; e3etvi6T}P9 July 2004 1 ROBUST TRI PLE- MODE COVPENSATOR FOR HARD DI SK

DRI VES W T, | CTION Field of the Invention The pr2ddy200bhventi on
general |y ‘j]wmm\ﬂm rvo systens, and, in particular, relates s to

met hods an SYSLENP of robust servo control of high density hard disk
drives with dynamc friction in order jto further inprove positioning
accuracy and increase the robustness of servo systens. Background of the

| nvent i o@OB%EWBLEMQPEW@%%HOKFORJ{GR&!?&KJ?&RB?ES Y Bopl em t o
be Solved Owing to the rapidl }\WWRKMVRSFRICFEOGRNAs for high capacity and ‘
performance of hard disk drives fromindustry, servo engineers are required
to devel op nore advanced control strategies. It is projected that the

position accuracy of hard diSKE? i j .each 25,000 tracks per inch
(TPI') (less than 1 pm per trac Jlgt%?ﬁhe?nlg%‘éﬁ%? this century. (See, for ~ s

le, K Ch o N i '
magnet 1 ¢ di skemrR iR aRUERRAE SROTR o B0 GPRIIRTRIE oo
179951804 . phethéds @ndsyyaten® Wi kbbustisétva doh@bl af highadsnsity diaid diskndrives onith

nonlinearities currently being neglected or sinplified in control system
desi gn riyaemise frigfieanin wrderatoc I AFProec HALQMAS Recyirey vl IncEesss tthes
preventi _ racy of a hard disk drive fromfurther 20

i nproven@ﬁ?&%ﬁ%ﬁﬁsge t e&?tjl[ébbon flexibility, the wi ndage, and the nonli near

friction of the actuator piv of a [ rive. Friction-depends-on
many factors such as the asp@%‘fli m%’f&]@%ﬂ?&g?&ég} aces, |ubrication, -

vel ocity, tenperatur t orce orthogonal to the relative notion, and
even th E‘Png‘f’?ogiheﬁg?l?gﬁ.‘{ﬁri ction is a natural phenonenon that is very
hard, if not inpossible, to 2s nodel_ and that has not yet been conpletely
undefSst ood. HPiseyssion afdhe Brehiemtg beSolveder ed having two different

mani festations, i.e., the pre-sliding friction and the sliding frjction.
(See, for exdaping toghe rapidty ingregsirg demords forhighgarasity apdipecformpnceiakbasd wit |
A survey,. . S| : : I ol of
rachi noedi AP ARl et BRidecRfte FOIRRARE WL M0RigO Ut EQIID) o2
I n the pstertedidsdilng mopged thiti thé positisroacesirelylof hard dikle drisesywilbfeatle 85,000an

10-5 neters, friction is dom nated by the elasticity of the contactjng
asper i t yiresgks gF finghe6LPIE (less thsp hem &aT Vaﬁep%rfgg B Oéégﬁ I o¢$e&nﬁ>f

vel ogit ye)éﬁ]:rjn le,aig. ﬁ;ls %P Vot dTRLLOR: A, s SB _!ﬁ%ﬁitm&sdéﬁ?@ ingz‘gz}étiéj}fmm c

behavi or erésis characteristits w respect to Ition and
vel oci t ysramge EEB/ Bdninetiomnon Mageatics héols 32,(1996, pdges 1@&31@1}4@), FBr a system

Armstrong- Hel ouvry, et al, A survey of nodels, . analysi 0ol s and
corrpensat"’?tgﬁuﬁl\bflﬁ’b%kaq%‘pcé’ dﬁﬂ‘PEﬂm%‘}/’ SRECHRIRELC R CP%F‘&@ hﬁ‘,“gcf’ieg%ﬁtegboéve; D.

Abr anovi Lighifibd iYBBRrANstenfdedig@Rtsi Be tdlehkin@y AdtBuid MK redoMdiddiedr iThy
nodel i ng part L~ frequency domain, Proceedings of the American Contr ol

Conf er envenlinBatlitidsnpreyenting ythangystegurascuraoy . ofpagbard2 gisk- deug; frpm \farther 1.

Hust, D..Abranovit.c nd G,.Frankli i Sk | V i i
o aer? mgiEp FomRe: e e AnbRh Ty, iRk dinfideY e onlAlr BER bY he
Conf er engauat&aibi{,bmaq,ard\/airsyha{ad, June 1994, pages 2604-2607; K Eddy and W

Messner, Dynamics affecting-- ~o tracking bias in hard disk drive rotary
actuators, PrBoeioni dgrends omanatyefacters wEht o Itheacgapaiy nele comach syrfaces,
Washi ngt gn_ . e : i libn 4id s aen. K
0t ot bigAE ey, Bportéine ke Hore AfSa(ral (MR APV, did oo B8

fri cti onhistdorlf fotios.abtictosisamafutioptehomeionthatak velydiard, 40 notNepo8sibleo®s,

Fﬁg?;é :3' mggqrzdt %t léagsﬁozg'lﬁg h%%sqsﬁ)mt %)g%’glgflgix:qgrtslto%g. IPsric l(())Irln isl:] getzr%gal@/ ccgngledcred

having two different manifestations, i.e., the pre-sliding friction and the sliding friction.

(See, for example, B. Armstrong-Hélouvry, P. Dupont and C. Canudas de Wit, 4 survey of
models, analysis tools and compensation methods for control of machines with friction,
Automatica, Vol. 30, No. 7, 1994, pages 1083-1138.) In the pre-sliding stage, which is
30  usually in the range of less than 10” meters, friction is dominated by the elasticity of the

contacting asperity of surfaces. Friction not only depends on both position and velocity of

T
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is introduces danping into the system Friction in the sliding stage is
usual |y represented by various functions of velocity. The fudpRedd

