGHT 808 QR thA30

for finely positioni head 110-wi fhin S| - 1 e~qi urf ace.
The control fuﬁ%:qug%ﬁps% (})lf3 c%”@?églé\}flglﬂ%?%)rtsh%ip og%%&ge&?c%%?ﬁﬁ%ttﬁ? 'eﬁll Wi ?ﬁo?n drive

control | er140, cepetiorCalduiok cpiple@ ss tHe ihdegrabr dutpapand ke the position control
m croactuatorcontrol |l er 146, as shown in FIG 2. Mcroactuator controller

146 can be nountpy apd ihadapeeddiogenerais xearrectigntsignali e fepresants s cENEArispy
within the di s% drive 10 housin % lon act u€;_t or .116, Ofr | n-sLtuatvc\),irth each of
t he ni croact uat’or & BN e AR B ™8t P e RIOFS TG MBS ves a

conmand si gpal cbFRPnAen¥8The PYSEIBAONhardiss rhdandVih GEtuhD@isfRE&RedAkha
certain portion of one or nore of discs 162 are to be accessed. In response

to the command psdzgelattricdnicvmcoantrairtesporidifg pr thei idesgraer wotpontle summing
processor 142 with a position.signal, which iagﬂi gat es a.l5 .parlti cul ar
cyl i nder over U sems Hheopositast famingnd signli 459 L SPERST Oh 881X OZA I 1

corrected position command signal that 1s applied to the driver circuit. The error
correction circuit can further include an offset control input, wherein the correction
25  signal is adjustable through the offset control input.
In an alternative embodiment, the charge feedback circuit includes a
reference capacitor and a voltage feedback amplifier. The reference capacitor 1s
coupled in series with the piezoelectric microactuator, berween first and second

terminals of the position control output, and forms a reference node therebetween.



associ ated heads. Servo control processor 142 converts the position_ si &
into an anal og signal which is anplified by power anplifier | 4149&@2EPS§6
_provided to actuator 116. In response to the anal og position signal,
actuator 1 it ons suspensions 112 and their associ ated s. over the
desired cylj\?(r)lgg/réks%o Drive controller 140 al so pl aces pr earrplp'?ﬁfuéfw’ﬂé" in a
read node and indicates which read head or heads the data will be read
from The selected read head generates a read signal containing data which
was encoded on the disc surface. Preanplifier 148 anplifies the read signal
and provides it to data and clock recovery circuit 1S0. Data and cl ock
recovery circuit 1SO recovers data fromthe read signal and provides the
data 25 to error detection circuit 152. Circuit 152 detects whether any
errors have occured ErGthg Aabek HE@F&nb_@F&efdi&rﬂr‘ixhﬁll%é&ingQ}N&E&ﬁIFHI_e errors
are corrected by error detection circuit 1S2 and are provided to drive
control |l er 140 ovenurpuscdfbng o ankenbodimennef theMeten natdimveiny, correct abl e
errors can be correclggjg by dri VFg cont rsgll | er 14Q, or a conbinatiaon of both
drive controller 140F%ad® Bratop Ritt Weri BA™eRE O ropgpated syspsngop 1 dexdiyp

99/ 66501 PCT/ U l-]:r'ﬂé? ' [ ts ¢ within
spring region 1@3‘% at %?gﬁ?%ﬁ%g@ggf aocg SEFF?EQ? p%ggegr&rkgrﬁ%ggl'gi nbal 18S
and the read/wite hepd.4 Alasgaph hﬁlsgﬁ@'@&ﬂsgﬁwdm&naifexrwptcsl gRPodMR S edrenlal D
various different suspension configurations. A difficulty experienced with
pi ezoel ectri c nyessaspeardiagem di sc drive servo 5 systems has been that the
pi ezoel ectric mat erig{ uqsed in these .nm croact uaf ors exhi Fi t hysteresis.

FIG 4is a graph 163F1 ifs“t‘?eé?ﬂeﬁtdvedwg‘bloaﬁém G YYBi-cal piezoel ectric
material along axis gfG ﬁ%rcﬁagﬁammthexeh%aagn%aw BdpSactBRtinERL ! | | pse
166 corresponds to displacenent versus anplitude for a fixed peak-to-peak
anpl i tude sign embediimepubf ved pragat inMeatihyst eresis shown in FIG 4 limts
the accuracy at 10 which a typical microactuator enploying Riezqelectric
crystal s oaly posi t i o real 2schemays dingram yﬂsmreéqtgamﬁcawpﬁar@ ghowses 30,
m croactuator c un F S [ f

driver for cont%Heﬁjﬁéﬂ{aﬁéégﬂgrgggx%éij?\%%?get% }(?b'té ﬁgmﬁﬁ?tegt}gfgg?ﬁtgﬂgéﬁgwal
wi thin m croact uat orFI3® isfaath@hadddiagahnell ydiHer&ent debéd decuiihaed o thage
applied to the m croactuator. FIG 5 1Is a perspective view of a

pi ezoel ectric cmyseurggcomrobtrshovagniids. ¥ hreerding ko gonaimbadercnt php ed ™
1", "2" and "3". Piezoelectric crystal 198 can be nodel ed as fol |l ows: d31
VPZT Eq. 1 wher &2 "Fveeﬁ’rmé’g'ents the change in length {along the 1-1 axis)
of piezoelestric crysi@lo 30 stABnaPTzhAPSRSENk S febdbatld:AQE, ARRh infiskcRETIRsS
pi ezoel ectric crystal 198 at termnals 167 and 168 (along the 3-3 axis),
and d3, is a prdpogefromad ieferene@nspantor geter pkioelgine anyistal piccomergrosnper
volt for displ a:tclement acro(ids‘ the 1-1 axis in response to an electric field

appl i ed across FFé“%‘!‘f?_“é&l? methe ‘hlefﬁ%“‘o‘f“vﬁ?‘é‘i‘bel ectric material can also
be used, such as mat }g@.afo'sis RV dHGarft cﬂg’éaﬁrcﬁ@{}{ak%g?édﬁa)ékQQRJ%I,%Eordintg thS

known that this 25 relationship I's not” accurate ause it does not "predict
hysteresis. A narehactuitadieverantisidiment of the prédent mvbfiigd.zn Eq. 2 where K"

