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'CHARGE FEEDBACK DRI VEN M CROACTUATOR BACKGROUND OF THE | NVENTI ON The

present invention relates to data storage systens and, np & 'cui%SFBﬂQOZ
to the use SYOMWPbactuators in a disc drive head positio 9‘%?3 {fyaar_at us.
Disc drive data storage systens use rigid discs which are coated with a
magneti zabl e medi um for storage of digital information i nrlmmmu&lmlﬁmmummgf
circular, concentric data tracks. The discs are nmounted o tor
whi ch’ causes the discs to spin and the surfaces of the discs t«xmsp@ss under
respective disc head sliders. 10 The sliders carry transducers which wite
information to and read information fromthe disc surfa gﬁe slider and
transducer are often tlabSQPBJVEé%YFE@ Q%A%%FE]%E@&QK%S@NE ider is
supported by a track accessing ar myaek@EACHBAGIRON. The track accessing
arms nove the sliders fromtrack to track across the surfaces of the discs
under the control of el ectr dbACKSRQUNDLAF AFE INYENTION f or track fol | owi ng
operations. 15 The spensi i . he

o der. The suspens: It g Ascoal BB % bbAKGREAESH B BGRbTE | .

| oad beam whéchtd the aesof infieroshiactes intaclismideivé hed posdorsng dppermtusAddi ti onal | y,
the suspension is flexi I.edin t he slider pit%h anﬁi roll didre(:t;tions to all ow
the slider to fol | oW FhE ELYR SPEREBYFEBRYE pdidiscyy picharg Sopted it & | o i ity

i s obtained fromagneibABkthediinh f62 brdFa@e of\Wiiivalinfoamadivh ih A bR@liRY ofwirbilar he | oad 20
beam or a separate pi,e&g part that is wel de(gqto the | oad E,eglm

M croact uat ors ReRFENTHEEMR Bickh oedIsF e BPYTFIRTAFPHId s TRotopBaic s Bnt rol  of
the slider and Wians i sld thdsuth&Eofdhl Hiks RN UndY Sk HEBive INERA flidefs0act uat or s
have been positioned at various |ocations ‘along the suspension or between
the suspensilén Jhdslidaes cireeidansdicers whish wateiafosmapenttoiand ead infermatjgrirom

pi ezoel ectric devig i DaTRle] I L L hange in
an applied vol tgﬁg/ee&%%ﬁlfa\séat Egﬁ‘”’g@@i aﬁ!:l Frg%&?%r%g gﬁ%:tg k{zgér?rbgé%e%tﬁ%}a}s]lh?agg} and
transducer r el afhaslids itshppadied by s umdkacessingame wed 3 suspeasios| Bettrack devi ces are
al so known to exhibit hysteresi n dribven with a,vol tage.gaontrol driver.
Hysteresis is p&?cfﬁs%‘ﬁf'rg%/slr?/ovf ﬁ}?ﬂﬁ‘i‘e\é\gs}g%trﬁ%(tafrg‘\éﬂ%ff?s%leé%r?a&o of the *99/ 66501
-2 19 Sept 2002 ubkdeFthéSBRrdl3 1 dlectomils@n® comtidtdrcuitryl fonirick follvaviggaparations. at

whi ch t he hgﬂgd can b H%glsi ti.oned within E desi red da al'tra;ljlff[: The present

i nventi on addresses SPensioR GRIRST RSk AFESIPRATHE tbﬁ’&?r' sus RY OF

THE | NVENTI ON Opgovadep£pielofd fobdaehrughsaaliritelai loadibearrehitlefordepthaslifesc dri ve
head positioning apg ratus, which | n(fl uges a head,, a, sus egs' on p’nrlétfh
supports the hed@ar a}?i@iﬂﬁf*‘@‘c{\ﬁd‘&m% it %%%RF&?‘B?‘S@FF_F‘E]H"} €t }5‘16?%{{" 9 y
coupled to the SLBRERILAT. IRRALEILHBAL IRHARHBRC Sgr!iﬁl'@f Tﬂfﬁbﬁth dnd roll
operatively coupled to the piezoelectric m cro_acFuat of. 10 I n one

enbodi ment , t he flekibiligeis phseidésticdm ol gimbalstrivgtateyttbich candrgdntegralwidohedesdl i nput

for receivi a;position ; I { L] ontrol output, a
charge dri vgiri]) cib?%’?f asﬁ%ﬁ%gg%%g’gﬁzﬁagggﬁbdﬁgkﬁg?1r°é%|8%.“gThe position control
out put is coupled acM'BSactdae:rsdiawhtgdlmposiedforrpmvitﬁmg‘ifmb”opositfbheorchépbe driver

circuit is coupled,.hetween the pgsiti.on command Lnput .and the ,position
Control out put IS GanspuErR bk e e P BT, THRE iR
couDIhed L 0 thedﬁf_@ﬁfibﬂea_ﬁt ﬁﬁ@ﬁsﬂ@ﬂ%ﬁmfaﬁuﬁt}ﬁ@?p&ggﬂﬁafb&wfeﬁﬁﬁbﬁﬁ]b’enﬁigﬁﬂﬂt dcoupl ed
to the charge drjver circuit, e charg eedback cirgcujt is, pt.ed to
sense charge delt}‘%@%&dlf@awdrﬁﬁﬁem& E’b\‘seﬂ’mz%ﬁ‘@ﬁ“’t‘f?é‘cffog’ﬁ‘tcﬁﬁﬁ“lﬁ‘bﬁt r ol
output. The ghargg, .t GRERAR Kithialchipt iCANppIEVELE 2 ThIW hak iPRARA RGisédesi st or,
whi ch is 20 coupl ed in series wth the Sosmlon_ control output and forns

t he charge feedbaoiove theulider apdbtransduskn algbvaroakedienmurfacee Hawever, which is
coupl ed across th rent . j resi Fio: . - f eedback

ut put whi ch 1s PREoREA RiRRR IR TR SLELPRADAR ek el E2C0T i
can include an opbigatcomne ldrigerp Hyfsteessis ispapichlarly proublasosiesn disc driveaento a

pul | -down transistor. The operational anplifier has first and second
anplifier inputs which are coupled to the position command i nput and the
charge feedback output, respectively and an anplifier out put M“WWHIWHIHMF
transistor is coupled to a first termnal of the position co D

and has a control termnal which is coupled to the anplifier out e The
pul | -down transistor is coupled to the first :




WD 99/ 66501 PCT/ US99/ 13119 19 Sept 2002 . _3_ terminal of the position
‘control output and has a control terminal which is coupled to the a lSifti2%62
out put. The_di ive head positioning apparatus can f i.ncl utke eP
char ge reset“%cgl%;réﬁsg{t) whi ch has a charge reset comand %%ﬁ?g/gﬁg first and
second switches. The 5 reset command input receives a reset signal having
an active state and an inactive state. The first switch is coupl ed between
the position control input and the charge driver circuit and has a cl osed
state when the reset 'signal is in the inagtive state and an open state when
the reset signal is in the active state. The second switch is coupl ed
across the mcroactuator, and has an open st at en.the.reset.signal is in
10 the i nacti vesystemssinghig ety the aeryragy é‘t‘gh‘%h@ﬁif%ﬁg“? ggg?snginﬁigl“ﬁ‘lng" in the
active state. Tgﬁsirgagﬁagggkye head positioning apparatus can further include
an error feedback circuit coupl ed between the charge [eedb ck output and
the position conmandThepsesent inveatien sddresfeathatsaas opher problems in frgpeier
integrator, an error correcti QngMaRY bFYE aNVETION €l enent . The
integrator integrates the char‘gé_rg\%%e’dm_r a selected tine
peri od and géner at esOanaspeit efphapwsenpinveuiontrelates toagystisssisive beagpesideming e
delivered to the piezoelectricg mecroactuator. Lhe e nection circuit
is coupled to tﬁgfpafﬁ?seﬁ:hﬁg&dugﬁsﬁb}tf?&)’éﬁﬁsp f%smtnh“éhlfr)hossulp {) {;lg{lthggélatdfﬁl i nput and
i s adapted to genesddaicmicRadessd whicklsgpeatritehadouplepredentsperaionpapba i son
bet ween a commanded di spl. acenent, of the,piezo ctric.m¢roactuator 20
correspondi ng tGh%rﬁ%fe‘ﬁgg‘ikﬂ%’ﬁrY’E}b‘ﬁlhﬁl’i’aer%‘i“% AJOUBBY LR REELAIU i spl acenent  of
t he pi ezoel ectrigG.Bh&hf@Ct uator corresponding to the integrator output. The
summi ng el ement suns the position commndg%ia%;fl the carrection signal
I

. an
to generate ¥ correclreehesmbpdimert, thsehaatie veRuaclufes ApoSHPR PPNt
driver circuit. . r igQ b QfinifihddGibnkl, £86kiloa doR@6] dugiliddaga of f set
control input, ﬁg@?éﬁﬁggﬁéﬁgﬁorﬁgct% 25 ggln na i1$ adj ust ab e,thr%u h the
of fset control idnyetcirchinamin chhige fenditarly drasivh ddi¢ pestHion conerokiPYés PERlEback
The ref er ence. cd5RE ToPerEAREL Bl o Aot ns i dEE SR E TRl €1
m croactuator, hitp&ionicbinsiandingusadehdpdsisionicoztal oofput. nEhexdeige fesdbaclont r ol
output, and fornms a [eferenc ode therebetween. .. 19 %eat 3092 VO 99/ 66501
PCT/ US99/ 13140 -¥rcyihasgs %f&“géc‘{gé BRIt E° ‘Pf‘ﬁee?“ﬁ'gé‘ GO HVEr 1 ng i nput
coupl ed to the p@get feedbaclosTipRGohpledio xhedhatga deivdricivouit, TPh chaxge fredieick 0 t he
ref erence node, ang_ an out put coypled .to the driver circuit.,ln another
al ternative embodicwsiadapredao ssnst Garer deliyseed ko theruigrorc iy Hrgh es o) t age
feedback anplifigfi@RdomediBhdp@Nt mrror. The voltage feedback anplifier has
an inverting input, a non-inverting input coupled to the posi tiﬁl command
i nput, and an out put T@gglpﬂrgedqubackﬁgcmqapet}ch@ie!a(feﬁrfn_t SIS LT ENY ‘E}i‘ Fror has
first and segond o|u§ﬁ§ in s\é{qgr‘\ﬁﬁqhg Egsitfdnrcahtr&%tﬂlﬁ afePioPInSthelcRargSfebddackni th a
reference capaci tof across the position control output) the second leg is
coupl ed in seri empw it 4 obagrinonoaotenationuit] Fhrb isoyplediecress shetqugrantc ont r ol
output, and the inverting input is caupled t keioneen the
ref erence capaci TCB?‘“%ﬁﬂStgrhaé’Q ?‘.‘“r“s‘{ﬁ‘f‘%eg.“%kﬁgt%ﬁ’r“ ?3@%3{ &E)l ? f?’(t:l Ege)glg r es%ent
invention rel at efedbackboutithod of controlling radial position of a head
Suppor 1 ng the head TR AN VETFS: PSSR G ARG ~PURP VY 15
posi tion comyand,si Gdldowndiahadby eTRloparatatBRslEEr hadirdlanpesbid auplifier t he
head. Based on the position command signal) a m croact rﬁt or dr'vg ignal is
generat ed and usagutshichrage conplad ta e pesiipngomseaad iRy aRst t Fﬁ}éarﬁfeg T‘%rough a
pi ezoel ectric m ¢roactyat or C S LRNTRE pliRE, SRRLESE id@hbeted to
t he piezoel ectri gut &éfegéﬁ‘ﬁgfé}dﬁ%&ﬁlgwdﬁ%@ ;Plﬁgﬁal ﬁi)s rresa;sdr ed_i,) and the
ni croact uat or dr fissetesmipabdf thespodifion eerived opueanddias 2 ¢tnmtrobtesminalwhich is

representation of t char ge,... Anot her..aspect of th i Ald on
relates to a di 38°‘{§"Tﬁﬁ\7%gﬁ€%‘8h{%s°|ufﬁu 'n?%gfgl E‘b‘%’gr“a‘fa&é‘, o%?%ﬁl%dnﬂg F{ﬁﬁ@éﬂ a head
and a mcroactuator. The m croactuator controls a radial position of the
head rel ative to a storage nedi umthrough a piezoel ectric m croactuator

el enrent based on a position command signal 25 and a representation of the
charge delivered to the piezoelectric mcroactuator element. BRI EF