- associated with friction in hard di sk drives has been observed w dely by

manuf acturers. Recently, friction has received nore attention due to the
new chal | enges for the high density mass storage techniques in the near
future (See, for exanple, B. 20 ArnstrRong-Hel ouvry, et al, A survey of
model s) y q, ﬁ‘?ﬁ%ﬁ@ﬁ%h&%éfﬁ%&@@ﬁcﬁ @5 N sxeiejéral chafactaristiésnes
W th frrnﬂﬁ%&)‘hﬁmsalg&%kﬁ%ﬁg : novitch, et al % drive pivot

nonl i neamtlt respeotiel posiiopaant! Welocftyequbmvedduh@ﬁw recr:qrelarreb@ﬁe fog ggemplesang,

t al k d t t ted
bove. § PridmpibEaiaotte £ She corta ehviary Srdiih bl BRI 0 oG

f ol | ows 2B NGB EGHRAIT of FriaBhin@ witR YRétions ¥isédeaBogej D. AbrantwitchyF.fWengiamty
range. It has’ been observed experimental |y that the open- | 0o Iow frequency

gai n sded.dixswding Diskidriviemieat nanindatipiwodalingdases fregienca wrgin

frequenc ngrease 0 d ure 1
(a) and ét_g%éénencan?c%ﬁtx&r@odr re e, %&rﬁ&‘é % %@%@ﬁrﬁeﬁ%ﬁs pﬁﬁgvrguﬁpgﬂldé?g

M zoshi t@R,Wsng @Mmamm&ltchlaﬁ@&ﬁchnﬂmmwye vt madinearitymadeling ol f or
Di sk Drive, IEEE Tr ansactr ons on %Io 3 mI0996
pages 1g98@1dbgtipe dorpin,,Proosedings e AR
e o re Ayt SO0 33 &nzémnmﬁqr OB iy ﬁlfd Vil Mgsshi Bysmeist afting ont act
surfaces cation Focr ty, tenperature, the force orthogonal t(i) t.he
rel atg Vetrmirfngohtﬂs amdzaai/drsktdwemomraftt@for jopeedings mf the iAJRerican; ¢

hyst eresi.s chara eris th,res t 0 v Due
to the C#eﬁmﬁnyaé@ﬁ\go&xmv @ggf Py O{thg_fbé%) §#1(2'Cegiraﬁﬁ'&lsf [ cuf PI i f
not i ”Doerss's&{ &. 1t As@bhaing 1 Lischtsky, £ hiw movedRl cont@oll—'zg‘rsyﬁethﬁmfhd’nsd(ordrl ve
wi th positioning accuracy in the mcroneter range or gﬁg@n %} @F
dynam csIEl NS gmaticgenteln Yol 4 Neegh é%?%d’ag Tt t"y em
desi gn. ction n.cau it estaptie
errors, flrdé ﬁ&e gbcuogng (il %(teg)r}gﬁ %ser ﬁ%nggé(glrcég téﬁ?? Iet%ral%) HDD contr ol ,
one qf thﬂroﬂﬁmrdaﬁmingt 1ﬂﬁk1$lethemg Friction irathk sfiding oteignds suale répsesepted djuce

the steady state error for i nproved positioning accuracy ~ s because
fricti onvﬂw@%t@y%?%\‘ﬁ ‘@“éfyn in the low frequency range. In view of the

difficulty i nmpgf’db'i‘élﬂgss%cfafédewﬂ(tﬁ Fr¢dtiofNn MRfedisk anmrhamdei obszswed widblyst
friction conpensation nmethod and its variations for inplenmentat |a(ﬁ1138are

i nt r oduc g manufaeirers.e Becentlynfristion bas reagived mpf%teﬁil%@&t@dh%%?%ﬁh E%r eak
the restric ns, i ,nher ent t he tradit] edd

Ser vorrecrf%‘ntt@ﬂ? gloflegsily mags, %‘}Bfage r%%"&’é““&‘s%?‘r‘ g‘# ?)eﬂ#gﬁén d|efms?0 var % ons are
20 prgsentgliroNfHebub AL kP8I Sesuevdyr of nfitﬁwseaﬁalghs fdoése&bafmampemmtiananetéodMesr gn
and at the sane tine, 'quarantee the continuity of th n‘s ﬁ{g S/

Di scussi gor emupl efinacin@obith fritionTHEIIEEY %L A RaMEBHS 8f ylg’f’é P 'tvﬂ

read/ wri te ead of S dnd)F L WaRg &egkiDigk and
(b) t r ac KPS 'I'Efa”\ﬂ' WO%eP'%[?%'g Itrlfr g&én 2 a{%?%éﬁ \g?tggzd%fehe head i 3525 forced to

nove to tdmetpwogarmzweaary msddling Pyl asmedesiaip| eited aboverp Theaurblewms dBaihg
stage; the head .is, positioned preci.sel the target track. Integral

Cont r ol afﬁatl%%‘&%&}sﬁgeﬁ%?é@“@ﬁﬁ{f@r%ﬁ W The Proximate Ti ne- Opti mal
Ser vogechani sm (PT(P@nri ?ﬁ’\fri@ﬁbﬂ 16Ed %@éﬂn bfintif ehelioskfretueney iangeidtry. (See,

for eXanple, G F. Fran and M L. Wrknman, so Digital
Control of DyrmsibeeBpbsarvesi emxmmtaﬂdr thhfoﬁlc mmle%lﬂw"seﬂe?wyw% In a

PTCS, the contyoller sw,tches bet d r timal
Controller (P ea%d@\,\# rmpﬁtsf‘mgﬁﬁlar néf\épv%%% ?ﬁh%leatggr%ﬁiég?\pgr@?dgpe?s?arge

and a |inear phoRMNeliQNAE inpf) altiltud0deeretsed, \aatshme/n(lﬁ[ljlgumnt(rablahér mode for
track follow ng when the position error is

wr efin r eshol d.
Because fri ctiloguiei ibx s(&ehaefoﬁ%ft@hlﬁg]ér ﬁaKWW’ 5 ﬁM@ﬁg t he

PTCS cannot sagi sf r béﬁ%% A6 hesmemlg@neration
of haf¥l disk drive Wa?‘ﬁ vgatﬂﬁfgﬁ%%b{‘ﬁ% tt he co?mon g/ uéed t echni gues

are (1) intemnEd Tmsidtmhs anMagnetics, Vol. 32, No. 3, May 1996, pages 1863-
1866.)




s*(2) observer-based conpensation. (See, for exanple, G ~ F. Franklin, et
al'., Digital Control of Dynamc Systens, cited above.) Howevey2004 is well