(or "KP") is a proportionality constant in neters per Coul g Lodi g

di spl acement? al ongib\(zﬁﬂgé—ﬂz‘zi_e&é.g,_ﬁrl_'ntégD CRAPTIONQESTHE PREFERR D FVIBODIMERIS (he
3-3 axis. 19 S E 02; 9~ ~ - A SIS o w i Lpr
130 is coupl ed acrospgﬁg'oéfsta%ﬁgpggﬁ?efﬁfwooﬁ% pdljﬁC dn(')‘(;jées 268w§1%§%5%gir89ﬁ£% R

M croact uat or 13Qvdras the F}e@a&ahe&{trdrpis abdfie MisvidtiRe 300 dRd6ddsartasisiag with and
a parallel |eakage resistance R ,zT. The current flow ng through the
capaci t ance G, , bape 182 hrdeleplcover fnot shown) Brissadniveat®rfucdwt ersiludes a tlisg pack

receives the posjtion,conmand signal .V~ on inpput, 200,, which is a | tage
having a magni t ife"aHeh anaried opideindls mever (Rt dhaVRLEY Aek s %@fggnbls
summi ng el epent %&L%o.%qﬁaha&sa nérlggaéﬁg%ﬂdo%d@%g}%%m% LABR oWt ToP UM A

214 and suns the position co ol tage a correction voltage

VCoRR recei ved abous dentraipods 96 Raoh densudie s ankasseciaed Ipadi ttdarhictonmand 10

vol tage Vc~,c on sum OUtcPUt 218. The corrected posjtjon, commuand _voltage is
1

passed mounted to disc drive 100 for communication with the disc surface. In the example
shown in FIG. 1, heads 110 are supported by suspensions 112 which are in turn

attached to track accessing arms 114 of an actuator 116. The actuator shown in



to charge feedback driver 202 through reset switch S1, which is nornal
cl osed. Charge feedback driver 202 includes a charge driver cﬂr@uﬁE}?éﬁﬁﬁbd
.a charge feedback circuit 222. Charge driver circuit 220 includes

oper at i onal wargleearer 224, differential driver circuit 226, 9¥%¢&39 circuit
228 and pul | -down circuit 230. 15 Operational anplifier 224 has & 13119
non-inverting input, which is coupled to reset switch S1, and an inverting
i nput coupled to charge feedback circuit 222 for receiving a charge

f eedback voltage VcF~. Qperational anplifier 224 conpares Vc~ with Vc~,c
and generates an error voltage on output 232, The error voltage is applied
to input 234 of differential driver circuit 226, which generates pull-up
and 20 pull-down control signals 236 and 238 that are applied to pull-up
circuit 228 and pul | AdowocCilbédlided Bise 170 EHER bufoyes tRelplurbiRyDf kGl hccddthd S
coupl ed between positive voltage supply term nal + VDD and node 240 for
sourci ng curr enfIms1#. Each gt dggrackaeresspapmromdilf igesmpled o iaasase dfsheoupl ed

bet ween node 24 -ne ivie voltage su term nal -VSS for sinkin
cirout 1ot froR ST YRR ieroHs «HEREL b e ese asosier e B o
out put node 208fortab<!fé§546§da'iQﬂ'&lhngtl{e‘%ﬁic%&EtlBSdiscTﬁ‘?faEEgl?&éhUs‘%gaZ&@%nﬁ%%r ity of
current h,zT determ nes the charge stored on capacitance -r of

pi ezoel ectrix nfeupdedtoraiamst oh8@iandctuhus 180 orfasily positiohinkhead eadwihota
shown) that is act ugt ed by }gﬁﬁr oact uat (ﬁr 130. ~ g s E ~ Zooa~ WD 99/ 6650l
|* CT/ US99/ 131 | §°51r£4 tigek o thetsashelpemyf he sprtrel fuprdor Frrmisreastediers 130 can be
pi ezoel ectric e 11C I n_one enbadi nent . lnzr is
selected to havierﬁlgIg %Qﬁmhglﬁrgﬁ?‘%tb}gp(%k%ﬁg}.’Trﬁ%ﬁ%?trﬂsprgcfﬁgrgl‘%?ﬁﬁ,SePI‘-?,mS Ra
= 82. 5K Chns, RmicroRBuatorcduirdllarbes, &showbinIFI) 2aMicYsfetuaror cobtrollRl 146 cahor
exanple. Qther circuit values and driving currents can be used in