DESCRI PTI ON OF THE DRAWNGS FIG 1 is a perspective view of a disc drive in
whi ch the head positioning apparatus of the present invention can be used.
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FIG 2 is a block diagramof the disc drive illustrating servo control
‘circuitry, according to one enbodi nent of the resent invention. FI Gh%g i§082
top plan vi i ng a m croactuated suspension in the i i ve ém
pair of |at %@Rﬁgﬂpaced strips of piezoelectric materi aﬂ%ggﬁl\é is a
graph illustrating displacenent of a typical piezoelectric material versus
i nput 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 F3-G 7 is a schematic di agram of a
m croactuator controller, which uses charge feedback control, according to
one enbodi nent of the present invention. FEIG 8 is,a sch tic di am of a
differential drrepemakafithqpositign septral optput spddatacqntrel Y‘}lef’éﬁ‘?ﬁlﬁ#‘ ISéP“PjL%{)vm in
FIG 7, accordi pght dmPlifeer 8BRdI ment of the present invention. 15 FIG 9 is
a schematic diagramof a charge feedback driver, which myrrors the charge
froma reference captheidissdrivebesd posiricnmgapparewy eandyrphsr anclude achirgg 18t t 0 an
al ternative enbgﬁjéuﬁ??flic Eastarlﬁ%fgé fesée @Smhlgﬂda@?)htﬁ)ﬁhd firbGnd 1&ohd s@ircheN et i C

di agram of a charge teedback Iver, according to another alternative
enbodi nent o6 t heetpomsend inputreceveon res GigDi iAihgD ERCRILPIAAN IGRLITHE
PREFERRED ENMBODI NE 1 G .1, 1.s a ective view of IS i 00 in
whi ch the char gétaﬁeg%gﬁgff’kwd?cp\'/SecrouP)IFgE%g'eeﬁlrdel%%onsftwinnc\c/“étﬁ Lﬁgﬁutiagd ﬂ{;eecgﬁrgel Di sc
drive 100 i ncl udgterairfutmdhas 44l6s8d stath athen THZesainiknal ik fixhe naedive(saatand hown) .
Disc drive 100 further includes a disc . pack 106, i,ch i s nount.ed on a
spindl e notor (ABPPEEHEGTThE %refﬁté‘émifsé cAgETe stifes @3“[95%&‘”& Sincludes a
plurality of indipiddUgloscthsmcrddiugldr ahEhARY Bp @ik OWh&OhE Asétlsighi] idiRout
central axis 109. 'Each disc surface has an associ ated head, 1%0 which is
mount ed to dPsc thtrinasevagoe tnsra deserhiiate when b retetsienelieingpe actigefitice. In the
exanpl e shown in FI : . i 112 whi ch
are in turn attacheccj;r %%dlic:aggeﬁgé%gssl@!ﬁ%g %ﬁ%&ﬁ%@ﬁ%ﬁﬂ%@%@fé}}aﬁlm The
act uat or shown iferdback\Gr@gic6GaalbePerEn Usoharks feedbagloog@pprrandglipposion| G 1 i s of
the type known as _a rotar ving.coil, actuat or i voi ce coil
not or (VCM, shg%ﬁm@% 113 5%/ I'Iyqlgﬁlfmg%gga‘i}‘o‘i"caéyglgﬁdesar?gg %ere ﬁﬁlfg'd“?%{ %{ es actuator
116 with its atcaekeion bieattand 1 Guradhinigtelement. Viie istegrhtor In2égrites thodhiatgeon heads

110 over a desired data track al ong a pat 22 between a disc inner
di aneter 124 anéeegbsﬂﬁ%% Bt Segfﬁﬂg‘wﬁeﬂ%g?n]a\%?eéﬁesca&’{‘te%fo&put@ﬁteﬁhgt es under

control of intengibsents tHeWhdrged/delivéted (thepicioleasic aficrasdkusbdroTheeadr al so be
used, such as a linear actuator, Actuator 116 provi des "caqurse" sitioning
of heads 110 r elcafrecpien ciscus 1eaupled to the dnfearptgr quipysaad “blﬁﬁe 85“1%‘0°‘¥“H£fher
includes a pi ezQgleetd is gdafled kP gnt MRl QorrectRnNghal 1B Q¥Restl @ BBhparidd y at 130,
al ong suspension 112 which provides "fine" positioning 10 of heads 110

rel ative to the bdetser aepraminded displacempntch shegriezpeleqiemigioaciug®r vol t age to

m cr oact uat 1 i - adi L.kl spective
nead 110 rol St i eorreRUREls & htRsy chnaf gl 2 AR AR ment Sl hE

m cr oact uat or 13(ezodertiemmbagtedr ¢copregponding o the integrapat dutpentThelsummingr eby a
change in the applied voltage .to mcroactuatqr, 130 us in the
prel oad force agpre8L s dﬁe‘%&'“ﬂﬁmﬁva : nﬁgaﬁgrt%el cgﬁre%%?.&éf%\o% ?agg% bl ock
di agram of di sc cdfrkst&l pdsition véth@bind signabsthais gpliede thedier coaidit. Alheetrvcui try

for actuator 116 and m croactgﬁ_{or. 1&&i n l%r eat er, .det ai L acgordi ng. to one
enbodi ment of t HEITETRREHEUWY A Brthepinclugs agolfey cpatrelyapytL F ¢ Ihegar(pemon
control |l er 140, s&%ﬁl\{padﬁﬁﬁbl%%roﬁ)g}%%ﬁ&fco}ﬂr%li guwer anmplifier 144, actuator
116, m croactuator 20 controller 146, m croactuators 130, d@c pack 106,

preanplifier 148, dalmenalgmetivermbodismsnbithe chprge {gedbagls gircustrincledes 31 det ecti on
circuit 152 and gpidl cgpﬁRéroagldlt%éltagpwemck amplifier. The reference capacitor s

coupled in series with the piezoelectric microactuator, between first and second

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



control ler 140 is typically a mcroprocessor or digital conputer, and is
coupled to a host systemor another drive controller which controls a
plurality of drives. Disc pack 106 includes spindle 160 which suppol9 Sept 2002
plurality ofMe®48%| 1y 25 arranged discs 162 (for sinpli E?T’%”’(‘)ﬂ%. four of
whi ch are shown). Spindle notor 154 rotates discs 162 about axis 109. Each
disc 162 has first and second surfaces with concentric data tracks for
storing data in the formof flux reversals which are encoded on the tracks.
19 Sept 2002 WO 99/66501 PCT/US99/13119 4. Actuator 116 includes base 170
whi ch supports the plurality of track accessing arns 114. Each of the track
accessing arnms 114 is coupled to at |east one of the syspensions 112, which
supports a head The@olwge kiedhecleamplifigr basemespayiseinggnett sev ﬁﬁ"Pé PP accessi ng
data within the tracks.on L SC: i L coupl ed
to at | east one Cronménraggglt &a%gﬁwg@gg%r%kﬁ{oﬁﬁ%ﬁ;@%ﬁ?f@%ﬁﬁggé,ﬁggy szult &w thin a
desired track orcotiplel withedrsuer tieme. The control function for mcroactuators

130 can be inplenmented w,thi.n drive ntroller, 14 erve processor
142 or a separate m %’QQ{%%}{%?““X&?{P&%’I“P%'&’ thf%l?ar RS %c\ﬁﬁﬁ?ﬂc'?l@&%%%sf )

M croact uat ors coptuigelftedback 4@plifier afkba c@ient Mikrov. tTthetvbizage feedback ainpliftedr hasui t r y
128 (shown in FIG, 1) , within the disc .drive JIO housi n ? on actgator 116, or
in-situ with each BYrfigdnpH G PRCRYFERREBPU SOYRIFFOSBRPAI o fommAns WPEDnt r ol | er
140 receives a CREYRBEpH Guglkd fd MOULNS HQSE TH¥ThABAGNeor Ruirdahd Whbieh
indicates that a certain portion of one or nore of discs 162 are ﬁo be
accessed. |n redegsiekereip thefustdegimeavaled inyissirs wigh p vaderenss CaRIFFB ACTE0NSr ovi des
servo control prg i \ob & i . i (WeTal a 15
art i cul ar oyl | iaanongeedBublh thedeBAT ek i Butt MpArics IR ILRRLEE B 10,
and their as$®dci®tsadthhpasdison Gervioutmntand thenvrtssioputlid gouplpd e p refererse
position signal into an anal signal.. whi ch . lified by power anplifier
144 and is provi’b?gagftge%{b?’ﬁéﬁ?%@c ?@?elﬁoﬁa?de:tshﬁ(f)%%%gfo t he anal og position
signal, actuator 116 Apostct ispecs ofsthe peeait mventiohXelavesiia dvaethodekbwmairelliegl heads
over the desired ¢ylinder., 20 Lve controller,.140 al,so,pl aces egmplifier
148 in a read modgakpegtiengf %ﬁa&elﬂﬁf* U FY2Ef rﬁ“edé‘ffanaﬂlé%‘a'gvet ﬁ@e H%Ehé’ng Il be
read from The sghigddsshporar theindd Biior &) s starageaddisngndl recdiiigd ni ng dat a
whi ch was encoded on the disc surface. Preanplifier ,#48,arrthifhi %g t he read
signal and pidviprssioncompaphnignabindicaivs ok Fmmanded) radial pofitonyigpthe Bgads 4ng

ol ock recovery Chlgiid inl BOLSERMRIAAREA fihRMatRoF 8 nGakendddBAOVI des

the data 25 to error detection circui 52. Circuit 152 detects whether any

errors have occuwsedth vary atrstugbrediakposition attbe heasithidveh g pisecelegsicr ect abl e
errors are corre A 21 EFhheMtiviad 1808 AdBeliQVi ded to
drive controll er%ﬁ%c%étg? %gépr%g%gﬁ%d %Qtnoﬁ%mhner t Al tpgérzn?atj vely, .
correctabl e err omicreaamatoe by drerdeive eghabis mbnsuves, estrhe oli¢resctuaney driye signal is