- known that an integral control in the positioning systemwth friction

|l eads to limt cycles. (See, for exanple, B. ArnstrongHel ouvry, et al, A

survey of nodels, analysis tools and conpensati on nethods for control of

machines with friction, cited above; &dnd B. Arnstrong and B. Amn, PID

control in the ~oFpeRseRGEdRansd aid sodlinesiphenomena) Mbich dopondsf ol gebr ai ¢
and descri bing function_ anal %/si s, Automatica, Vol 996, pages

C w32, .No. 5, |
679- 692.) Th&agydasters inghudingthe apraity af ctact é‘é]%ﬁyd\ébr\‘ﬁﬁﬁ‘o’a’e"lef({?étéf’ under the
assunption t di j Ot AlMdtivRl ADtioNChnd Ry e derivative
of the di stulri%aneté%ﬁ%ttﬁé %@%mdﬁgnfﬁi frer)enlﬁs zelro. Ur%fortunat exlly, in the
m cromet er | dsedry of hwtidynani cs of friction cannot be neglected. 15
Model - Based Friction .Co satjon If. an accurate f.nicti el, can be
obt aPned, a feedf dFREPY %échﬁq‘?rgﬂﬁ\fg‘af%gerﬁs & ﬁ’gﬁcéésgg&f ?‘?c 0|h%)n.
Therefore, suyoliibh énd Vdi6éityon nodel s for controller design were
investigated. (See, for exanple, D. Abranovitch, et al., Di sk drive pivot
nonl i nearity nodelDuegtpdhe nonjipeagiterand gomalenity 9ft Hictighovik;1s erXwang, et
al., D sk driy, I Vot 2 Ir I i t IL" tinme domain, cited
above; and K.dlt%&gft’,l?g?tzlg}pg,g%htg%%gaslﬁéfﬁ?ﬁ@?{&?ﬁg&?'r acking bias in hard
disk drive rotary actuators, cited above.) However, because friction-is a
conpl ex physical phenonenon whi ch depends on nmany factors-such.as. the .
aspeti ty of thes acdird disk&ive yyifiupositioning.acepragy 4n g%‘/? TRICIOIEFY RLEP 8ﬁﬁ’§ﬁ?ﬁt’t he
tenper at ibndrSicid teChrletsti | Sanflol b&'BedIBEEY it QoftesIClysRRm addigd he
ohysi cal Toaps & ndriiof il Jecloliitelthgt Eunfol b BefIBABY if ooy 3’?1 model 5
obt ai nedFrictionatan cessEr inkey tubdesitgd teffects stualy ias isteaiiy stata prrerse addey lagadndi ne

domai i qul t ly. (S le, F. et al.. Disk. dr
b ot ML £ A 36t DaGThaPet DD EhmE St h i inboafin ool Sl #¥°eyqy
et al., ERABIIEHingltaelis MWrddiacthRE:aly 8ttd dirdiabdinthirsedipdsitoning adcyiracy

actuators, cited above.) Non-nodel Based Friction Conpensation sg Since it
i s very bicaisedtirtion reduersaysicm gadmin e dow fieguensy rarase| In ieh ofHiseditficglixg

schemes haye .been expl.or. n- nmds j caagbe

ol assr 11 BPpBER REEEmokel: AR odifRRE RARERRAL ClmBRRENRFRERRI D o
The usuadddyits empdtions tfedimplOménthyor? Binfrodutagtin ke prededteiaventiog, pethidds ar e
not considered to be suitable for the coptrol.s steagq.of i“ sk g{#visﬁl whi ch
are pref @isuseed belpy. shabreaksthggegrict grent iny thefraditionsl Feopmatec Ime-popyst
friction [rRBhiisin REEOSH, Y e3h1 SR HRDL dciRind BRd s ORRTatidnsOhrest at i ¢
fricti Onf)ﬁf(?@gg?&?tgr exanpl g, S. b’C. S%ut hwar d, C. 3, Radel i ff and C. R

Mac Chaier preRateds twhignintioduse exteat dagkeos [of frepdona tin eanteellep digsign iabé at ASMEMSour nal
of Dynam.c Systens. . Measurene an ntrol. Vol. 113, 1991, pages

639- 645, Hifg; &0 ar“éf‘p"e‘PF§z°‘&8%‘étyr?g§“eh°8|“&°&§$‘gaésynam c friction; which exhibits
hysteretic characterisfjcs, wt esl1pect to both velocity and position. In
summary, a ro ssioq} ol PEEVIHS SOMUHANS. 4| sol uti on whi ch can conpensate for

the effects of frictiaon for hard disk drives.is needed. . . .Su ry of the

I nventi on The The Pagtipning spptredsystem qfifhe HF%F?fggﬂ? g‘ﬁ‘ﬁ’ ‘?‘g( Hg‘g?)ﬁﬁ/‘iwc?e a
net hod a A ' Sk e ftage, 6 theld $X
drive fo?th%t(%yt?% ac etegizl k%n%%lgd% Ir?gltl:(iyl? %'I {Ig\?mﬁ%gl%l?t%?%n% tgge_ an ogj ect of

t he psesdénted wvaotd wntht targetavickes auivkiyhacpasitilea Inythe tack frdlowine siogs: dame t he
probl em of | ow frequency. gain, decregse due to friction and thus fizrther

i mprove ?‘ﬁ%‘iléﬁgf"f‘f”b‘?ﬁmﬁé/‘é‘g%ﬁ?@&;“ ‘?t%fﬁcg'k drives. Another object of the
present invention is to provide a nethod and aq,sglgtem whi.ch are al so robust
to other system noAntegeal/ConrelamdPhseryersBased Bias Gompegsatiols - sych as

w ndage and ribbon cabl e el asti ci té. 20 Still anot her abject ?f the fl)r esent
invention is tlbefiroximate BimeOntimahfervamsshanism (FQS)Js dadely cannleysdi Bihon in
the conventi onal. PT ' I RLr i Nyagdpdd,Qnahd FPAe WefknSmt I &
degrees Of° Grq"evéa (r)“rir‘fsl%' gg%%g F%ar[ﬁxgée’s(?'gﬁcﬂar%gd?lb]i nprove performance. Still
yet apot Impitabestrolobf Thaapice Spswms, Beeond ddition, tAddisioniVdesley, n99R0d lana a
system that provide continuous control signalg when cantrollers sw tch
across nodedd ﬂZ‘BCWt’Ni‘FE Pn‘éPHB’Bj%@E’YeertWPHQO%Fe% me‘?‘ﬁvgﬁf‘}ea‘ﬁp‘i"?a‘f O%FF%\F?fde a
met hod t SHGR! Br TRk sSHE L MhBPMd PRRfont RFRUS 16 andhaNE&S piscttional
effecti vg})g,@@ﬁore rolroust ISy, rrgel;re Si rrplls}f/é and pr acti%al | y. The foregoing

obj ectives are acconplished by a triple-node control schene in accordance
with the present invention. The triple-node control schene has a
conventional so PTOC for fast track seeking, a robust conpensator for high
precision track followi ng, and a bridging control to ensure the continuity
of the control signals. In particular, the follow ng neasur es in the

Y I Y Y b1 oy S - o o v .