al ternative enbBumeuptes withteglecirenuistrewitni ¥8Ushowe in FEGprvetlyinchedisxdript e
of a feedbagk C%l(glgzsmto'r[lgg{{latca?l e _used vvihh t,he. present invention. O her
feedback citcuits can’arso - pe’ us8G gt Y& 5?‘&1?‘?1‘3“3&‘?%’6{}56%5& gnal which
IS representative of Dubigsebaad6n.dBlve : glm% : .10
Charge reset circuit 204gi Ecl udes chggggglrligg?qig%%ﬂe?mzc 4, %g)gsté ?:g%fnrl%lg
circuit 2S0, relestsenimoherdls 1pewhithandiRearidt putttaid@omtich bEohd 02b3re Heset
circuit 204 ena IeLs} hhe charge stoyed on capacitance CPZr to be selectively
reset to zero tHroUgh I PHEatcess SRSt Hegoapand sana ri teconeeder 14%ut
254. Reset cont ' Ll i I < SW - CO |_signal- 255 to
reset switch Slﬁl?tééﬁkféﬁg%&sﬁmﬁ?gﬁé%%okgﬁc (l)t?goﬁ O%Q’%%%J%i@fﬁlﬁlésm}%ﬁsécti ve
and open whien QRESETlat oyliader over wRedeicnesH 116lis €& pesitidn 230emis 132 pRd iHRs

reset control signals %qSSﬂand 258 tq pull-down circuit 2S2. Pull down
control cirecui tasg‘?ﬁ“?‘h AHETYG G814 PERGESsOL 1t coneris khepesiten agaalintenf or
sel ectively shoyiing: -\ z0: round tenmnal  GND (i.e., shortin
out put  nodos oourodEfhY BRI GAARNE BT AR Bed B i s e

of transistor Qib, 120espbaseli& sld analptpgoditionisal, aé28drd 16 pBRLSHs iRpdRR BasE
of transistor Q4. The collector of transistor Q1 is coupled to positive

vol t age supply anértheimassosiargtheadsouerthe denfedicatindér.t r ansi stor QL i s
connected tf the basg of transi r . The emtter of transistor 2,is
connect ed tng ground é‘rvﬁf?‘fﬁfor%\l%?&%{ﬁ(ﬂ%fﬁéPé?f'l“ll%ltéeér“gf“i‘F apefeqnddpdicates
coupl ed to posi¥hieR réQItea®br ReHdP e &%il?@@rca@'fmrﬁ.aqhé’s%lle&gd P&Plh_%%/& S%'neg{ﬁés

transistor 25 Q4 is coupled to negative voltage supp erm na
the emtter- ofaterdpigndiconta@ing datgwhplhedastencotiel dade difc surass PsémiplifRr 13he

collector of transistor (B,i.s coupled.to.posjtion control output. node 208,
and the emtter? S“ffﬁsghrs’ieéﬂi%%mgﬁ" BrVafsrea datr Hdotiaek respysrmairoanipO. Thata

voltage VrzT o j kG t - c_ R 200 99/1i S0

1' CT/ US99/ 13116 “[a%qj‘gc%%%’r‘é@d&%ﬁe sEHEY saerafregde fo Sﬁ"ﬁga‘F\@”;S’av_ debgiten e
tine constait ab crfe deteedoetieatit 150, elirm@ntsy dbheashdthbr A0 HRBabd Qaub:..
(i.e. displacenent of mcroactuator 1.i0) can then be cal'culated as a

function of thdntthedatamadgach frofm thedisch&oge:ciabdeyacts avotdrageedby-emorand t hen
conpared with the desired d position 5 represented by the positio
command vol tagec_hs\tf_rq-‘.o“§fﬁ‘3‘é‘,t Pﬁzaaf“df@?? led tojdrive Caf“mﬁ@%_lo‘ﬁ]b“sﬂi@snta own
actual head poskhhhmnp. Hﬂte?@a@ivp&,&ﬁ't&wb@éggorfs LObL pc?er&L@Bi' APive controller 140, or

a combination of both drive controller 140 and error detection circuit 152



Hl) = K~zr@QPZ-r = RR~ IT cFr~dt Eq. 8 s 10 Once integrator 260 ha tﬁi inghed
integrating VCFB , integrator 260 feeds the tine integral of'\\@r&é OZEO?OI’
correction/conparacor circuit 262 and does not further update the
measur'enment } he next reset. Error correction/conparator, ¢citcuit 262
cal cul ates vtvﬁe%gkstohal head position H based on the equation PSOG8Y 144 cui t
262 al so receives the position command voltage V~, 0 frominput 200. Since
15 the position command voltage Vnc represents a predeternm ned di spl acenent
of the piezoelectric elenent, circuit 262 converts VPC into a commanded

di spl acenent length by nultiplying the vol tq?_e by a predeterm ned factor
Circuit 262 then conpares the commanded di splacenent |length with the actual
di spl acenent |ength represented by HP and generates an error correction

vol tage Voo~ bappdosBorti@ledfnt fheeqhERed it 55Qh 9%%&@32,99&4@1 LaoggovenaR
is applied to suminput 216 and added to the p S|t%o command vol tage V~, 0
to generate thegoobpald8bedbpoeichigonbddsirand thotdadge rive-headsr Abp, deprezoticanc
vol t ages can be determ ned for a nunberﬁig& command position anplitudes.
These error cor PERERRTFHRCHSEEY EaiBes AhtEeni SUsRafI s CHi 89519 fes and