combi nati on both,driye gontroller 140 and ror.detection circuit 152.
w0 99/ 66501 g@r/ Yjé’éégisé{i’bﬁ‘fé“%‘é‘& oRfGYagen ?fﬁti‘%a‘saé%t or servo positioning
drive, for exanple, aAqmlidrapectef thrpedien evientiohmitd asa disodriverheal mati on whi ch
is read by the read, head and provide 0 servo,control progcessor 142. The
posi tion infor naP‘i’séﬂ?nﬁg\?EB“%‘H%P"g‘g‘lhf"é"i‘u%%ﬁ:ﬁe“flén‘i ﬁg“%r%’f%&éb fol processor,
whi ch corrects t e aaled cBR1 4 Qfialiositiah oPthe hkddaelati@: 1BQWRIrage Metiubi er 144.
5 The tuning feedback can al so be used tq update or correct a paosjtion
command si gnal prisesghadiezecleriic wisracraetor element based eaara%ﬂ?fycoarflwgrs%a#i ve
controller 1 o] s Thi k td; nd signal
can further fzgf I é%otsae%i‘{%?fg%g%ngﬁggE%E%éﬁg‘?e{ ésdétg ghef%%z'%slgﬁiﬁg;t}g&?%c%?gmposi tions
on the disc surf elementM croactuator controller 146 receives the position
command signal and drives the sPeet e ~H-GLoaG 3130 to tune the
radi al position of the assoc LSS AL EEI LT W& cted tack on the
di sc surface. M croackIiGal @ra pkaPectiadvieg opodisd drieéal whichvhe head poditipartgi ons

al ong suspension 112. Flcﬁ 3is.a to&%ﬁg vi,ew show ng suspension 112 in
greater detail alRRIFETSRY HEPTERY BYFRY ¥t he present invention in

whi ch each m croactuator 130 has a 15 pair of laterally spaced strips 194
and 196 of piezoelectric material. Suspension 112 includes a | oad beam 174
having a rigid region 176, proximal and distal ends 178 and 180, a spring
region 182, a nounting base 184, and a ginbal 185. Spring region 182 is

| ocat ed between nmounting base 184 and rigid region 176. Beans 186, 188 and
190 extend between nounting base 184 and spring region 182. Beans 186 and
188 are 20 bent up normal to the plane of the suspension. Lines extending
frombeans 186 and 188 intersect at a virtual mcroactuation pivot axis
192. M croactuator 130 includes piezoelectric elenents 194 and 196, which
extend between nounting base 184 and a proxinmal end of the |oad beam

o A NS o, . o v o A — o~ —yr e




-9pirezoel ectric elenments can be |ocated wthin spring region 182, at distal
end 180, on ginbal 185 or between ginbal 185 and the read/wite head. Al so,
the piezoelegtric elements can be used with various different susgoestScm2002
configurati ona>”%¥ifficulty experienced with piezoel ect FFEUR M bact uat or s
in disc drive servo systens has been that the piezoelectric material used
in these mcroactuators exhibit hysteresis. FIG 4 is a graph 163
illustrating displacement of a typical piezoelectric material along axis
164 versus input voltage along axis 165. Bach ellipse 166 corresponds to

di spl acenent versus anplitude for a fixed peak-to-peak anplitude sign wave
i nput voltage. The hysteresis shown in FIG 4 |limts the accur]acy at 10

whi ch a typical m cr 5Ketuat Cléﬁﬂfﬁyloﬁﬁ‘eﬁtsé%%q@B%‘W‘&géﬂl%?"ﬁrg can position
head 110. To i S oact uat or
controller 146 Eelslrﬁm\g\% &cg&ﬁl §°!§ é&b&é&%ﬁ%ﬁ%&%’gsﬁ%&rg@%&k{ driver for
controlling the char Q&debamrpé@\tl@v thwemmaez@eiaet@md suspension irthe dise hi n

m croact uat or 13 at.her th | tage applied to
t he i croact uat o‘?’i Ili—’fvdfg EPE° aate%lggsﬁx ce§§tr J IQOLIFQQC ;’P%E%l(e)l ectric crystal
198. Crystal 5198 has FlGr«iea giaphillgerfaing dtspiscenieaﬂlﬁlaeylptédl ‘biezdeléttrmmahtéril! |

Pi ezoel ectric crystal] 198 can be nodeled as follows: ~~, - d" TlrzT Eq. 1
where (err), rep‘f‘é%‘é\‘??%“fqltégechange in length {along the 1-1 axis) of

pi ezoel ectric crystaltst@%&??érsﬁéazvtvt&péfa dedidiecry@hlf age applied across

pi ezoel ectric crystal 198 at termnals 167 and 168 (al ong the 3-3 axis),
and d is a proporti ofdFiiyadiesremaie g@r?@P*HPIM}O"gi La9PiaFroRfIBD e r s per vol t
for displ acenent na&,rgé tBMeExregenaﬁllvgntlog response to an electric field

appl i ed across th g axl s. her types of piezoelectric material can al so
be used, suchPas mat éﬁIGaZ@ahalvmatg:@agd@iOﬁmmpmatmumqamlttsollenﬁéucawﬁes It is
known that this ns t predict
hystere3| s. A m)r%e g“&g}?aa Ceonr%)g C%raﬁétg%glg%gé&m%% Etemqg‘? lglﬁ)e K,1 (or
"KP") is a proporti ofaGig iy acchembtintiagram nit diffsemal doarlcoodit msmﬂnncrhd:l ng

33 axia 10 SHEES RS AEN T Coserdsg RSt enh ot ol

has been general ﬂaﬂfseﬁhﬁmﬁb@ be nore accurate and capabl e of predicting

—
-

hysteresis in_a piezogelectri rys for char nodel
bei ng nore adturate K& isﬁs a%%% ?ee?\‘?éggﬁﬁ%fcﬂ“aﬁgﬁ"ﬁrﬁghaﬁ

pi ezoel ectric Cratﬁtgelfmhﬁa tzfétenepaﬁt&tat ,n:@yﬁleieareaas cMistal) a8EdIngaBRM I €d vol tage
and absolute length of the crystal. In a m croactuat ed suspension, (err)

represents head @snatwmandrmenspﬁ@eptwtH@arﬁwaosu tion varies with the

I ength of the piezoelgg!{d;¢, &E’l&’ﬁ&tﬁld‘la Ilﬂﬁéfeafcggx%e feta%clb@ﬂ‘gerpﬁ&r&%gﬁfb HP i s
proportional to the charge QPZT ﬁe pi ezoel'ectric crystal e charge
QPZT equal s t he wwphecpltanive ér@btztrr)lemfofthfc@rqgcrézmh@@nr| c crystal times the
10 vol tage (ngT) ap L[I 3 > OﬁMEN?Seq“al to
the tine intégral o prezoel ectric
crystal. These rel at |mGshisp§;eﬁpdeusethoi ardﬁctdew'é o0d mthndx tthe dlmirgedeedbddiR/ Kr ~

QzT ~ VPZTCPZT -~ .f . 3 Usi.n relati at HP/ K
JIPzrdt , a nicrBaf ﬂé'tz“BP“’éﬁ“f V’éf“?ﬂqndﬁ’t%t’éti]?)‘é‘aﬁif‘ 61%$ )’r@&‘ athlb"“EIBﬁf"r‘tgla
head position Hpbasi® afnua%p &aerqﬁottsnaw@umamtwelm mahadntmde@ueiac pdik

pi ezoel ectric crystal is a diagram show ng an gpl e of a head

posi tion control Yowp lCheré‘P‘E““@F“@ aspindlemgtor (pot shewg) bipt app e Lt i ng a

posi tion Comﬁndp&kQB@indﬁ@Q'ﬁ)ﬁﬁﬁlHQ ofindERHubICEEHERRh BRIh sl foKS-fofatign VO! t age
gain elenent 173, Kl age

about central axis 109 Each disc surface has an associated head 110 which is

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



.20 to-current gain constant 175, | PZT is the current delivered through the
pi ezoel ectric crystal, 1/Sis a LaPlace integral operator 177, 1/Cpﬁgﬁat2002
179 is the i r of the capacitance of the piezoel ectr] tal, ept
VPZT is the‘@%ﬁ%ﬁ%& across the piezoelectric el enment. FI%§”§é¥@"§ schematic
di agram of m croactuator controller 146, which uses 25 charge feedback
control head position, according to one enbodi nent of the present

i nvention. Mcroactuator controller 146 includes a position command i nput
200) a charge feedback driver 202) a charg¢e reset circuit 204, an error
feedback circuit 20b and position control output nodes 208 and 210. WO
99/ 66501 PCT/US%@élall h19 SE t 2002 -11 Mcroactuator 130.i,s coupl ed
across posi ti on it} 8l the PR RO W B OBEBmANAs SAHCFU ABA BIIEEAVOI%0 has a
pi ezoel ectri c el&MmBior\WER),3h&P gnktaBP %€ 18PX bica b6l RofdR N 8 doldeslaBalane

resi stance RPZT. The current flow ng through the capacitance CPZT is

| abel ed | PZT. SlM vithieettaghedherds 410 dhopes piyotehafe 120 to @esitionchesdsst 10 oBer ac onmand

signal VPc on i gatq gR0u oqlgggﬁtthazyeétwg&Jl_?c%ﬁkgldan{mabzmeamd polarity

\
i ndi cative of a desired head ion. A sunm ng enent 212 receives the

posi ti on comimn@uignlinmeter 126c Voise seihmptop gper@esunalaticontreboftihgrpbeiciton command
vol tage VPc wit rect| volta VCORR _recei 0 j nput 216 to
generate a corr tei%fe peég)?pte% %r%ag%rcr’%’rsa%gd%&vlgf‘{’glé% %gggeagﬁag%%nﬁ' out put 218.
The corrected positiAtuaonttépeowdes t@yee’! pospamagf heade hHY ghtifexedagded dr i ver

202 through reset sw,tch S, 1, ich is normally, closed. Char edback

driver 202 incl deradrack éﬂ‘éfr‘b’éﬁe&&%‘é‘?“c‘f‘?lggﬁsf Pisstrletirs falceﬁgﬁﬁeg 5@%_ back

circuit 222. Chgk@éh fhén¥fiall§iat €30, &103%24&515,3954)&qi@_swmge%@wd@mine’aa&m&h@r 224,

differential driver circuit 22 p -up circuit 228 and own circuit
€,

t *226, pul _ wul | =d
230. 15 Operl&ti hbsadulipirelativero the degirad daga trak i hokangs Wghe mpﬁec! valiageth i s

coupl ed 10 1 esely;subchorale cAafida @l'ihng@i‘ﬁ%é }aﬁﬁ% fédelgﬁgcog H{Végies?%ivg h&Baige

feedback circuit 222 for receiving a charge ] y age VCFB.
Oper ati onal anplirélftivetto tedlise sirface: d anvelrmnagive pmbedimentn thiyeastuator 430 ean ber r or

vol tage on outp ek I e_i i . i J 4
differential dr i‘d{i/%)r?e%(%:? P@&?dte %é*%{gh%%f’%ﬁ?g z‘ﬁ%ﬁ%{)ﬁé‘hﬁ |‘f‘ %épagg%i ‘%gagﬁg{’l - down
control signal s nfi@6acauntor23@caubeat chiange mppé prebbad forgudppliadao dieadclid by 228 and
pul | -down ci.cuit 230 rlf:specti vely. Pull-up circuit 228 is coupl ed between
posi tive vol Pagd 8t} 1 ¥er mi nal +VDD and node 240 for sourcing current

| PZT t hrough node 24BIG. Pl dblsthdhg@ind of dist drdvd000,Swiichilthstdtebehe v esiconade 240
and negative voltage {suppl y term nal -VSS far . sinking ﬁi rcuit 1PZT from
node 240. Node SHPHirElozagpiterd 16 tndmicroaapatpriiO ingreatendeniiaptnrding9ene 0,