9 July 2004 6 A conventi onal proxi mate tinme optimal controller is used for
track seeking, which outputs a relatively large signal. A9 &dug04

* conpensat or conpensates for dynamc friction, which outputs a relatively

small control torque. s A bridging control ensures the continuity of the
control signals for snmooth transition. The switching of the triple node
controller is manipul ated by the absolfute val ue of the position error. The
control déﬂi%ﬁhipﬁf) chiGolidr Rb& FRALKABIER dgeWhed theepsiticideri6r Bawittfin a
continuous. The pfesent invention does not need a nmathenatical nodel of the
syst em predefinsbthresholdwBechusesfkietion Hindtsithe systany gaigiipphelowaFaqumre 19eact i cal .

Th bust t t | i I t
he 1 nf REdEOR B Rr B RS TR PR Lr uiges} btpiith b G enuate
i nvent : ARvaRI R g&!w &iish pﬁb&r@,&aﬁebrgﬁ?mmeﬂggﬁmmw m_e(?_) imcgraltscoa]fmbambdd_t 0
control a disk drive having a head for readi weitin a froma disk,
a novealfPeobserverbased ﬁ%ﬁ?nsgBOIbr@?P(@f BXARIE; ‘52@3‘{5@1@@ e‘ﬁgs&%‘%é‘?ﬁ” Phe head
relati Veo_ﬂgjt}ngmpcr ﬁzglse%segittﬁfja%?}s Hé)%berorﬂ: ik Ree10kRYom @Afak k@Kl SikngBiBer vo

system t provi‘des a conma i'gnal fo the actuator notor. The disk drive
20 ser vaehspsitioningwysiedewith fieion lpalsito liont eiclpaalSegefosexaropler BspHunsiiong- t o t he
position_of the head and a.posi,tion,controller that generates the co nd
C anal tleway. b siet pf Bpals argbEs el el goraPafin el R AT The
met hod CHHRIhAES wft&%fria@&{ lbdSbdvaeatPBi ARG nd® | Ahird PP RHE¥) iNake
ti me-optimal controller (PTOC) during a track seeking node-to.rapidly nove
t he teagresence gbblatit drictiara ok conpgrisopeaf algebyaicrrandydaseriibigs ferstionmabrisas a
robust is conpensat.o ripg r | L @¥viy N g ) :
Forque duBBABSNDL: 2oy 35 15 R, 5 22 oS el B RS RO a0
conti nUQb@m‘i’ched\g& daled . uMden tHer ABshpticinihag tHer disuttaace isax komstait ibieg swolle t o

k fo

the trac | o ng node to provide continuity of the ndq&%i g.naths to
t he act uhatothe sistivativgrinthe disturbanes Vil respech tPHENE FSHEH0s R Yellt the

Pref er abl . hie: YS! i Qnh A9BF AASRETAHAY baRGgILOB1POSI L on control [er form

a positio oop, and't SO0 operating the position controller as a

r obust CormensatOr%@%%&ﬁ%x{i&}ondéﬁﬁﬁymﬁitﬁg a bandw dth of the torque
S one of a

di st it bances; and elect’i ng ead conpensator, a Lag

conpensator, Qr a lag-lgad co sat pr . cha wequency
response of tﬁé‘“ﬁ(‘fglingfeoﬁlc 189 T?d%f'c@ ﬁ%f’ffltggégﬂyi%g%%gra ﬁgg%gcctg Bcr)%[nﬁge{ pr esent
i nvent i offlusnc® S€TNQIdHONtTHRef5MS tseimbladEicier ahaitls foracalitsfledrdevign agsenbly
having a head for reading or wri tiRg data froma di a npveabl e actuat or

. sk, .a I [
mot or t oinyesigagd. o(fepufort exagupe. fldr ABBRQUltsh, ?’Fgalt’h@szégﬂ’er@V%ﬁ nQplineqiey
pre-sel ected.data tragk I SK,.. an disk LV eI \8)ois Yehemibdrat
provi desmg%ggﬁwé%ré éiéﬁ%‘%gf%mt%ﬁggug g(t:e?lug?%re’ rr%t\éjraﬁg"rﬁte%di sksdri verpsler VO
syst egn i pellineestyambidingnasi 1l oimeidgnah, gitsdeatavey anchKt Egdyeetatle Pymamécsd

osition signal responsive to.t position of the head and a b ition

(F:)ont rol | éfe iﬁ&t‘mﬁ@ﬁg éf‘c‘é%if”ngdlﬁgﬁ?ﬁ‘r’EFr‘fd’“g?’ﬁﬁ%f’for R Cétfﬁfeléovtgasg?vg‘r’&?gecg&sse

responsi Yr‘?céfoﬁ ik A€ Bﬁysﬁéﬂfpﬁkn&%ohowﬁibﬁ d&Félﬁlls R@Sinhhyp factérgath aothpr ovi de
ve

an obser position signal. e servo control systemconprises ( 1) a
proxi mat esgeritye o itei eraacteshsurfickss rth¢ pin@tiont afubrication a9dethe teBPFTAMES fif S5t

node for track, seeking . to rapidly no i . rack; ) a
r obust cg}%g‘ﬁtéﬁ gﬁa‘t“h‘gfn% 5@?‘% gos X?%‘f‘négg grc} ger:] g ﬁgsgc té%fc gar‘ﬁ(??a({:f?ﬁf %(F!FO\% Wnész t he
robust copRANRAIALtIOHRbASIS DEtafedBaifdtesribé die system behaviotsdn dath frequency