tenperatures. In onepe it ; QoL T Lon/ ' ' 4
further includes an of ?%ggj ﬁé&lﬂe rl%%g\%vﬁ?gé}le?%l%cggégg?g@{ %Qgrsgggggg{xyég%iv%n
signal. O fset bnpuhs Retheeathdiehe presdlectridatidrid wéd FethebdaticroRyuatars\exhibit
dependi ng upon ~as ~ P zoo2 WJ 99/ 66501 operational amplifiers,

transistors andhrsaissineFiGvalsresraphant bdluggedng displacemnat ohatypical BeaglersiQo
The charge delivered ,tp reference capacito F is .giyen_by, E, -
CREF~CPC --' ~| "REEH -a&ngzslsé?f%aam UL VaREGY PR 2th 1ber Eé%‘rﬁ]@%rlg?i ons
can be used for .s4apbyii Aasgla&%enwe,ewz,ﬂgﬁ&ﬂufbpa xga%@ﬁz- LAk aser%gt@ﬁ a

function of a control voltage or current. PCIlI 1JS99/13119 In the odi nent
shown in FIGS. §ig8wavhanme vbbegh dblke lopndreos sicsvmae BIG! # $ineics dhy acontcyat | i ng
the current (geli ered to Ehe pi ezoel ectric element in mcroactuator 130. In
an alternatiQe & PENT! TEFHRAHATOS SEIPAOR NS BHEZPBIECTT Y Hdalnsht E%%P‘b%ead
controlling thejgharge on a reference capacitor and then "mrroring” the
charge on to the piezoelectric elenent, generally by passing the sane
chargi ng current thr Qiedimithgser8rat ndictdat@atsrefFenNicfda@uabori ®nroB&hieiat i ¢
di agram of a crrl?rge f eedback driver 300 using one technique for mrrori ng
the charge fronfsBowariartdfcd) ewpachige feetbackadmerifef cprimelinguheslrs: dalwersded

in FIG 9 as vvegoethléseg ig FI GS,. 7- fgr t he sane or @i m4J ar, el emeg;; S.
Driver 300 incl ides BpEf eﬁrgznrgﬁteélﬁgﬂt ine?mi?%,tu%t_ﬁ’étlé R PR FPRY ¢ 220,
pi ezoel ectrix Ni&droslithl ahO¥oldedP appIRIIALIAE BricANRBGIt Y. IHRE. 5 Ah PeRbERRBCR w of
nunmeral 301, and voltage scaling circult 302. Piezoelectric mcroactuator

130 is coupl ed & piezeeleasicwistal 8 efapsd 198 me thive ooREREonbletxas dibelrdsilti ‘Gh
control output node 8 and 210 (i rqund t.erm nal,, GND). The char gi ng
current | PZT i nﬁ‘?‘ga? 6519 5EONF IR g?% %é‘ﬂ’etfﬁf:’éaéﬁlab?%l%‘ﬁ’ect ric

m croactuator 130 is substantially ggqual; 4o the reference current gREF,

i ndi cated by arrow 308, through reféerenc &dpacitor CREF, as long as the
input | eakage cuibefhA) kéfzb¥ms (RdicRage Gn Phga (WM BH2 1-0hxRIH pibiRleciir4rySal
negligible. Eq. 9 The charge delivered to piezoelectric m croactuator 130
i s given by20 QPYS8, V) rdpZehciits Ebe vdlfagy lapplied acrods pieamleetriEgrysthl 198 atkdzmiFels +
~l,~, ~Kdt Eg. 1 ~ S P zogz 99/,665U1 PCT/ US99/ 13119 As | o as

t he | eakage cur?gnfnq i@s'(“fonét‘ﬁﬁgﬂé\’/‘gi’ agd;dg, ‘éﬁﬂ%er?’éfﬂf”i‘I‘)éﬁomséﬁﬁﬁﬁ%‘“gg’rg'@ﬁT
of piezoelectri i L& wiRdd r.olled),: :
reference capac?‘tglrcx%’ts%rrs EVéi 11 géggs?gtcé\?y“r%%?%ég%tleﬁ Xésé 'ge? ge}g%%?%'ﬁgelecmc
pi ezoel ectric chyldtapplied Acrsssrtia By, axN ©hePgekes of pleRselpteRanitetis\centlise be
relates to a disc drive head_ 5 positioning apparatus 100 whi ch includes . a
head 110, a suspeSsush 4smtmleﬁa\§nmdmp§owrélqm@aw gamprang. gi BAoeradhyy @is
m cr oact uatg§ I;%eatwhi hiso eratigel coggl ed to the,suspension 1l 2d %rtlgl a
char ge f eedback’ ArtVEMIESSORATURAE Dl hAPGRIQF RISHKT Sy Stegesisnd mote accu

pi ezoel ectric mygdepelyptiy: 130. I n one enbodi nent, the charge feedback
driver 202 includes a position 10 conmand i nput 200 for receiving a
position command signal VPC , a posifMierk,gQntrol output 208, 210) kqcharge
driver circuit 220 apd a gharge feedback circuit 222. The position, control
out put 208, 210% ragurfP"e a¢ SESRIOPREIQIIAEPHESEANTi 18 metersares Certlop 1@8“%‘@

charge driver cij [ 0,1 p bet ween th Siti commng, & 200
and the positi oﬁrsgléﬁ%rpo aé%‘fgpﬁi%ngg’gs MG Prhe %ﬁ%ér)‘g%” Ge Bﬁ%qg%ég%? r@ (%ﬁfst

222 has a charge feedback input 241 coupled to the position control output
208, 210 and a charge feedback output 242 coupled to the charge driver
circuit 220, The charge feedback circuit 222 is adapted to sense charge
QPZT delivered to the mcroactuator i30 through the position control out put