t hrough sensi ng efBsdigdeRiof B2 pretdt iGNt WL dA0E100Qh A del drivalcoevdllef Mo, | PZT
determ nes the charge storeg on capacitance CPZT of piezoelectric

ni croact uat or 13TvasRntiohprecessee143orqvrer ampliffer {4feaduester 1{e HRCTOPGYYT t hat i s
actuat ed by 43 cr, [ PCT 1 t 2002
-12 Charge fjgledgg’%ﬁélgﬂégﬁ%&g%“?%ﬁ%%%gg%%?sr’l utuh@%%é f%i arr??ﬁja]r%; glgnsi ng
resi stor RS, pr aedovérpriraupdpQandaredr detegsionfireris! 5eandgpehdl¢amotoetids Daive R1- R4,
and an out put 2 I i.s enbodi nent, char f eedback cif.cuit 2 forns a
it torenti ol vorpugdlriBichBRERE HiERhor s b Rpl BRS, S beflen L'
coupl ed in seri é®stwystdin bhothefdrivie tomrolleowhiclotontrotspyplurslizy bidriveby nodes 208
and 210 and devel ops_a vo ge drop.(YPZT-\YD), which |s .proportional to the
current |PzT deli verQHCP??LE%PCIB{}?g)pé‘ng?‘rﬁErWXé%‘tsﬁ%ﬁ%ﬁsaf%ﬁdg °?1’Bﬂg'i nverting
i nput of anydsi f iafandel dis& 1600 siRbliciey, BRI Ford 4P whRRdrelshéwh)N 8Fintle RbrdrnpHt  Of
anplifier Ul is coupled to ground term nal GND through resistor RI1.
Resistor R2 is ¢owiss&srs beahesaxis Y- Faehrisc 167 hasdisyt prd sspondsurigees with ¢ he

i nverting input i : i i ed to
the inverting i ﬁg%%eegghg%ﬁk? ﬁg?toﬁg@%ﬁgﬁbﬁgf’fyﬁ&& E“JI{?%Cshiage‘[egl{r%%ﬂ IS
coupl ed bet ween onftketirasherting i nput of anplifier U2 and the output of
anplifier U2. The non-inverting input of anplifier U2 is coupled to
position control output node 208. Operational anplifiers UL and U2 have a
hi gh i nput inpedance to mnimze | eakage 15 current. To further mnimze

| eakage current, guard conductors 244 can be routed al ong the conductors

| eadi ng from nodes 240 and 208. The output of anplifier U2 generates the
charge feedback voltage VcFB as a function of the voltage drop VPZT-VD
across sensing resistor RS, according to the relation: VcFS Av [VrzrVD]
Eq. 4 20 where Av is the gain of the voltage nmeasurenment circuit. The gain
is given by, A~ [1+Rl/R2] Eq. 5 where R1 - R4, R - R3, and Rl, R2, R3
and R4 are the resistances of resistors Rl, R2) R3 and R4) respectively.
The charge feedback voltage VcFB represents the current | PZT delivered to
t he piezoelectric elenment of m croactuator 130, according 25 to the

o, . . 7, L e——— p— ~ o~ - o N A o - " . g




WD 99/ 66501 PCT/US99/ 13119 19 Sept 2002 -13 Vcpc and thereby control the
charge on the piezoelectric elenent of mcroactuator 130. In one AfSopL Q02
enbodi nment, | j s selected to have a maxi mum anplitude_ of t 0. 51y

- 10.0 owrrs,w‘%%-‘g“fe,, - 82.5K Chms, RZ - R - 7.5K mns,PCA'\Fmsggl%é&O.and VCFB
- 12 volts) for exanple. Oher circuit values and driving currents can be
used in alternative enbodi nents. Charge feedback circuit 222 is nerely one
exanpl e of a feedback circuit that can be used with the present invention.
Qt her feedback circuits can al so be used ffor generating a feedback signal
which is representative of the charge delivered to and from m croact uat or

130. 10 Charge reset circuit 204 incl udes,cgharge reset inpyt 54, reset
control circuit 250, Arwater 11§ pdudes base 17 whichsypporsthe piprgisy pt CESPR U t
252. Reset circyi 4 9% B GHlpRIEARAG 0hBGRe CPZT to be
sel ectively reséﬁ?éq'zg?%%?%r%grﬁg{?%&rle aetscontrang QtQESET roe.cei .veed on charge
reset input 254.sudgessixtns tidnhich supports s eadHO pserppite tosa corrssionding disgrurfate si gnal

255 to reset switch S1 such.that switch Sl.is glo SET is

i nactive and opdff ARFEYR “ltg‘egé‘ikls%'fhe ésgselfrgg%?lﬁfa?}é%é%ewggllt 1550 al so
suppl i es reset Gemjléddo ablegiidesnidbictaanet 12GHr finelppositichinghead HOwithi262.
Pul | down control  circuit 252 .. ncl.ud transi.stars -, whi ch.act, as a
switch for sel e(f{ef”(FéWCks‘H’o‘?f Hisfgutieet é°¥f5§f‘ri°8°’éjf°glﬁﬂ%fcé‘f%rﬁgo Q85 (i.e.
shorting out put i%@%n&@%hﬁi‘ﬁ@riz&&ﬁltroﬁ@$m,seﬁ@ﬂ"foﬁ@blpﬂ)(gﬁa} 142%6a teparareupl ed to
t he base of transistor Ql, 20 and reset caontrol signal 258 ig cgé led to
the base of transicwﬁpatwpnfrﬂ@r% ?Séb?vé?m(ﬁIGt?"al}‘{éth°(f°lmi° erd .%“ed to
positive vol t age, SURRL il a&tma-,cy,%@rm (BEneFId. @) whRhinkkeigidsivor QL is
connected to the base of transistor (2. The emtter of transistor Q2 is
connect ed t olQyr chousing,en atnadr IGNOF irasiel witheeadoi theagmisroaghatprsansi stor Q2 i s
coupled to position control outpiut Lol b GGt or of
transistor 25 Q4 is %ﬂ%‘ﬁ% r%%gnh&ejrgg?ﬁg)n\?gon\g/o 'P 5"3%‘%6%%‘:"%’a?‘té$ﬁ’%ana+ -VSS, and
the emtter of tharsyitethorer@ds 155 whidbihdichidschat oerbagpertdn ¢f panei mowsof B. The

col |l ector of tranpsi st.or is cqupled to sition contraql. out e 208,
and the emtter Tcsféz&ﬁ%‘i" £ esé’ F‘éref‘?c?ﬂiﬂtg S8GPoUN a{’glr'“ﬁ”elcr?g rg@ﬁ{lg:%jThe
vol tage VPzT on 5a¢des2@9o bontrdlprocdsfdal 20vittoa posiibn Signh,6aadh iRGE1ed399/ 13119 19
Sept 2002 -14 be a_bipol ar, vol tvag , Which is sourced from ‘o%l 'cf'cﬁ .and
pul | -down ci A% ui Pastiotag crlmderozer WRIFHAGUINE 116 1510 ROSFIPA PSSR 2 874 & at i ve
voltage (-VSS). [ PRERE Sehvd cBftkdl PRocedsSrS18E &R BEd18E p&sitiohlighal ZRO a®PENS
reset switch S1 and turns on transistors Q 1-4. Wt?l r

_ on 1S ( . ese%;witchSl
open, the non-i naalogisigapl whishis antplified yrroaeasmeplidter Hhand sipegviged zo actugior g ge
257, is pulled to.g le N80 PR 0] sial, 260 Q0r 11884 EShs QPR TR 1185
Oper ati onal anpl ?lfe’i g‘?%%%fﬁ{;meg%% chztalr selg?ae’_edbacrk ciprcui tSSZ 2, forces VCFB
and VD to be at sidghdesmciard herdporeethedesiredeylindete 257. Wth transistors Q
1-4 on, node,208 is pulled t r.ound £ Dake ONR fdicdis al so
equal to zer§9 This PSSP e§/&§ﬁi§?f’lsa£e?ﬂ%]“?@gll npdﬁg?%?ﬂr#b%grr}sﬁofwt
pi ezoel ectri ¢ 10which k@dtiéadat headdiBO dirogill Beareaddtonyr Dherselecredreadizgd ghnemtear gi ng

capaci tance CPzT. Any pre-existjng hi,as or aoffset qn th Lezoelect i C

el enent is therebjedd ‘é’&fa"’r“é&cl.‘}F‘?fW‘a’Yﬁénﬁgé‘i‘?ﬁb‘ﬁ"gaﬁﬁuég%ﬁpiérr%'ﬁehf e(r){d‘lgts nul |
posi tion. QRESET,qgli¥iedthe 34l Sighal ¥Rl providds icta tfslarticlatk secoedy tirdmd50iuDitag t he
regul ar operation of the disc drive. For exanpl ﬁ t!ﬂeggheé?el eé:-tl’l C

el enents can be pekddeckreovy sirryitd dnecqysts dare framahgragst Popvides ie@aown i n

FIGS. 1-2) moyes t&&?&%eé&gnt:{raﬁ? 1gfe].ecg@cﬁt315% BaEds Wil @by @FordiRdva odcuaek. The

pi ezoel ectric el ements can al so reset during initialization when the
disc drive is tuimhedanreadbhchfromtthedisod oirreetdble ¢rners are persestedRESED! r et urns to
the inactive state, reset. trol circgujt 250 r t4k ' S

QL Qt ther oy oPFRTREERHY oA R pVor BT ot o AL by SPDNIRAS
switch S1 to al | ewnhdie AbmEdely @eftbablkertisrs vaarbe 202ectt @ btrdrivecantotladd?.wat or
130 as a function of the c?{’rgﬁt_ed pos{lti?dg (éom"rand si gnal .\{g C and the
actual charge dePiombiggangt berh drvesoguplicrAftind expr darclionalfaRit 158 e " cor rect i on
vol tage VcoRR is zero, and error feedback circuit 206 begins cal cul ating

t he appropriate value for VcoRR 25 Error feedback circuit 206 includes
integrator 260 and error correction/conparator circuit 262. The charge

f eedback voltage VCFB is applied to integrator 260 along with the charge
reset command QRESET fromreset input 254. When QRESET becones inactive,

i ntegrator 260 begins integrating the charge feedback voltage VCFB with
respect to tinme until the piezoelectric elenent is fully WO 99/ 66501
PCT/ US99/ 13119 19 Sept 2002 -15




charged. The selected integration tine is based on the tine constant of the
"piezoelectric element. The actual head position H, (i.e. displacement of

m croact uat g{%gé%gsh can then be calcul ated as a function ‘%{}'é‘ﬁsg%” '9me19 Sept 2002
i ntegral of br ge feedback voltage VcFB and then co th the
desired head position 5 represented by the position conmand vol tage VPC.
Since, 1 Rs jycFedt ~ j1 rzrdt Q-zT~ Eq. 7 the actual head position HP can
be calculated fromthe relation, Hr KrzrQzr - RPZr ('ycFedt Eq. 8 ~s 10
Once integrator 260 has finished integrat8ng VCFB , integrator 260 feeds
the tinme integral of VcFB to error correction/conparator circuit 262 and
does not further update the neasurepent. until the next resef. Erpor
correction/ conpar atJlﬂaé?‘}F‘Zﬁﬁ?r{"OE@E“’(‘}mgBUT’%{%§x’( °’éé’Pﬁ%£ﬂ“°|‘e1%a& SS85PEi on HP
based on the qu}@sﬁﬂi&ﬂnﬁmmﬂﬁHi&qw&d B6Re Ahad Real 86 EHr6ORIed BReRO Shrltihn command
vol tage VPc frominput 200. Since 15 t'he position command vol tage VPc
represents a pr euwessarrithebhegiosippmintormationzives waingifeedback e the sesvegostreht |
circuit 2b2 conyer VPc. i nt L:

mul 1 pl yi ng ¢ ho Prsrrorserigh R uaIBtSio iRl BROIEM. feRPhipIg: 10t

conpar es t he 5coffimnaég feidsqek amense bt uded rgdpdateiot tortdeea pusitiealcondingmd ssgralment

| ength represented. HP. and gener at gs error, correctd on.vol t age VcoRR
based on the 20 vaf‘géF%’ﬁlf’éqaCt’f%@ @prpgrer &‘g({lfyeeéélfroq{w\%?rftéoé%r {}88@5“{02 appl i ed
to suminput 21Gompdl pasdeiest 14D THIEpdsiSh tdrBariaipialtan fuplhea@llecPC t 0 generate
the corrected position comw;g(;lffl v%‘{&age VcPe Error correct irPn vol t ages can
be deterni ned f predgermingrtheadgtisets tanaarepup ot PO ORHY § duewriasthese error
correction vol t%@:%a&@d@o&@m%}i?lﬁ%c&ﬁ&‘éﬁé’i&d’sﬁfbpgén{n'aﬁ@s‘igzrﬁrﬂdfdﬁmeﬁeat ures. In

one enbodi nent, error correction/conparison circuit 262 further includes an
of f set i nput1026@espéstitdmicsoacttiatotil30 & whethe radinl pesiianef thegsrosipigibgad 11§ f set

i nput 266 can r n 1 hat may vary dependi ng upon WO
991 66501 PCT/ Usgg%ﬁt%igel%gég%%ﬁ%%taﬁéc{ he radial position of the head or
tenperature of the dMégoatiatoe 130hae be pesitinred aif vasiets loctigessalergrugpensginor ed in a
regi ster bank or,, ot menory, associated with. driye contr servo
control processc}llgllzrltgiarls arﬁoﬁi'(’l&ﬁg{eﬂ'as o dh ern(gllolrlellrlyﬂl%gatél[ﬁig!alég{cggﬂﬁhp Pons
made: by i nt egr atoae ebéimet of tHe@iresertitivestioroin wetiichceath mBEacoaror 330kms per f or med
by analog ciyrcuitry, digital circujtr r conbi nati on. of . bot h. o, any
representat i bn @rirehiate ﬂ&ﬁce‘ﬁ%ﬁﬁf B‘é%’ﬁ }q’ér??e'ﬁﬁ’e SRR %‘?‘Fﬂé{f"éﬂ/ﬁst h a
correspondi ng 1 gRRRETodd bedfd 194 hdvit 1CRITASCL 6[\9radinfbaIddised) endd 178 4ddr O
generate an appropriate error correction signal. T{;lg abave- enbodi nent is
given only as ariS&rappnesceian!sR| apogingbae %ﬁh@%ﬁ_ FEbY &y CRAPEIERA A S
differential dr Ilgﬁ{edgkt%wJ’xox_g'gﬁgbzguu4'a“@ri i'drrggliﬁriﬂg.zﬁeaﬁﬁ(iSQlﬁd andayd Ccircuit
230 in greater detail according to one enbodinent of the present invention.
| nput 234 is coupteadbarwednimeounting base/ Bt pnchapring praton 182. Brams 269488 astrpl i fi ers
Us and US. The iyarting. iR & TR dib 8o Yac16 1 a7 €
coupled to the nﬂ%tgdpbd@?l&géﬁmré gﬁng{’fc}?g&% %ér;l)d RY: Rgs(iilséfcr)r R6 1s 15 coupl ed
to ground ter m ridB inGact ARe sirsibloniciddctimioopypt ek 102 out put node 240. The

out puts of operationgl. anplifiers and are_counl.ed t he, bases of
transistors @ and ,‘“P@Eé"(ftlﬁf‘gfl?}&es ff‘ﬁ?el@)gﬁ”lc 815?’8?t§g(§'fanfltrl§;6h§’|msctl 8’%%“‘13@5 and
Q6 are coupl ed thrvaRf hdouMEhg\badel18gmdapp@livaltetd 61 thaload badbDbelind speigat | ve

vol tage supply term nal -VSS, ,r_gspectivqllr_y. he e '{oter.s of transistors (b
and Q6 are conne'é§‘%'ﬂ13t2c5’el@)‘£i‘l°ﬁl|{‘g‘ M‘%?@'h Bssrplemeptsdetopmdn ppposifiigeions
respectivel yss Dygj, D%pm&mtom{h fid Bafthed LRI inEFhe U] 655180 6F iR Had beaaiov Ol t age
supply term nal +VDD or t.ransyglpor. Q6 sinks current to ne?atlve vol t age
suppl y termi nal acw@@abaiepewalpivpt exis 198 e Pigoteleguis claments 124 and 196ypaelomds. 'n one

enbodi ment, R6 3 2888 - : ” B ddRodREwHO - 1.0
chns. Anpl i fi er ?e%fgqgﬁ%“é@gn P?%gh"%g%é‘g%hféﬁdgﬁ%mﬁ% pr o‘??de a high
drive vol tage for tr &nethstmtedintghtsarhd piedoelotirisl eldmeprssatite lpnated Bordgaorkera gai n
of 1 + R4/R5 - 1.33. erational .amplifiers.U4d and are highly |linear and
have m ni mal cro‘ggaf)\‘?ggeafsginé'f’ﬁ a&ﬁ.‘@fﬁ“%&?ﬁ% er;moé’fi'erlgca?f:t“ix(a)rﬁ1 42’ %’ﬁp ﬂolré;rs w
and Us can include OPA445 anplifiers from Burr-Brown Corporation. O her
types of WD 99/ 66501 PCTI US99/ 13119 19 Sept 2002 -17




.operational anplifiers, transistors and conponent val ues can be used in
alternative enbodi nents, and other driver configurations can be used for
suppl ying current to piezoelectric microactuator 130 as a functi on B Sept2002
control vol Y86&P! current. In the enbodi ment shown in FIGISBYY charge
feedback control is 5 acconplished by controlling the current delivered to
the piezoelectric elenment in mcroactuator 130. In an alternative

enbodi mént, charge feedback control is acconplished by controlling the
charge on a reference capacitor and then Bmrroring” the charge on to the
pi ezoel ectric elenent) generally by passing the sane charging current

t hrough the piezoelectric elenent. 10 FIG, 9 js a_.schematic di agramof a
charge feedback pisroelestriczlyments cangbedprated vithn tpies region] 82y %Stdst?be‘t Ox¥ar ge
froma reference: i f al : i FIG 9
s were used | nEpTRERS sk Bhore VinBATRs L% G RRASAYEIE M IR R 0

i ncl udes oper at ieloments camdleiusaderitiP@Mioucdiffergm sdspensemn @infigurationg.20,

pi ezoel ectric m croagtuyat or 130, reference . capacitor CREF .at .r.eference
humeral 301, 15 and &fTRI BETEnGRd "Rt eBiO o smatarsn A dfive el

m croact uat o5 13@tens haobiph et the phesdleeicthdtérial adfediethee mpacuiton edERE,

bet ween position contr oyt put es 208 and 210 (i.e. ground ter.m nal
GND). The char gi'RgeEsY Faao s Bl ait@a%ml?%wg%? g B RE gh

pi ezoel ectric MngkRCAbHR Q% 145Rrdus ing:ubﬁﬂﬁgbtdl&ﬂgh)ﬁsﬂwaiach@llfp&el% ef erence
current | REF, indicated by arrow 308, through refer enig capaci E_or CREF, as
20 | ong as the icwmporrdeﬂ%géacermméﬁltsuq amphigade forq fivsd perkig-peakagplinge  of
anplifier 224 ig; i aibl h : L Ver : paci t or
CREF 15 gi ven byS® P PE Bt Khe AR ABIs o 136, Rl ERERy RERRC | 21
pi ezoel ect ril® mwhichacypiedl oricro@aie egiplayimglpjezod&tdy arystal§ can posirion héad. 10 J~|
xFr: '"f' | yEAK ~¢3 Eg. 11 a f |~rdt+ JIL~, "rdt Eg. 12 S WD 99/ 66501 19
Sept 2002 PCT/ Uéé /13119 -18 QREF + QLE<,x Eq. 13 Thus, the charge

del i vered to ref er entelimihysidess inGhlkfoaitsarstit3s] itk daatuhtpr espuadllet @6t he char ge

delivered to piezoel eciyi ¢, m croactuyator, 130, .as | ong as the ipput |eakage
current |LEAK i zs%’ﬁa@"? fdblsie".‘se af?ﬁgﬁcété‘db R é%rocé’f“&?’f‘?fz eﬁpﬁrﬁ%ﬁe@vﬂg or 130
5 can ther ef or e tbtheGiRbdiQtricafatyal &l Mictdatigartbh €30¢ hutliey ehaaninipgty er ence
capacitor CREF This gcharge .is co t4’0| lﬁed,by feediP t he vol tage devel oped
across CREF Backoweelingthe keltgs ?Prl?ge R0t MisFoRHaAt %w?l 15 2 RSTROFTVE Ve A

through vol t age ,3e3bdl &yt 198, EPstal 8 URthr30 OreRSgdnkIbkésNRbelédab Ude a
switch 304 coupl ed across referencé capacitor CREF. Switch 304 has a

control term nalan@d¥ . Ridzetlectric aspeal 49%ean by modeled asfollessmt rol circuit 250
(shown in FIG 7) to resetting theMcD%rg.e on reference capaci Fgrl CREF when
QRESET is active. FIG 10 is a schematic™di agram of a charge féedback
driver 310 accorwlicroAX Rpaiatsike chahdedh Ragth\(domdhe di1nRis) of plezbdletritr et

i nvention. Again he sanme reference r}u rals,ar%sed in FlG 1Q as were
used i n Fi G0 7-188.orr represeats e voltagsipp jedcres Ritzariempecy It I9h peseratpAlt ment
driver 310 incl udesndies ldigke 31 Fand 41 i ' iBndlity &dnstafGzeRerallyadiebna
second | eg 314. _Re]‘eren('(?é x%a ail?g?g? aEl:aRE l@%ﬁ%‘?@gﬂh{ﬁ%ﬁugﬁgfi rst leg 312,
and pi ezoel ect r iie pispmeters perroltder disdacemens nerpggabe 1-havsijrewhasese ansiertlieg 314.

The current (1 PA: 1V, )2 I; i€ 0] LS given

by 1Pz ok T ERtnd § BE ARG bRl il it 3o b O FEN

fromleg 312 to uselysish4s mabrsdehnmemgeaappeogomiomayconSargi asnkimywn tREtRkhis f |

RGFdt The ch 1 pj.ezoel ectriecb m cr.ogct uat or .1?1_8' S .gi en b%/c) zT ~ f
C K

ge on
rzrdt 25 - £ KgFaforhip imof Soguiare bepauge f doeg g pradiysterep®) & morg P
KM-LEAK Eq. 14 Thelebwauldee:on Eq. 15 Eq. 16 Eq. 17 Eq. 18 Egq. 19
AN = Ky Qozr Eq.2
where K,, (or "K,") is a proportionality constant in meters per Coulomb indicating

displacement along the 1-1 axis in response to the charge Qp,y across the 3-3 axis.