di sturbances; and (3) a continuous_ bridge that op‘glr at es inlqa t@,rd m)tde

bet ween @hé tier demaingl sina taneonslys e 63564 foroeremple. g oYt ¢t Ao ik HitRPvo
transitign f.romthe firs €,; . AbbVnantiRe head
position n%l];ll'fe%'f)f &P fiellf’{ge})#e?gg tf)%‘gfi%){hgﬁé ??g@ng}ﬁ%ﬁé’%&? }f?ﬁl}ﬁg?? Fﬁ’eb’gt ate

obser ver offefiig tdckiuglifias ini Hard Hizb grivaratatyhectnabrsstitedabpensat or conpri ses one
of a | ead conpensator, a |ag conpensator, or a |lag-lead conpensator to
change the shape ofiNdrhmollEEBARE BridtmpOnapesatiohe position [ oop. Brief
Description of the Drawings 20 The present invention will be described

bel owgi N connggideon WiveR itficat ta@bash dr mpletel frigtoe model ndri-mbdel based

schemes have been explored. Non-model based compensation schemes can be classified

into (1) robust methods and (2) adaptive and learning methods. The usually complicated



Figure 1 (conprising Figures 1(a) and 1(b)) illustrates the experi nental
frequency responses of a VCM actuator in a hard di sk drived hily BO@/nani c
friction; Figure 2 illustrates a schematic diagram of the proxinate
time-optimal 2s servonechani sm (PTOS) for hard disk drive control; Figure 3
illustrates the two position control nodes (Proximate Tinme Optinmal Control
and PD Control) in the PTOS;, Figure 45illustrates the relationship between
the gai pyaRpde AR IMGLE n‘xéi!h&ﬂearé ReEshrkReraas el sorble 6 b GoritolSybtbiustt r at es

t he dy namc riction with respect to velocity and posrtlon and il lustrates
boundeddsksdrwfesthlcu;anarpererwd trt bosmall, implg,\copmagt, seli qu?’éj geqnp rates a

gr aphi c r.esent ati on  of th tr| n
2 Gar e Ropltatcoan ety es Bt lr-Eell Biecd on P pRPERFD (U ELUORT
versi on(Sde, fhi€exaipie s . Hoathivagd) @Wemrdehﬂf had thRr MagCher,Ratiusd windigedro a
bang- bang control ler at zero s position error; F| ure 8 i | ustrates 3
gr aphi cafick-gf Gidiar omeanserion, SeMdnlou alof Jyn2 S i e

i nventi £r t2h h haglﬁ)ea ﬂ&hﬁ&'lfrﬁ;tﬁﬁnst ant
out put - RnbeF SR 3%%%2?%8*@9-?4a5§h?‘e§?*3?8"§$2§?2?2t. on of & LhiTd

al t er natwhiéh ehilsitsctiystefetichvhagpeesietids wuﬁvmap&ootp hotle velopity #nd Mﬁgmbang

controller vmthaconstat out put o e s - t di ment
of Figure 8 il& SHIRALY.Sropyst; 5t phjfd%“ pq}’rf:tb%lé(éu O%S’rﬁ‘%"?’o‘r%r‘ C%;rg)%h e:fog??éél n;
Fi gure J&feusotf%&ﬁﬁ‘%rﬁargammr%ﬁ isRpa@sent ation of a fourth alternative
embodi nent of the present iInvention, where a dead-zone contraller is -

intrgduced to remove chatti nggyhhiyy of dle mebridi i cally illustrates a bl ock
di agram of the preferred enbodi nent " of ~s the present invention; Figure
12(a) is a gr [ t dtahﬂad
principle of r?J 5;9&[? Og'r%\éf&ﬁ%%a{; iﬁﬁyﬁg%gﬂgﬁr&ebgdﬁﬁr%sﬁ? gr aphg%f gain
ver sus fthgrqugja@% ﬂhbaystewpesfbﬂﬁ:ires of lachaoéisk Iddep fdrrimdiutradysae ingond &raek t he
position feedback |oop with a phase-lag conpensator to increase 2o the gain
in the |®Hlowingquency range; Figure 13 is a block diagramthat illustrates
the disturbanges, ) dRdRect ot esfeﬁtaﬁﬂsbrrtgmetbrﬁ%ﬁdé B nfeth@f shdlh systeh ithee;
Figure 14 (conprising gures 14(a) (t;zeand 14(c)) illustrates the

si mukat esvetgonmite moareacoérlmtfrecqsem gann crsase dire ke fiictiongandethys fugther
illustrates rease in ﬁﬁ‘ év%?uency range, Figure 14(Db)

d
i |l ust ramo%%{hg.&pgggwnﬁaf%ﬁcg o position, and Figure 14(c)

i I'lustrates nansmkt iectiofitkd px@ﬁ‘enit m«eu&ort B3 toproddd y meﬂmglwmdsa syStegrcwshi si ng
Figures 15(a) and |%l? illustrates the to[fﬁue and posi.ti on. di stugbance

si gnal s aealse mobust 18 atRaratysts NARERET AOHFg surpapces 1) Figl (driyps Sug
spectrum Qndaggg (pgf,‘?’]@i n‘[a%f‘edelgéu%ftw bance signals, and Figure 15(b)

illustrates
20 Still another object of the present invention is to provide a method and a system

S fSwer

that break the limitation in the conventional PTOS design by introducing an additional
mode for extra degrees of freedom in controller design and to improve performance.

Still yet another object of the present invention is to provide a method and a system
that provide continuous control signals when controllers switch across modes.

25 A further object of the present invention is to provide a method to compensate for
system nonlinear torque disturbances more effectively, more robustly, more simply and
practically.