NN SNA PN N o ] PN o o o - o



20 which is coupled in series with the position control output 20 and
forms the charge feedback input 241, and a differential vol t‘\a@e&éﬁs nt
circuit, which is coupled across the current sensing resistor RS and has a
vol t age f eagdhagkssprt put VCEB which is coupled to the charge It(c:;:g(cgllback out put
242. The driver circuit 220 includes an operational anplifier" 222913419 ys,
a pull 25 up transistor @ and a pull-down transistor (6. The operational
anplifier has first and second anplifier inputs which are coupled to the
positi on command i nput 200 and t he charge feedback out put 242)

respectively, and an anplifier output236, 238. The pull-up transistor QS is
coupled to a first termnal 208 of the position control output and has a
control termnal which is coupled to the anplifier output 236. 19S~ N
~ul2 WO 99/ 66SUL - 21 MRE0aLGAJ 138%LBuplrdaBradl b6difadh k¥ h:sIBaguEIRBdes 2088nd
charge feedback_circuit 300 includes a reference capacitor F, 301, and a
vol t age feedback!Candigrpraratonh30 e piedoeleemeclonpmcvitbra @RENtanse Couypined: i n
series with theﬁiﬁéqel egtri.c m cr oactyat or 130, between first and second
termnals 208, PO QcAsE’ SISRpreRrzeontf 6160t gﬁ‘f"}“ga opglt the APTiRgrefende
node 303 ther ebgbvegn,, The vol tage feedback anmplifier 224 has a non
inverting input coupled to the position command i nput 200, an inverting
input - coudl ed to tNBcmeftertencentnalite,l4aneteares du positia0 u@hatntiaidnaRVAr by er
circuit 220. In another alter naﬁi ve enbodi ment, the charge feedback circuit
310 incl udes a \'BFt Q%WIEQHB&CWQ EsHhIRnes npzatadriand peleribhindaativeof 8 desirethe

vol t age feedbac i T4 4 has i,nvert i input, a non-jnverting
i nput coupl ed t%‘fat&&’e"@%?é’i t‘All %Inm%](%)%gﬁﬁﬁ%rr:’bl&tre%&sqgﬁB?gﬁwg&?ﬁﬁ?a YIFasa e
the driver circon fud2fputhe afid iR thePdsiitRin JImmlAad vbithed vandi A&t 1i88S
312, 314, wherein the first leg 312 is coupled in series wWith a reference
capacit or CREF vltage ¥ cokerepdesct drosune orptut @16 ool gpnerai2 @8;ortfkd fdsaicspaonthahég
314 is couplloed ‘lﬂr; serjes with the glér actuator, 130 . across the 1S p,ositign
control output SOEEE Yo OGP PHEPU Ader  RnPITSrhst POsition epipmeg dreass wmarsfce
node 31S bet weean dhgefRédBLENES Y& IBACH ]

Anot her aspect of tﬁgg pr esent \i’nventi%%%?gggfggngbgg’ewn%{chg%né %%@P?ﬁdﬁ ng
radi al position of aChegefctdBackelriver 2€2 trreliaies h ohage drpdi cibtl6220 dhdba elifge

drive 100. The fms

hod i ncl udes suppqr.ting the head 110 relative to the
storage medi um i%‘g’,ac G*faﬂay%cféﬁ%ﬁgnaer;fewq?éiﬁ 1pelnfiesepesitpnal amphifier 224,

I ndi cative of ay;gonmREn et 2kt priﬁlhl nci{c%'it &@%n epauql-&(}oh Bagedign the
position comand Si gnal V,,c, a m croactuat or rrve "signa FrZ I'S

gener ated did Sperationslamplifier a2t hiasla A@HindkrRQSnpLQRwiith if@upealtt oLt Qe
t hrough a piezoel.ectric mcroactuator 130. A representation of the charge

QPzr del i ver ed S ing s PREIHEIVEEHE 18Pwi eauplast teathergetfeadtogk cireuig 222 forsi gnal

is 25 neasured,_.An erm croact wat or d¢jive signal | PZT,.i.s ri ed based on
Lhe neasur ed r dscaankehMes KRB et Vemari Miitoeh e blbER 0 ienes Vem
present invent iwith WP@ﬁx@ﬁgetn@ra@eth_%@rd}Wo‘l’t‘ig@Sﬁ@ugﬂﬁ'ZBQQWHQQr%}WHIQ a5 100,
whi ch includes a head 110 and a microactuator 130. The m croactuator 130
control s a radia@Plipdsd tripgh 2 ofthffedeend driver cetkait 226, which gehemaggull-uPasl E P
2002 CVO 99/,GCSU,d, " i T. | AlMED 1S 1. A disc drive head

posi ti oni n%/ Oap;f#ﬁé‘é%%“%%‘?\?g‘ﬁiség"ﬁb%ﬁ aa&&ag%‘%&%&&% FPHCIEWpIAS 0 he

head: PCT/ US99/ wit %P Live PUIE i i i
ea pUlRddw 8; alpza%?%gﬁgg,g PUIELORREURLSE ;LB QRAT BdfG! Y

coupl ed to the suspension; driver Ichis
operatively coupliege supphherpiret eeVBEX 4ridnddec240d6# sairoing irrehb &, dilsoughi ve
head positioning a% rgtﬂs of ¢claim.1l and further conprising a charge reset
circuit which i"ode §1 ylldgwinrarcyit 238 ay equpledcberveemaede d#Qand gegnrze yplage

drive head posigd.j,oni fatus -of . cl ai m erein.t char eedbagk

driver conpri sesgblgl i %g‘glﬂﬁ)%sgégr it %‘(ﬁ’_bichrﬁﬁ‘[t][!%?r%88fiei|2§% Eja%%?i‘*_{)ilsoﬁou 1 ind

signal ; a R6si tPoRRicHHNtR oRipul HbdIWLS bhictgh QURIRIr RRIASS,. IR RaSFOGILHId | C
polarity of current I;,; determines the charge stored on capacitance Cpyy of
piezoelectric microactuator 130 and thus the position of the head (not shown) that

i1s actuated by microactuator 130.