WD 99/ 66501 PCT/US99/13119 19 Sept 2002 -19 As long as the | eakage current
| LEAK at node 315 is small (and al so | eakage current of piezoelectric
crystal is small and well controlled), the charge on reference capatd $ent 2002
CREF will a¥Oi4%8%y represent the charge on the pi ezoelR&dUSP¥3HPystal . In
summary, one aspect of the present invention relates to a disc drive head
posi tioning apparatus 100 which includes a head 110, a suspension 112 which
supports$ the head 110, a piezoelectric mcroactuator 130 which is
operatively coupled to the suspension 112;p.and a charge feedback driver 202
which is operatively coupled to the piezoelectric mcroactuator 130. In one
enbodi nent) the charge feedback driver 202 includes a position 10 conmand
i nput. 200 for rdbsichirggmadebbasibe¢rgeneralinsnwnse nmorepauratg apderpehloef cont r ol
out put 208, 210 . cha dri.ver. ci 1 g ircuit
222" The posi t1 BCIBRE PEF-GID Ehicdulits el ARt BFul Ripratad
pi ezoel ectri ¢ mbeingavtdmtwrite i&Gn ad bisesaasrorhatcthe vapaciicesiia pie2@lecirg coupl ed
bet ween the position command i,nput, 200, and th ositio ontrol putput 208,
570" The: Chat ge chisTis RekcoRBu RETirics 798 TP e eige PUaRoR SPHR ot 241
coupled to the psijstfdn control output 208, 210 and a charge feedback
out put 242 coupled to the charge driver circuit 220, The charge feedback
circuit 222 is adaptled misrosepaed S@Fﬂfﬁg@l’@Z‘?PYEFGM‘\bé%dél?s‘flenat}ﬁle“ﬁ?eé%act uat or
130 through t he hpASioLHBR &R the bbb 0 Bies elliric TRRLE e fiforl GRARAE K
circuit 222 can ndlude & current sensi ng resistor , 20 which is coupled
in series wth thetigol isipospocomalwoltheharge Q208 the pezasledirfcorystal.the char ge
f eedback i nput 241 nd a differential~vel . SUEe Cl it, which
i s coupled acr oscgargeh Pzéﬁ?urafegrtl °g ar?'stimr?f:]kc%"é@f’é%‘g%egge%érEf sg"‘tlé&\?%)fh?age
f eedback outiout vvkdgB (Vi) applied acosws pheqdezbeedtfiecrghiaraged isfeqed badie timet put 242.

The driver circuit 22Q .includ oper,ati gnal a ifier 224 . U4, U5) a

pul | 25 up transi'&f&H %@eﬁaef&?‘;u%%mfw%ﬁg? B‘F%‘gl"%‘? CW@EOB@P%H onal
anplifier has firlglonsiifs €A iRtHRIfblidwihg tquids Whi ch are coupled to the
positi on command i nput 200 and the charge feedback output 242,

respectively) and an anplifi eH,/Hi=pQt, 236, Q3= fﬂ,}edtpul | -up tEqudsi stor b
is coupled to a first term nal 208 of the position control output and has a

control term nal whi ghinh heGAMRINSEp bR KA AMPL |k &F mRESaBMo2fve circD
99166501 PCT/ US99113119°19 Sept 2002 -20 The pull-down transistor Q6 is

coupled to tise fchd Bd folREdoRBhrathe Hed PARIdNI 1) s @ Fitictioh okt Retren2@8ivarrd has a
control termnal which is coupled to the anmplifier output 238. The disc
drive head posi thionsdeapspesleatrissrys® can further include a charge reset
circuit 204, which hﬁﬁ%.%i?b%ﬁlggﬁnﬁl%%ﬁh ﬁpémgrgmafgn&up%ﬁ&m@mmﬁloroﬁ,t and
second 5 switches S1, Q1-Q4 The reset cohmand I nput 254 receives a reset
si gnal QRESET hawtiensgVant mptt Ve isstvaltegeaeptesantingrposition cemapnd sighak f i r st

T T

driver circuit 2 as'a C e rese ET is
in the inact2ve tetatrent gaid cantadPH, Ist-ait ehewhaanttdebvereisbtough gregliezQRecBicT i s in
the active state. The, sec swi tch 1- IS upl 10, acr oss .t he

ni croact uat or 1§6Y55‘5;d1/§é%a lageyareee %eéat%gﬁ’ Vﬁ‘g"r %tglg? ‘%P@Wéﬁm@fll‘:']gET isin
the inactive stahgiciiide of it pisadleatiotEsiah aid Vieistsailtagd MRd thQRESET is in
the active state. The disc drive head positioning apparatus 100 can further
i ncl ude an err orPifzedemsaedemint.cui t 206 coupl ed between the charge feedback
output 242 and the 151@%&&&9&&%{53&% bitRidtoadBfor HRErofEr 196, HIREHRRCK
circuit 206 includes an integrator Z260) an error correction circuit 262 and
a summi ng el Znemhargd fedbibecontroblpad pesitiods@cpndingge aneembddimenty2f the preseniback
output 242 Tor 3, elist! fiftydaBoPELL 0 ANE :ASDRL ADRRIAToIMAE ibuloodk!! DUt
that represents fhee arge Bfivered to the pl ezoel' ectric m croact uat or
130. The error «hagefeediack divee 202 a dtReirasecaepit @K, tuw efrincfeedbhduimtio 20620
output and to thedposi.ti on clontrol in%g 2‘10623 and is adapted to generate a
correction si gnaiPdPeuEeD FRYP! PR QA AES 9 ari son between a conmanded

di spl acenent of the piezoelectric mcroactuator 130 corresponding to the
positi on command signal and an actual displacenment of the piezoelectric

m croactuator 130 corresponding to the integrator output. The summ ng

el enent 212 suns the position command 25 signal VPc and the correction
signal VcoRR to generate a corrected position command signal Vcpc that is
applied to the driver circuit 220. The error correction circuit 262 can
further include an offset control input 266, wherein the correction signal
VcoRR i s adjustable through the of fset control input 266. 19 Sept 2002 WO
99/ 66501 PCT/ US99113119 -21In an alternative enbodi nent, the charge

f eedback circuit 300 includes a



.reference capacitor CREF 301, and a voltage feedback anplifier 224. The
reference capacitor CREF is coupled in series with the piezoelectric

m cr oact uatw %39 bet ween first and second terminals 208, 210 of tH:Sept2002
position co & 4658ht put, and fornms a reference node 303 Pthéqsg%'éf'\%ee_n. The
vol t age feedback anplifier 224 has a noninverting input coupled to the
position comand input 200, an inverting input coupled to the reference
node, and an output coupled to the driver circuit 220. In another
alternative enbodi nent, the charge feedbagck circuit 310 includes a voltage

f eedback anplifier 224 and a current mrror 311. The vol tage feedback 10
anplifier 224 has an_inverti ng i nput, a non-inverti n(_f i nput couool ed to the
posi tion command i npMcroggyatog éplaﬁ"‘li’lﬂdﬂ&@“(it?&b‘%amtf? PHBULRGdsEFI8aRd ¢ i ¢

220. The current iy Placdrbr M5hat L prafoeRBdic SRERMMw 118D apdditinceddd, anghier €i n t he
first leg 312 is coupled in seriesswth a reference capacitor CREF across
the position corparaliél leabiagenesispoe)Rr2: O hetcherensdlomring theaysh the dapackencp Cen i5 n
series with the lmeﬁa?act uat or 13D across the 15 position control output
208, 210, and the TnVérting input is coupled to a reference node 315

bet ween t he rsef er enchigapanidrosntdReF146recetviaecht postion @gmddbd sigAaldbhen aspect

of the present inventjon.relates to a nethod of control.li.ng radi al. position
of a head 110 ré’l‘%’tta%“{g’&hés LY PERPEVInE AT af‘?cwp argfy dpt ’iv?/gpal‘%ﬁfeaThe

met hod i ncl udes jRuPRRRkIhNE shideniREAdneht 017 @beilel 1R positibMonshaidaghagdbir um 162,
20 and receiving a pasition conmand signal VPc indicative, of a conmanded
radi al position q“éflmtlh@ftﬁé‘aﬂldﬂ@? tlBﬁEHOIb?P“?’H@ddG 8¢ \on YeBMFRHEC O gnal  VPc,
a_m croact uat or (iye ol 40alved B2 find SplPRBHakSALoHRAM hin hriinact ual
radi al position of thé Head 110 thro(ui_gh a prezoelectric mcroactuator 130.
A represent atd orvobiget¥e: arhrmguit218. d& cerescred pogtipmeomynandowltageris passed

m croactuator 1 { i J IS g r &6 1.£{ oact uat or
drive signal | P§$ clﬁ)%gev%%bg% d\tggesiiggg?{l O{J%heresr?reg%ﬁc?@g’ ‘rgglﬁlrl gg‘g ﬁ%’gits’l {)ang%f t he
charge QPzT. Anot her Chsigefetdbatk driner pI2csdudes o pheegetdriver cishiReéGanda chargé sc

drive head positjani hg.a atys 100, which.,.nckudes a head 11 a

i cr oact uat or 1;6‘3%%*%3“9'3@%:1??’6’5? T‘vefﬁﬁmétg)r%b S usdg%‘)preéa Llozri{;jl mﬁ’@éﬁ riazggi of the
head 110 rel ati vdifférentil 8ief cgit 224, Pulbap tiradM28 WA PRI d5aDdrdIT?86.JS99/ 13119
-22medi um 162 t hrough pi ezoel ectric nmicroactuatof, el ement, based on a
posi tion comtan Eﬁrﬁfﬂi‘?] ngﬁ%‘n@“ SR R P B ‘8%“5 Héoﬁﬂﬁq"é’é'eﬁ?zT

delivered to thenREPeh&s bl MpRAGUPIEd & chelg® fllack titcuit22p forbe
understood that even though nunmerous characterjstics_and 5 advantages of

vari ous enbodi nefseesving a ghawge fredbaglnyoliags, Yo iQnerasiond 2pwliHers@f compares Yom t he
foregoi ng descripij on L4 WeiRichS bie Blelebiol Voigeand function
of various enbod‘i%r%gf"g ?g?&t%%;eaéig ?1%/%%1% oﬁ‘,g%tohi gg;&litscl (_)suree is i flustrative
only, and changespphatohepundiieofidiffeckatialidrivercinswit 226, Mhichigenatesarudl-upfandt r uct ur e

and arrangengnt ofy parts wthi e y NGl Pl %%P ' ntion to
the full extrrggt Ii’urlll' |°3’é‘tcé)3"%1y“gfrbls %%emgr&%g;%atgaéﬁ%rpg{:d %%:bg‘}lligﬁgbo E%%?gﬁfgerrrs in
whi ch t he appendad-dovai dirsuia2®, experdele Cullfaprcireda?dsliecoupkd bewserppdserve char ge
f eedback driver circui ta can, bﬁ %ﬁﬁjg\# tqpog‘#fde%arti n frtOfn ttgre Scope and
spirit of the pr‘é°§‘é$ﬁ5“1’ yERRiBht WdlFF o, ot HE T W Eoup"@d* used in

t he specificati ogodengd. tIg-dowaicirbuit 230 id dbupled Betiveel ficle R4TaTANRGiivoRolRIze @
connection through one or i

nore internmediate conmponents, The transjstors 15
shown in the varﬁ“ﬁﬁlg‘%fﬁ%@éli%g?fs‘“ﬂ%f% GrRelf {rd!ér%w&ﬂ‘tpalﬂ@e ??%ﬁg‘?“gleaf%ype,
such as bi pobar juRehicBidlotpat 25da%88, CBLI sefling ieflttr BRI Mfimdph@iiRiaad OT S
(FETs), for exan%#e._hcgﬁlkg; R et Loglog e USO9/ 13119 - 23 WHAT 1S
CLAIMED | S: A di pdarity iof eurteatli rslotciminerthe chasgspstared erscapasitardeSiraepf a head; a
suspensi on whi ch_.su rts.the . i ri ! ichis
operatively coup]fn%zc?e{g%nf H’écrgﬁ%ugg’%g?%%‘;dmé%ifﬁgl’%&%rn gogt e%écgggwﬁ&i%teh}wv\hi ch
is operatively couahee byomichacpateztd® ectric m croactuator. 2. The disc

drive head positioning apparatus of claim1 and further conprising:




.a charge reset circuit which is coupled to the piezoelectric mcroactuator.
3. The disc drive head positioning apparatus of claim1 wherein thelggar%goz
f eedback driye rises: a position conmand input for recejvi.ng al9 Sept
position CO#%E%@&Q gnal ; a position control out put mhich”?§%?§h$$ed acr oss
the piezoelectric mcroactuator; a charge driver circuit which is coupl ed
bet ween 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

m croactuator throu th osjtjon contral output. 4. The disc drive head
posi tioni ng appar at a(ﬂe?‘_éf‘ﬁ ckF‘S‘_’W?@?é‘}c[‘l‘_ sr?é‘_lﬁﬁﬁrzélefq’é‘éﬁgé?ﬁ“& fetPt

conprises: a CURI SRkisDRRpirAbraPihpiffiess WindUd, fesBRIMOR £H4) Ad 2L LA 21 h the
position control “output and forns the charge feedback input; and a voltage

measur ement ci r buthis emibodiments changefeedbiack sirens222 fermsiydifferentisbynliagey resi st or

out put. w0 oor BreaTeRy o FabHE righf W Sel i AerRRA BE T ERTUGCK

head positi 0Ai ngosappapatrolougfut défmedrbBnodes 268 and RE@ard devedopsai wobtagetdraponpr i ses:

an operati onal 4, i er. conprising fifst and second lifier.inputs which
are coupled to tHe& %@s‘i"%‘?}bﬁg% Rate lﬁoﬁ%ﬁurﬁﬂgqﬂﬁféﬁ‘gﬁ%ﬁg% reoélg%fack out put,
respectively, agfkradtvuar!13d. i e moulipettingdngii bf ariflifler 8116¢ Shupled vhnala 246
coupled to a first term nal of %g_le .go i.tion cic(?troluélgut utl has a
control terni naPPdHr dxertias impapeiapnlifer Ybis sopplsckto gro ttﬁg'tlf‘a a pul | - down
transi stor whi ChhrbSghGodiedat. tRRsikBERD islcaliplé et @l chObuthief RMBlifidr QN ant r ol
output and has a control termnal_ which'is coupled to the anpljfier output.
6. The di sc 18ri the invesmengdopsi of emplifigr Bppdhaewsuiodt amplifien 81 is seumled te mher

conprising: a Pﬂm&gﬁ@ggg a?dsprli‘ﬁéij zhh\emgmes@@mi &8ss ﬁw&ﬁ%lwse,t conmmand

i nput for receiving ~signal having an active state and an inactive
state) a first beiwegtthe owptiag idpet dleerplifitrdlpusd the ontpooefamplifieniglit Thend t he
charge driver circuit .and _havi ng;. I t t t qLegpal is in
the inactive stat %‘“5%‘6‘“%“? Stp%flr%l n%glé?rgjﬁﬁg%uégﬁggﬁgiﬂgﬁpgﬁn&%}a{)&?@ ﬁoﬁét e active
state, and a seCpatkisidl bmplificedijl el G2 hoe e highenprtdmpalaheead orinianizk leskegeng an

open state en the reset ,signal .is jn the inactjive,state, and,a clgsed
st ate when \t,YEe FULEE ?f’éﬂﬁher IW?‘?‘? A8 VSR %’f‘%‘ﬁ@f“’“ﬂmrz‘b"°a?’§%r°&h9ve head
posi tioni ng ?pgargﬁgﬂﬁc%duﬁﬂoad l?}lﬁdﬁlg&ﬂ?n ﬁ%ﬂ’ei 2lflf)l’an6Q08)I’Tl£d dg@utaﬁaxﬁpli’ﬁaf Ukeedbac kd
circuit couple et ween e rge feedhack out put t he position comran
input. The di sc 8eReFaRs th@i&g@@gﬁ?&«gb}'ﬁlﬁg ‘2@p%?ﬁeft“&f§‘°61°?g1egpﬂ?g?%6ﬂi’e\tz@fﬂbt he
error feedback GihbGUidsing PRIok R Saccordihg tofRlreld@}2 WO 99/ 66501 PCT/ US99/ 13119

Vers = Ay [Vezr Vi) Eq. 4
20  where A, is the gain of the voltage measurement circuit. The gain is given by,
A, = [1+R1/R2) Eq.5

where R1 = R4, R2 = R3, and R1, R2, R3 and R4 are the resistances of resistors R1,
R2, R3 and R4, respectively. The charge feedback voltage Vg represents the
current I, delivered to the piezoelectric element of microactuator 130, according
25  to the relation,
Vers = IozrRs Eq. 6
Operational amplifier 224 amplifies the output voltage on output 232 to

force the feedback voltage Vg to equal the corrected position command voltage



-25'an integrator which integrates the charge feedback output for a
selected tine period and generates an integrator output that represg;tss tzr(l)gz
charge deli t he piezoelectric mcroactuator; an [ correttdem
circuit whi \éﬁ;ﬁg“@gupl ed to the integrator output and to é%9%92{9ti_on
control input and is adapted to generate a correction signal that

represents a conparison between a commanded di spl acenent of the

pi ezoel ectric m croactuator corresponding to the position conmand si gnal

and an actual displacenent of the piezoel-gxtric m croactuator corresponding
to the integrator output; and a sunm ng el enent which suns the position
command signal and the correction signal to_geriera_te a corrected Positi on
command si gnal tMratand shesghy|cpaigolithe ¢haege ap theiezepleqiis element of pcrepcuiatogy j ve

head positioni ngjg@pparatus of claim8 wherein the error correction circuit
has an offset control input and the correction signal is adjustable through
the of fset control iMoo embodimEhrelehisseledied vahdve achasiveim poyplitnde of gt at us of
claim 3 wherein the ghar eedhack Ci r gyl 0 i S§8: ngce
capaci tor coupl éﬁ"?snﬁﬁ'érllgésa Birs 1t'hé‘c‘ﬁi gg%%lcghé?ngl’)lké _ren}§’c'F ?égclfég‘b g’r@" bet ween
first and sesond2peimdivial € +dR vblse fqresdniplo nOdentifalit valuepant drising chrdenmd ng a

ref erence node theyebetween; and ol tage, feedbgck anplifier cqnprising a
non-inverting i ifp e‘éﬁ‘ijﬁl“@ﬁ’“ﬁ‘b"eteﬁgoé‘&ef‘ﬁ gﬁ“@& F*%ﬂhz?b &fnverting

i nput coupl ed t QuiRife bef BIIBNERirBAFhar AR Be B4R FHHRHE pfeiab tiventlon, OfRr dr i ver
circuit. 11. The disc drive head positioning apfpar atus of claim3 wherein

the charge feedberdkackicireuis cancabepheiuseddor genexmiy fewsibeck sy wiudois 13119 19 Sept
2002 -zb a volt gg6.LeGaNag etac'gBthhﬁévaEre&MB'ﬁ%n{‘Hxié?Qackdchﬂrl%.ng input, a

non-inverting input coupled to the position command input, and an out put
coupl ed to t®e dri vefChange wset tircuawd®4 inchudescharge rasetrinput B ireset dontrelicirgtitl second
| egs, wherein t first . i S.cound [ .S W:hh aci tor
across the posi ﬁ? 8&‘”8‘0%“{‘{%?1’66?5%6;& %ﬁgbfgCek(?:vglﬁl8?%&?5?'5Rgsgﬁﬁfcggggﬁ&sa@%oes

wi th the m croacheiatye seeddamscapdoraRoSit kobe selctivelyl reeutouerq thangh & heset

capaci tor and 1 HERARY RAESET HveRon G d= T MU ef o RFPhE AR AR ¢ i on of
a head relativeg ?plﬁs§§vﬂfcﬁQSntFﬁdngm2i55‘to&eﬂi SfircHSit ¥gch thitewiteh Sl cle@dpr i si ng
steps: (a) supporting the head relative to the%tprage medi um gbg )
recei ving a BosiVhes{QREok tnasivgead operdrhea QRS s actvgniasstiegtebafoyrt

posi tion for theshepdapblids rA&NBREbI sihaald 238 48 QST RIMow dirkéir 2420'Pall- based on
the position command sirgnal; (d) varying an actual radial position of the

head through a plosmoehtelairceit Ai2indedss transistoryR4L Bihidhiset ssinsViedeletiat or dri ve
n9ne ) TS OB 9 B i
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 is

coupled to ground terminal GND. The voltage V;zr on node 208 is anticipated to



(f) 'varying the mcroactuator drive signal based on the neasured
representation of the charge. 13. The nethod of claim 12 and further

conpri si ng: sel ectively resetting charge stored on the piezoel et? bem 2002
ni cr oact uat ﬁ&ggfﬁfm The method of claim 12 wherein: the n’é“é‘g‘ﬁ?’”ﬁé“’step (e)
conpri ses nmeasuring current delivered to the mcroactuator through a
sensing resistor and converting the neasured current to a feedback voltage;
and WO 99/ 66501 PCT/ US991 13119 19 Sept 2002 -27 the varying step {f)
conprises anplifying-the drive signal based on a difference between the
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QRESET can be selectively activated at desired times during the regular

ition

operation of the disc drive. For example, the piezoelectric elements can be reset

15  during seek operations when actuator 116 (shown in FIGS. 1-2) moves heads 110
from one data track to another data track. The piezoelectric elements can also be
reset during initialization when the disc drive is turned on and at other desired
times.

When QRESET returns to the inactive state, reset control circuit 250 turns

20  off transistors Q1-Q4, thereby eliminating the short of Vp,1 to ground, and closes
reset switch S1 to allow the charge feedback driver 202 to drive microactuator 130
as a function of the corrected position command signal Vpc and the actual charge
delivered to the microactuator. At this point, the correction voltage Vcorg is zero,
and error feedback circuit 206 begins calculating the appropriate value for Veogg.

25 Error feedback circuit 206 includes integrator 260 and error
correction/comparator circuit 262. The charge feedback voltage Vg is applied to
integrator 260 along with the charge reset command QRESET from reset input 254,
When QRESET becomes inactive, integrator 260 begins integrating the charge

feedback voltage Vs with respect to time until the piezoelectric element is fully
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added to the position command voltage Vp to generate the corrected position

D

command voltage Vpc.
Error correction voltages can be determined for a number of command
position amplitudes. These error correction voltages can 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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the radial position of the head or temperature of the disc drive. The various offset
values can be stored in a register bank or other memory associated with drive
controller 140, servo control processor 142 or microactuator controller 146.