The foregoing objectives are accomplished by a triple-mode control scheme in
accordance with the present invention. The triple-mode control scheme has a conventional

30 PTOC for fast track seeking, a robust compensator for high precision track following, and
a bridging control to ensure the continuity of the control signals. In particular, the

following measures in the preferred embodiment of the present invention are taken:



so of the normalized di sturbance signals; 9 July 2004 9 Figure 16
(conprising Figures 16(a) and 16(b)) illustrates the cl osediulpdpo4
performance and the steady state error of the PTOS schene; Figure 17
(conprising Figures 17(a) and 17(b)) illustrates the cl osed-Ioop
performance and the steady state error of the present invention; s Figure
18 (conprising Figures 18(a) and 18(b¥) illustrates the dynam c behavi or of
the systemwi th tqrgu i \m%ﬂ ] i < vkl (conprising
Figures 19(a) and%@;@%ﬁ&%ﬁ#h&?ﬂé &s fhe tﬁ%rdgéggﬁﬁﬁﬁgﬁ(g%gﬂ%\gi or of the
system wi t h gekingewtlichtouthans eelathely lafge sipnebent i nvention is used; Figure
20 (conprising Fi %ures 20(a) and 20(b)) illustrates the .dlynagiﬁ behavi or of
~0 the system wit R pefuist coRiPERse{Qsy Dsafgie forpdrEmg HCHAY: By ¢ 21
(conprising Ej . ( illustrates the inproved dynam c
behavi or of tgh%ufssgeirte%#V\é)\?%sﬁégg:gig%?lc}?qgfstqr bance when the present invention
i s used; Figure 22 budgipg icenta) daiseres the continyityafitheqopirp! signals forat es t he
dynam ¢ behavi or ,of the systemw th both torque and position disturbances
when PTCS i s SHOAEIANSHONS" 5 gure 23 (conprising Figures 23(a) and 23(b))
illustrates the impeawa@hiynemine tipkRavody caitrollee issyahipniavddt by tiat h t or que
and position disturbances when the present invention is used. Detailed
Descri pti on @bsaltfe vplugiof therpsitigpsiiorrent s of the Present Invention PTOS
Description 20 To t] i bd1g and-f or
track foll owing, t 8'dapird %g{‘esg’??rheer@ﬁ @@%ﬁ?ﬁ%&e?ﬁ%ﬁ%ﬁ%@% is widely
enpl@yed i n @oalingbukve i ndustry. (See, for exanple, G F. Franklin, et al.,

Digital Control of Dynam c, K Systens, cited above,) | he ontroller, a
nonl i near control FherRresesh RHR éf)%?antrf&eg&r ‘F‘@ﬂi‘?mﬁﬁ‘fﬂtli’?‘?‘gal%?éﬁeapcel erate
the target Sesggthfﬁgho'n ind 42y, RPRiLR hARethisGhvenfioh Sintfér dnliaford ppiceedf i ned 2s
threshol d, and swtches to Iinear control for track follow ng when the
position error is Ereatobest dommpensae ndtoskhedmpensatetifas piction byt 31k es a bl ock
di agram of the PTOS controller .200 of a rdedisfe drive, whergy is the
position si grfaenud& ﬂ?esm&ll'fgnc&éﬁfl”glfr g’P‘é‘hdaep?}1"3}‘9‘%&3#%‘3%&‘?(‘2?er en%:gm%osi tion, y

is the observig@ediRaimidrefobuét.i s the velocity signal, v* is the desired
velocity, v is the observed ao velocity, and ye is the position etror. The
PTCS cont r ol |@re 2908chehibicduesent inveptigreista medhod, jpyconhplsa tdbg?(c%ﬁﬁglﬁ’d' M2t he

Voi ce il or .. : i Yufduet t he
necossartred s ey Sbyrth SAe rph Y BEARRRIER achal (HIBE ProrR0Thie

poOSi t i ONopfi@ fot!posinidniag thertad uelatdiectoi apra-shizctdd dawkragkionghe Hisks #nd Pdicks
controller 200, the nanlinear function , f 201 of the Li{ion. error
ye mani plive EvQ fistam et §W"t“3ﬁi%‘§"’?’8‘“}?r%%‘?aé@/ﬁ%reac afoéfrg?tgﬁ_cggéslg]lsié@?'tv § to
.the yel oghdy s &ﬁfiﬁéluéflégoaohgaﬁ ﬁ!@slitgﬁl' éigrﬁﬁfg@hérﬁiok QEsp3Rdve iTHel ttica ¢fathe k2

202 and a saturation function 203 w NTmts of t1",. The vel og&g
cont r ol | kead20d afmeitiontdostroldrahasracacretss thernomraandrignabla the POWPRAMPARATAP
produces _a drjve torque T caused by.ih [ i tinll Y Rsierque
const ant TRY® é‘!iel.ﬁeaﬁh@ ?1%1695’ Bysying- Tn,rh? gn E}(%:béid&gﬁyp 4Sﬁg1d) ikt ‘ pos
controller as a proximate time-optimal controller (PTOC) during a track seeking mode to

rapidly move the head to a selected track; (2) operating the position controller as a robust
25  compensator during a track following mode to compensate for torque disturbances; and (3)
operating the position controller in a continuous bridge mode when transitioning from the
track seeking mode to the track following mode to provide continuity of the command
Signals to the actuator motor when transitioning from the track seeking mode. Preferably,
the position signal generator and the position controller form a position loop, and the act of
30 operating the position controller as a robust compensator comprises (a) determining a
bandwidth of the torque disturbances; and (b) selecting one of a lead compensator, a lag
compensator, or a lag-lead compensator to change the shape of the frequency response of

the position loop.



nonlinear friction F(vxy) 214, acts as the input to the nechanical dynam' CS
represented by ~o two int egrators an integrator 212 with 2Jg#i2A04": and an

- integrator 213 with a gain ky. The mechani cal dynam cs generates t he system

velocity w and the systemposition y. Note that k,, and ky are the
correspondi ng constants of the system because v and y are all expressed in
electrical quantities for the ease of 7i npl ementation. The nonli near
friction PVt dspedy B i édemnoéntfohqs § ¥i&/8 WoN@b IS kieth BboPOctddia sSyst em
position vy. on I nea functl on f(ye) 201 is mathenmatically described
by: k k-diskedrive. assemblyYimaving-a ‘hlea(( for reading or witingndatk fropr a digy-aymokeablee ~ . K

|~n ];:: gu;gtugtor\mfg?xé%d)rgvge gu%u]t gorgl?% ?:gtjpggih r%ﬂ% rtllg%ﬁgad%‘g%tlbé t&h gpéléegéété&' shown

appr oxi nRtd ©kdn thd alskl TR- DHEK Ve §ovd §8tentthet providss ) bempmad tigaal terthor
t hreshol d. When [ye y~, then f~ye) is shown %gy the part of the ngrabola
in 26 t Fetustsrinptps. ed}pk drive sesvq sstem feludes @ head pesitan signal geneiiohthahy o
the left_f §R%eRd Bysitibre