m croactuator; a charge driver circuit which is coupled between the
position command i nput and the position control output; and a charg
~feedback circuit which has a charge feedback input coupled’l@ Eﬁéppﬁliion
control ouggy Rgg@ a charge feedback output coupled to the cpargé driver
circuit anda¢€ pted to sense charge delivered to the mi criddéYatdne

t hrough the position control output. 4. The disc drive head positioning
apparatus of claim 3 wherein the charge feedback circuit conprises: a
current sensing resistor which is coupled in series with the position
control output and forns the charge feedback input; and a voltage
measurenment circuit which is coupled across' 'the current sensing resistor
and has a vol tage feedback output which is coupled to the t~__ r m,

WD 99166S01 _? ~1Q ~.~ P 20 1.CT/ US99113119 -1 ot L ch
integrates the Vgﬂ‘éra rg’]% eé%bdbcé)é‘ roggifepcug or" gnes%lsze%etl%& l}f @ﬁeﬁﬂ%g%?%ﬂg%ﬁuamr
generates an ingegrator output that represents the charge delivered to the
pi ezoel ectric microactuator; an error correction circuit which is coupled
to the integrator odnpue cabgdireent o, poséledtehiebateomakmpun aamplitbde adhptled

Comanded di praibBan—af AR Ba Gelfact A kb SactuBsbr oo ReOHBRdrg t 0
the positiog cqampndqsi gnals @%lﬁpfo?%&m 1@@84@%%@&'%%55 BJI'@dHlu %g%g%ﬁ{s“ c

m croactuat or corresponding to the integfator output; and a sunm enent

whi ch suns t he cpR bk uk@hincdErmtide smppdimangd Chergededdbatk oitcsit Q78IS héely one
generate a corrected position conmand signal that is applied to the driver
circuit. 9. Thexangle dfrifoedbhdaeirquaisihat ean brgused el thesprssensiayenti@nwshei n

th t 4 i it f t At i t. t.h ti
ignal |1 o) udTeree PRGN TP AR ORI e BHERGRE f stPRREERTR €0 orive
head positioni RgpRRRRLRELYT (RS cak@l J813e 8 8hA 118 hlkpsQeudEepACck circuit

conprises: a reference capacitor coupled in series with the piezoelectric
m croact uafl@r, bet weelmrgé resdt camdit 26€ ondbdee changalreseofnpun @5 posser icomtrebatqun

t put, df 1 f t bet X | t . f eedback
Dl 111 er Comp2Bli fett Ao STRFSrOT g TN GO FEaE Aof B 56 Er A OR Srtsd
input, an inver ée&rgyawedco%uc%g&tfwer he g%fe%gfa@&@elgggsgt c@fzéioﬁﬂroq%m%sa

coupled to the driveP circuit. BdPSE drive posi ti oni rg

appar atus of clcanimahdQRESET febdvahed glearpeagba@iout 54 UR Ese€ oomur dls@suit 2509
5~~~" ~~~G WD 991665(11 -27 |I'CT/US99/131 I 9 the varying step (f).
conpri ses anpl isepplgy arswatchicpoEoksigneh R5 b e endetor ischd$ ¥ suishaRetes sheshwden clased

eeconck,vol a0 e L EBTEEL GBS, BONK A B
the feedback v@spaps shpplica résel &Sl sighb® 2860h8258 €0 paNeloateédrait 252. Pull-
down control circuit 252 includes transistors Q1-Q4, which act as a switch for
selectively shorting voltage Vi, to ground terminal GND (i.e. shorting output
nodes 208 and 210). Reset control signal 256 is coupled to the base of transistor Q1,
20 and reset control signal 258 is coupled to the base of transistor Q4. The collector of
transistor Q1 is coupled to positive voltage supply terminal + VDD, and the emitter
of transistor Q1 is connected to the base of transistor Q2. The emitter of transistor
Q2 is connected to ground terminal GND, and the collector of transistor Q2 is
coupled to position control output node 208. Similarly, the collector of transistor
25 Q4 is coupled to negative voltage supply terminal ~VSS, and the emitter of
transistor Q4 is coupled to the base of transistor Q3. The collector of transistor Q3
is coupled to position control output node 208, and the emitter of transistor Q3 1s