The calculations made by integrator 260 and error correction circuit 262 can
be performed by analog circuitry, digital circuitry or a combination of both. Also,
any representation of the actual head position can be used to compare with a
corresponding representation of the commanded head position in order to generate
an appropriate error correction signal. The above-embodiment is given only as an
example.

FIG. 8 is a schematic diagram showing differential driver circuit 226, pull-up
circuit 228 and pull-down circuit 230 in greater detail according to one embodiment
of the present invention. Input 234 is coupled to the non-inverting inputs of
operational amplifiers U4 and U5. The inverting inputs of operational amplifiers
U4 and U5 are coupled to the node between resistors R6 and R7. Resistor R6 is
coupled to ground terminal GND. Resistor R7 is coupled to output node 240. The
outputs of operational amplifiers U4 and U5 are coupled to the bases of transistors
Q5 and Q6, respectively. The collectors of transistors Q5 and Q6 are coupled to
positive voltage supply terminal + VDD and negative voltage supply terminal - VSS,
respectively. The emitters of transistors Q5 and Q6 are connected to output 240
through resistors R8 and R9, respectively. During operation, transistor Q5
sources current from voltage supply terminal + VDD or transistor Q6 sinks current
to negative voltage supply terminal -VSS, depending on the voltage applied to input
234,

In one embodiment, R6 = 1020 Ohms, R7 = 340 Ohms, R8 = 1.0 Ohms
and R9 = 1.0 Ohms. Amplifiers U4 and U5 are driven between +27V and-27V to
provide a high drive voltage for transistors 'QS and Q6. Amplifiers U4 and U5 have
again of 1 + R4/R5 = 1.33. Operational amplifiers U4 and U5 are highly linear
and have minimal crossover distortion. For example, operational amplifiers U4 and

U5 can include OPA445 amplifiers from Burr-Brown Corporation. Other types of
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operational amplifiers, transistors and component values can be used in 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 capaéitor 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 in 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 Cygy, at reference numeral 301,

15  and voltage scaling circuit 302. Piezoelectric microactuator 130 is coupled in series
with reference capacitor Cyg; 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 Iy, indicated by arrow 308, through reference capacitor Cygy, as

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

negligible.
The charge delivered to reference capacitor Cygg is given by,
Qrer = CrseVere = [T asrdt Eq.9
The charge delivered to piezoelectric microactuator 130 is given by,
25 Qezr = [Irzrat Eq. 10
= [T + Lpa et Eq. 11

= [Igpat+ [T, g Eq. 12
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Thus, the charge delivered to reference capacitor Cggg is substantially equal
to the charge delivered to piezoelectric microactuator 130, as long as the input
leakage current I, is negligible. The charge on piezoelectric microactuator 130

5  can therefore be controlled by controlling the charge on reference capacitor Cygy.
This charge is controlled by feeding the voltage developed across Cyer back to the
inverting input of operational amplifier 224, through voltage scaling circuit 302.

Driver 309 can further include a switch 304 coupled across reference

capacitor Cpge. Switch 304 has a control terminal 306 which is operated by reset
10  control circuit 250 (shown in FIG. 7) to resetting the charge on reference capacitor
Crer when QRESET is active.

FIG. 10 is a schematic diagram of a charge feedback driver 310 according to
another alternative embodiment of the present invention. Again, the same reference
numerals are used in FIG. 10 as were used in FIGS. 7-8 for the same or similar

15 elements. In this embodiment, driver 310 includes a current mirror 311 having a
first leg 312 and a second leg 314. Reference capacitor Cygy is charged through first
leg 312, and piezoelectric microactuator 130 is charged through the second leg 314.
The current (Ipz;) delivered to piezoelectric microactuator 130 is given by,
Tpzr = ko (Trer + Trax) Eq. 14
20  where ky, is the gain of the current mirror from leg 312 to leg 314. The charge on

reference capacitor Cyg is given by,

Quer = [Lurt Eq. 15
The charge on piezoelectric microactuator 130 is given by,
Qpzr = II pardt Eq. 16
25 = [l (e + Toga dt Eq. 17
= Yoy [Lngedt + by [T axt Eq. 18

= kyQrer + kmQuzax Eq. 19
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As long as the leakage current I ;¢ at node 315 is small (and also leakage
current of piezoelectric crystal is small and well controlled), the charge on reference
capacitor Cyge Will accurately represent the charge on the piezoelectric crystal.

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

5 positioning apparatus 100 which includes a head 110, a suspension 112 which
supports the head 110, a piezoelectric microactuator 130 which is 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 Vyc , 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  circuit 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 Qg 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 R and has a voltage feedback output Vg
which is coupled to the charge feedback output 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 output236, 238.
The pull-up transistor Q5 is coupled to a first terminal 208 of the position control

output and has a control terminal which is coupled to the amplifier outpur 236.
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The pull-down transistor Q6 is coupled to the first terminal of the position control
output 208 and has a control terminal which is coupled to the amplifier output 238.
The disc drive head positioning apparatus 100 can further include a charge
reset circuit 204, which has a charge reset command input 254, and first and second
5  switches S1, Q1-Q4. The reset command input 254 receives a reset signal QRESET
having an active state and an inactive state. The first switch S1 is coupled between
the position control input 200 and the charge driver circuit 220 and has a closed
state when the reset signal QRESET is in the inactive state and an open state when
the reset signal QRESET is in the active state. The second switch Q1-Q4 is coupled
10 across the microactuator 130 and has an open state when the reset signal QRESET is
in the inactive state and a closed state when the reset signal QRESET is in the active
state.
The disc drive head positioning apparatus 100 can further include an error
feedback circuit 206 coupled between the charge feedback output 242 and the
15  position command input 200. The error feedback circuit 206 includes an integrator
260, an error correction circuit 262 and a summing element 212. The integrator 260
integrates the charge feedback output 242 for a selected time period and generates an
integrator output that represents the charge delivered to the piezoelectric
microactuator 130. The error correction circuit 262 is coupled to the integrator
20  output and to the position control input 200 and is adapted to generate a correction
signal Viorg that represents a comparison between a commanded displacement of
the piezoelectric microactuator 130 corresponding to the position command signal
and an actual displacement of the piezoelectric microactuator 130 corresponding to
the integrator output. The summing element 212 sums the position command
25  signal Vi and the correction signal Vopg to generate a corrected position
command signal V. that is applied to the driver circuit 220. The error correction
circuit 262 can further include an offset control input 266, wherein the correction

signal Vogg is adjustable through the offset control input 266.
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In an alternative embodiment, tlu-: gharge feedback circuit 300 includes a
reference capacitor Cyyyr, 301, and a voltage feedback amplifier 224. The reference
capacitor Cygr is coupled in series with the piezoelectric microactuator 130, between
first and second terminals 208, 210 of the position control output, and forms a
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
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 Cygp across the position control output 208, 210,
the second leg 314 is coupled in series with the microactuator 130 across the
position control output 208, 210, and the inverting input is coupled to a reference
node 315 between the reference capacitor Cygr 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,
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 Qp, delivered to the piezoelectric microactuator 130 by the drive signal is
measured, and the microactuator drive signal Iy is varied based on the measured
representation of the charge Qpzr.

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

0)-1
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medium 162 through a piezoelectric microactuator element based on a position
command signal V¢ and a representation of the charge Qp,; delivered to the
piezoelectric microactuator element.
It is to be understood that even though numerous characteristics and
5  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 invention, this disclosure is illustrative only, and
changes may be made in detail, especially in matters of structure and arrangement of
parts within the principles of the present invention to the full extent indicated by

10 the broad general meaning of the terms in which the appended claims are expressed.
For example, various other charge feedback driver circuits can be used without
departing from the scope and spirit of the present invention. In addition, the term
“coupled” used in the specification and the claims can include a direct connection or
a connection through one or more intermediate components. The transistors

15  shown in the various embodiments can include any suitable transistor type, such as

bipolar junction transistors (B] Ts) or field effect transistors (FETs), for example.
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WHAT IS CLAIMED IS:
1. A disc drive head positioning apparatus comprising:
a head;

a suspension which supports the head;

a piezoelectric microactuator which is 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 is 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

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

an operational amplifier comprising first and second amplifier inputs which
are coupled to the position command input and the charge feedback
output, respectively, and an amplifier output;

a pull-up transistor which is coupled to a first terminal of the position
control output and has a control terminal which is coupled to the
amplifier output; and

a pull-down transistor which is coupled to the first terminal of the position
control output and has a control terminal which is coupled to the

amplifier output.

6. The disc drive head positioning apparatus of claim 3 and further comprising;
a charge reset circuit, which comprises a charge reset command input for

receiving a reset signal having an active state and an inactive state, a
first switch coupled between the position control input and the
charge driver circuit and having a closed state when the reset signal is
in the inactive state and an open state when the reset signal is in the
active state, and a second switch coupled across the microactuator and
having an open state when the reset signal is in the inactive state and a

closed state when the reset signal is in the active state.

7. The disc drive head positioning apparatus of claim 3 and further comprising:
an error feedback circuit coupled between the charge feedback output and

the position command input.

8. The disc drive head positioning apparatus of claim 7 wherein the error

feedback circuit comprises:
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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 is coupled to the integrator output and to
the position control input and is adapted to generate a correction
signal that represents a comparison between a commanded
displacement of the piezoelectric microactuator corresponding 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 position command signal

that is applied to the driver circuit.

9. The disc drive 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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a voltage feedback amplifier comprising an inverting input, a non-inverting
input coupled to the position command input, and an output coupled
to the driver circuit; and

a current mirror having first and second legs, wherein the first leg is coupled
in series with a reference capacitor across the position control output,
the second leg is coupled in series with the microactuator across the
position control output, and the inverting input is coupled to a

reference node between the reference capacitor and the first leg.

12. A method of controlling radial position of a head relative to a storage
medium in a disc drive, the method comprising steps:
(a) supporting the head relative to the storage medium;
(b) receiving a position command signal indicative of a commanded radial
position for the head;
(c) generating a microactuator drive signal based on the position command
signal;
(d) varying an actual radial position of the head through a piezoelectric
microactuator based on the microactuator drive signal;
(e) measuring a representation of the charge delivered to the piezoelectric
microactuator by the drive signal; and
(f) varying the microactuator drive signal based on the measured

representation of the charge.

13.  The method of claim 12 and further comprising:

(g) selectively resetting charge stored on the piezoelectric microactuator.

14, The method of claim 12 wherein:
the measuring step (€) comprises measuring current delivered to the
microactuator through a sensing resistor and converting the measured

current to a feedback voltage; and
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the varying step (f) comprises amplifying the drive signal based on a
difference between the feedback voltage and a voltage representative

of the position command signal.

15.  The method of claim 14 and further comprising:

(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 position 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 (¢) comprises measuring a reference voltage developed
across the reference capacitor; and

the varying step (f) comprises amplifying the drive signal based on a
difference between the reference voltage and a voltage representative

of the position command signal.
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the varying step (d) comprises applying the drive signal through a reference

capacitor and mirroring the drive signal into the piezoelectric
microactuator;

the measuring step (€) comprises measuring a reference voltage developed
across the reference capacitor; and

the varying step (f) comprises amplifying the drive signal based on a
difference between the reference voltage and a voltage representative

of the position command signal.

20. A disc drive head positioning apparatus comprising:
a head; and
microactuator means for controlling radial position of the head relative to a
storage medium through a piezoelectric microactuator element based
on a position command signal and a representation of charge

delivered to the piezoelectric microactuator element.