st ai ghieerPADs 3 Ial Rbsifizn SHIReykBve I ‘#ﬁ R A i g
A . To ejdatioiert that (geﬂletraﬁ&suthcy camthandosigiabe sA sjatetmewontw mesmngvmn@ their i ng
the swi tching bet en the t ont.rol .nodes tion t he
nonl i neeﬁom‘ﬁ‘ﬁ@t $igna fWéP tb?)\f‘o%‘ﬁaoqlgm’c pren etPcPé'?‘flg 8 sgrsed, ESIQ% 'Igl(qglsatl sfy
the foll Seadidi 's9£l§m RipF¥es (19 aCpékintate firik-optimal CSdtrolter KPTOQ) dhak'y 2004

tt Satis |ng t e two  conditions, guarantees that the tangents.of the -
par atol ao;m’ratem phishiedafertck sedkangiol rapidlymore thediead to3 demired tRekd2) fhe two

p0|nts the trac Iovvln node

k~y~I k2)'°%’tl eC%Bl?ﬁ“F%}P{ g{latt ﬁ?‘ﬁ 5 it o %e(fol%ﬁerél\rgﬁ‘ggocon%oOrlgvrvmé?'ﬁge ?}S/E‘tlsgm
dynam csg tbi 15‘4:1%'1&1% orhPerd@sdi itbechohlineas torquek disyerbancesk zkdk(3)- aF(v,

y) kv (4) At the steady state, when v = v Q e exists a
st eady sctmtmu@u&bmdgg \héhowatefj/é“ athied mode ‘%et‘%%’y%tféfﬁemé’?l?&“ 345 58" P educed
by |ncreaS| ng . th St YiBdes. as Kl
i ncr easef? yq %%)rv g%sésé&%}ﬁg&lss g&%@pg&%@hée;h rtEth Hrrgtdggdtal grkg)l S?dgﬁggr vo and
becongs Ppef&ablpptittheal rpoadtdntdoﬁtrollcan thenlerad geition skgnahgsm:rateaasd the %mte
increase in k2 as can be seeri fromc ndl‘gli) in E uat i née%)or[e§

cont i nui 995‘35%’6 @W&Fﬁﬁe@;ﬁttﬂ‘ PAR GHE SPOUS {j?fBPenS% cgmﬁs quent 1y* enf ar ges,

the systeg, ﬂ{é E&%@bn's&oﬁcﬂtu fagdlead Borp@Bhtof € chaipertat shgsoofithee
frequenC| es due to f exibility of the actuator armexist in high frequency

range. Tlﬁeqmemsesezspamf;@fftln@ppﬁémlegp are not allowed to be excited when in ~
s operation. If k2 is chosen such that the system bandw dth cannot be

enl arged further, then kl iBriefiDepceipgiodef éhebrasdngecor ding to Equation (2)
for snooth SV\AtChI ng between two control nodes. The steady state error in
Equatgon (5) qasnmtsene inwedticedvitirber desosibell belowhinscamesiaomithothe attaghas. | n
fact, the condltlon in Equation (2) is very restrictive for the gain in the
p05|t|on dpayving figures; ig v 8‘< a <1, the mximumgain in the position loop is
limted to a half of the gain_ in the speed |

by: = k~ k =
k2krkv = a K~ Figure Mcer@prlwzg Vigures Ha) andL{ha) 'l?lb}?ffa(‘w e R\Qﬁg%fﬁﬁe‘}{*ﬁ frgquepsye
equi val en%sg%ﬁ%e?%f an\’(ti edsf:i% %ﬂax@hrtﬁsW&k&QVlRWd*tﬁﬁQ@ fﬁ&ﬁ)ﬂeCt ively. Fromthe

t heory off e positionl1oop is a type-1 servo
Figure 2 illustrates a schematic diagram of the proximate time-optimal

25  servomechanism (PTOS) for hard disk drive control;
Figure 3 illustrates the two position control modes (Proximate Time Optimal
Control and PD Control) in the PTOS;
Figure 4 illustrates the relationship between the gain and bandwidth in the speed
feedback loop;

30 Figure 5 illustrates the dynamic friction with respect to velocity and position, and

illustrates boundedness of the dynamic friction;



25 system whose gain is nunerically equal to the cutoff frequency in the
bode diagram As shown in Figure 4, to satisfy the requirefd 298% adequat e
phase margin (larger than 30 degrees) and gain nmargin (larger than 8 dB),
t he best choice of the cutoff frequency is 0.5 9 July 2004 12 to 1.0
times the first overturn frequency in high frequency range. Here, the
cutoff frequency is the cutoff frequebcy of the inner speed loop and is
nunerically t; ol P b tripfl€ nidiRs PaRe ptom i S

al so a type-Fﬂggégdﬁgégﬁﬁﬁ?gT e?§¥g§g§£§ﬁgo¢g t he ggndmﬁdth IinFt for the
speed | imentfisrgm t he consi deration of avoiding high frequency s resonance,
the condition in Equation (2) for continuous and snmooth sw tching between
the control mages7stlosteitdsya praphical tdpecsematienof adirst #lternptive versigroef theon

| oop, which in turn limts the system.accuracy. Structure qf .fhe lnvention
Fri ct i oRresentalnyentipn whgseiyths Hg‘ﬁar% ‘}‘"Hﬂ‘&ﬁerst éé}l §%8P$‘?’ P& F?Iﬁfoc%f%% azlcerfll va
mat hemat.l.G sQ./odel to conpletely describe the behavior of friction.
Home\gler?l)b?’?%)%fa?%{ﬁmhas sonme advant ageous properties which can be explored
for controll gx I 9 &b RhitatibR of AlskétRAGRefatilE Vakioanrak a
servo system%ﬁ%’gggtl?%ﬁ&%sgs%?% gprfer g;?,l ar?d fsri ction is bounded as shown
i n Fi gurpgesbnt inkéntion ecterdie thbethivd intodd inabangrangcantrelles ithey gonstant owtpyts.  F~ =
max(~F+l, IF~ 1 , 15 ) (7) F~ = Fo + b,v, F+ =Fo +bZv In Equation (7), Fo+ =
F(Y, V)~ . = Gigad® ifiastraté ¥ gwphicaFrepreseriagore b n ahird hBersutiedyersivatof thy ror
due to friction is also bounded. In view of the bounoxllgdnss—< gf-.-f-ri Ct'ci on and
the -r esthresent ipvention wherpiy thefhangrkpne pentalier 36 & LHADHEY H“?nB 85 B9 he
cond] ti Ofeldy iggléﬁ‘ﬂ)bglﬂm&@)of' i r%@slscrﬁmiﬁ% to iftGudeon Radeph c3aubing «aneli tion
i n Equation { I's broken by”"the present invention by Introducing an extra
mode f ororfgid;r i pl e-node controller as shown in Figure 6. The extra node
provides additional degree of freedomin controller design for both seeking
and track f olkiguen®. illivwatésha gaiphicdisrepresenthtiansof afauthi altemagive embodiment f j r st