coupled to ground terminal GND. The voltage V,r on node 208 is anticipated to



i ntegrated feedback voltage; (h) generating a correction signal based on a
conpari son between the commanded radi al position indicated by‘] t%ﬁgpsgg
command signal and an actual radial position of the head corres I ng
" the |ntegr f dback vol tage; and (i) sunm ng the correct; naI W th
t he posi tlg,trcl)e%omrand signal to generate a corrected position C?@”:@ﬁ
signal, w herein the generating step (c) conprises generating the
m croactuator drive signal based on the corrected position command signal.
16. The method of claim15 and further conprises: (j) adjusting the
correction signal based on tenperature. 17.,Jdhe method of claim15 and
further conprises: (j) adjusting the correctl on signal based on the
commanded radi al position. 18. The nmethod of claim 12 wherein: the varying
step (d) conpr Icﬁasgcapmhyw&témtéyrhv& ShiNabaded HHAHR FnsBAEMmGPANRECt i On Of
t he piezoelectric mcroactuator and a reference capacitor; the nmeasuring
step (e) conpr |p$aseh&e:asuiemmgnaTmefaetmehh@dwmsttagelﬂe(ueIdmﬁmtemcnosfs t he
ref erence capacitor; and the va g step (~ conpri.ses.anmplifying the drive
si gnal based oFISTUFTREY drdkcad i ﬁc%lﬁ‘élaﬁfé[f“éra peRPf %@é"awr%sr%locrftta@e
representati ve
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MLO%r&. () - 3S10Umfkerécei éII’HeleKFcfr#tb@ﬁéﬂﬁmﬁ yoﬁﬂgéffﬂc&&-liw&d(t))-susﬂlﬁw1(6)a-nd
S10%r& () - 10%r& ) @O%r& () - kn DG K-/ 109%& () - G-4101& () - "+, 10%T& () - $
10%n& () - S# 109§fed Yo-the poogien cpmmavhye!rage Mes tq goprzate)thiranoged position
#310%& () - 10%& ()~ %ﬁ%l% ¢ $L0%& () -10nLOmionk f i K-KMLOY& ()-!10%& ()- @
109%& () - 109%& ()~ éﬁ‘ foR ()- | &10%& ()- fQBi K- Kf #3" 109%& ()- !
109 ()- 109& ()- = EXededriectiOf&olthges @n be determined for a number of command
109%& () - Y10%& () - B5yPdE- Kf #3" 10%& VAV10%&! ()-s-91'10%& () -9+ 10%& ()-
& 109& ()- (Y1@usition-anypliraded: (TherrsmmtyGEdsect@vs®lopesean)be made at convenient

25 times and temperatures. In one embodiment, error correction/comparison circuit
262 further includes an offset input 266 which is added to the error correction

signal. Offset input 266 can represent a desired offset that may vary depending upon
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operational amplifiers, transistors and component values can be used 1n alternative

embodiments, and other driver configurations can be used for supplying current to
piezoelectric microactuator 130 as a function of a control voltage or current.
In the embodiment shown in FIGS. 7-8, charge feedback control is

5  accomplished by controlling the current delivered to the piezoelectric element in
microactuator 130. In an alternative embodiment, charge feedback control is
accomplished by controlling the charge on a reference capacitor and then
“mirroring” the charge on to the piezoelectric element, generally by passing the
same charging current through the piezoelectric element.

10 FIG. 9 is a schematic diagram of a charge feedback driver 300 using one
technique for mirroring the charge from a reference capacitor. The same reference
numerals are used 1n FIG. 9 as were used in FIGS. 7-8 for the same or similar
elements. Driver 300 includes operational amplifier 224, charge driver circuit 220,
piezoelectric microactuator 130, reference capacitor Cggy, at reference numeral 301,

15  and voltage scaling ciccuit 302. Piezoelectric microactuator 130 is coupled in series
with reference capacitor Cggr between position control output nodes 208 and 210
(i.e. ground terminal GND). The charging current I, indicated by arrow 307
driven through piezoelectric microactuator 130 is substantially equal to the
reference current Iggg, indicated by arrow 308, through reference capacitor Cygp, as

20 long as the input leakage current Iy, indicated by arrow 309, of amplifier 224 is
negligible.

The charge delivered to reference capacitor Cyg is given by,

Qrer = CreeVere = IIREFd’ Eq. 9

The charge delivered to piezoelectric microactuator 130 is given by,

25 Quzr = [Lppre Eq. 10
= I(ka/ L )d’ Eq. 11

[Laredr + {1 ppcdt Eq. 12
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As long as the leakage current I, ,x at node 315 is small (and also leakage

current of piezoelectric crystal is small and well controlled), the charge on reference
capacitor Cgpp will accurately represent the charge on the piezoelectric crystal.

In summary, one aspect of the present invention relates to a disc drive head

5  poswoning apparatus 100 which includes a head 110, a suspension 112 which

supports the head 110, a piezoelectric microactuator 130 which 1s operatively
coupled to the suspension 112, and a charge feedback driver 202 which is
operatively coupled to the piezoelectric microactuator 130.

In one embodiment, the charge feedback driver 202 includes a position

10 command input 200 for receiving a position command signal Vp¢ , a position
control output 208, 210, a charge driver circuit 220 and a charge feedback circuit
222. The position control output 208, 210 is coupled across the piezoelectric
microactuator 130. The charge driver circuit 220 is coupled between the position
command input 200 and the position control output 208, 210. The charge feedback

15  arcuit 222 has a charge feedback input 211 coupled to the position control output
208, 210 and a charge feedback output 242 coupled to the charge driver circut 220,
The charge feedback circuit 222 is adapted to sense charge Qp, delivered to the
microactuator 130 through the position control output 208, 210.

The charge feedback circuit 222 can include a current sensing resistor R,

20 which is coupled in series with the position control output 208, 210 and forms the
charge feedback input 241, and a differential voltage measurement circuit, which is
coupled across the current sensing resistor Rg and has a voltage feedback output Vg
which 1s coupled to the charge feedback outpur 242.

The driver circuit 220 includes an operational amplifier 224, U4, U5, a pull-

25  up transistor Q5 and a pull-down transistor Q6. The operational amplifier has first
and second amplifier inputs which are coupled to the position command input 200
and the charge feedback output 242, respectively, and an amplifier outpur236, 238.
The pull-up transistor Q5 is coupled to a first terminal 208 of the position control

output and has a control terminal which 1s coupled to the amplifier output 236.
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first and second terminals 208, 210 of the position control output, and forms a

5  reference node 303 therebetween. The voltage feedback amplifier 224 has a non-
inverting input coupled to the position command input 200, an inverting input
coupled to the reference node, and an output coupled to the driver circuit 220.

In another alternative embodiment, the charge feedback circuit 310 includes
a voltage feedback amplifier 224 and a current mirror 311. The voltage feedback
10 amplifier 224 has an inverting input, a non-inverting input coupled to the position
command input 200, and an output coupled to the driver circuit 220. The current
mirror 311 has first and second legs 312, 314, wherein the first leg 312 is coupled in
series with a reference capacitor Cggr across the position control output 208, 210,
the second leg 314 1s coupled in series with the microactuator 130 across the
15  position control output 208, 210, and the inverting input is coupled to a reference
node 315 between the reference capacitor Cggr and the first leg 312.
Another aspect of the present invention relates to a method of controlling
radial position of a head 110 relative to a storage medium 162 in a disc drive 100.
The method includes supporting the head 110 relative to the storage medium 162,
20 and receiving a position command signal V. indicative of a commanded radial
position for the head 110. Based on the position command signal Vi, a
microactuator drive signal I, is generated and used to vary an actual radial position
of the head 110 through a piezoelectric microactuator 130. A representation of the
charge Q,, delivered to the piezoelectric microactuator 130 by the drive signal is
25  measured, and the microactuator drive signal I,y is varied based on the measured
representation of the charge Qp,r.
Another aspect of the present invention relates to a disc drive head
positioning apparatus 100, which includes a head 110 and a microactuator 130. The

microactuator 130 controls a radial position of the head 110 relative to a storage
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1. A disc drive head positioning apparatus comprising:

a head;

a suspension which supports the head;
a piezoelectric microactuator which 1s operatively coupled to the suspension;
and

a charge feedback driver which is operatively coupled to the piezoelectric

microactuator.

2. The disc drive head positioning apparatus of claim 1 and further comprising:
a charge reset circuit which 1s coupled to the piezoelectric microactuator.
3 The disc drive head positioning apparatus of claim 1 wherein the charge

feedback driver comprises:

a position command input for receiving a position command signal;

a position control output which is coupled across the piezoelectric
microactuator;

a charge driver circuit which is coupled between the position command
input and the position control output; and

a charge feedback circuit which has a charge feedback input coupled to the
position control output and a charge feedback output coupled to the
charge driver circuit and is adapted to sense charge delivered to the

microactuator through the position control output.

4. The disc drive head positioning apparatus of claim 3 wherein the charge
feedback circuit comprises:
a current sensing resistor which is coupled in series with the position control
output and forms the charge feedback input; and
a voltage measurement circuit which is coupled across the current sensing

resistor and has a voltage feedback output which is coupled to the

S S " v
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an integrator which integrates the charge feedback output for a selected time
period and generates an integrator output that represents the charge
delivered to the piezoelectric microactuator;

an error correction circuit which s coupled to the 1ntegrator outpurt and to
the position control input and 1s adapted to generate a correction
signal that represents a comparison between a commanded
displacement of the piezoelectric microactuator correspending to the
position command signal and an actual displacement of the
piezoelectric microactuator corresponding to the integrator output;
and

a summing element which sums the position command signal and the
correction signal to generate a corrected posttion command signal

that 1s applied to the driver circuit.

9. The disc d-ive head positioning apparatus of claim 8 wherein the error
correction circuit has an offset control input and the correction signal is adjustable

through the offset control input.

10.  The disc drive head positioning apparatus of claim 3 wherein the charge
feedback circuit comprises:

a reference capacitor coupled in series with the piezoelectric microactuator,
between first and second terminals of the position control output,
and forming a reference node therebetween; and

a voltage feedback amplifier comprising a non-inverting input coupled to the
position command input, an inverting input coupled to the reference

node, and an output coupled to the driver circuit.

11.  The disc drive head positioning apparatus of claim 3 wherein the charge

feedback circuit comprises:
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(g) integrating the feedback voltage for a selected time period to generated an
integrated feedback voltage;

(h) generating a correction signal based on a comparison between the
commanded radial position indicated by the position command signal
and an actual radial position of the head corresponding to the
integrated feedback voltage; and

(i) summing the correction signal with the position command signal to
generate a corrected position command signal, wherein the generating
step (c) comprises generating the microactuator drive signal based on

the corrected pusition command signal.

16.  The method of claim 15 and further comprises:

(j) adjusting the correction signal based on temperature.

17. The method of claim 15 and further comprises:

() adjusting the correction signal based on the commanded radial position.

18.  The method of claim 12 wherein:
the varying step (d) comprises applying the drive signal through a series
connection of the piezoelectric microactuator and a reference
capacitor;
the measuring step (e) comprises measuring a reference voltage developed
across the reference capacitor; and
the varving step (f) comprises amplifying the drive signal based on a

difference between the reference voltage and a voltage representative