Vet heolhe Bresord iharteh Wivise G0 Hnp soniel e arglracisga ® e R BHRE Y
controller is ~in the track seeki ng mode or, the ftj fot 61Emd%f th%’gﬁéﬁm mat e
time optimal Bignterldl schematically iBusitates pdileck: diagram qffthe prefesredreniio i%g.
When the,error . ler than the second threshold yf, i.e., when the

cont rol I@Fplresse?tr%ﬁ‘f%gg{"r ack foll owing mode or the third node, a robust
conpensator w.th r tivel y . high.gai AP UL ihdplesed to
conpensat e f\(;\’flgfl?q ‘i?)dﬁ adh ho‘f%é’ﬁ?%%%é%?@u%%@ﬁgg@e V\Egn t eﬁrérr%r isin
bet ween pie poSltidtitetdBiR4odp3 first threshold yS and the second threshold
yf, i.e., when the controller is in the second node, a bridging control is
i ntroduced t Opgdas Q%?Qs tahrapR fi gD Werstis FRSuericgnthbeiisentes ke ppenclavpt e
time optimal control for track seeking and the robyst conpensatar for track
fol | owi nfeqummey prsponse®f theopnsitipa; faedbacks lpop ke P%ﬁse- ?ﬁa@ﬂ%&?‘é&%‘i" IPFPYS on
and ot her, torqu [ n W thout | osing the continuous sw tching

bet w&&n lﬂﬁzegafr\l/\%leﬂrﬁg)l g‘}sﬁ{%{{e ?’Fgag%e’seeki ng and track followi ng. Note that F~
in Figure 6 is.the nityde aof fricgtio . RSials OfusidROP,
and |ies on tﬁéguﬁ ildgPnd bg?cﬁ(alglfﬁfa ﬁhéet ﬁ'ﬁ‘?@%ﬁ‘}egéﬂf&%ﬁs an%iatshe bsrdigggi ng

strai ght gabiife e@oRRGh Rhafd dEldddivee first threshold ys can be determ ned as
i ndi cat ed by %he dash-dotted line. Once the gain in the third node is

det ermi ned fopggt 1ai @ompPisig SEifids CAM)! Qk(H) ainkor4(e)) Cittusteatesotint sidubatal t he
second threshold yf are defified- In actual inplenentation, there ar

several plyasnigl cmamteiriati«tmfsfﬁdibnbﬂhgﬂmaﬂgu@om)(ﬁbluuﬁgatﬁ%gﬁ‘f‘t éYfaanp‘%ﬁ’cti ce
during the track fol Low n wrk Yy < : rd Wo
vari b onepra rangt, Pl RAOTHRsirk oS Rotfizkd bR TaE: RPBLSRU, 2hd Kl 10
Figure 7 fapd ifthsidfed nBrmdl e e6étionabique Fovelbtiey; modi fied tri pl e- node
controller showmn in ~s Figure 7, the third node sinply dimnishes. For the
modi fied triplggiedes cMpiilerigaReWs(d) ankil W) pilBistritbethergrut adé positiome
bang-bang control in the third node is |arger, be, a snal| _?onstant t han t hat
of frictidstutbanctr sigeals usedoinsths| simudasiony avhergin rigere, 13 (@) Hystales 3 POXCHy
Figure 8, the secand threshol.d yf - M [ L REt
certain tsrpﬁ%?l“ﬂg?? CQ?P&‘@G@%%E%"&B@%Q?@&’%&%% |r§$ g@élg%hggg? 8&?\% FJrrgmthe

poi Nt 3 A agrdhdé Aenpdizébdikmrbanbesignals;




20 point B can be found. Subsequently, the first threshold ys can be found.
To renmove the chattering fromthe control signals in the <htlyd04ers shown
in Figure 7 and Figure 8, two additional variations are shown in Figure 9
and Figure 10 for different considerations. The controller shown in Figure
9 is an extension of the controller shown in Figure 8 and uses high gain
position feedback to replace the bang9hang control in 2s order to renove
control signal. chajtering.. A pgint C.in,Flagur C r 3l g omt he
points A and hg“r%n[]é f(:QBWﬁf‘ﬂBgs ’&Béesoflk(@he&glor%%gbﬁgépggﬁ hgﬁ%odrﬁérggﬁ?gr shown
I N Fi gurRrfdfndrce BRA el sed 6@ driddWf ¢he RTAS sehehie; dead- zone is introduced as
a conprom se between system perfornmance and -the high frequency chattering
of the contrgligghgppl ecoﬁ{gﬁﬁiﬁgt p%u‘:‘\*isdtlhﬁaw atdieacré@p nidlubtsatesl he cdloded-lodye
required so sy%tem accuracy. An overall block diagramof a preferred

enmbodi ngrtforrhartce@nd thesttady mtatesersartod tha presenf IWVERQSt rated in Figure 11. A
state observer 1110 generates the velocity signal v and the position_signal
y fors a robustigireilsl(eempdsng Sigures! 18¢z) abdAB(b)) rilustrates et dymamig behagionf y 2004
i4 1120, -the position contyroller f isS switched anong three control
nodes: (téwbéﬁt?'\ﬁ)?”é tﬂ‘iﬂ&%%‘*‘ﬂF %Cﬁﬁ%@“%&??%| Control ler (PTOC) f (ye)

2 second modéhiewsolieogsRpadiEyes AP e 1988 ietle (¥ hBG IRREIET. 1 o)
fricti Onﬂ%%g%g?@tg% is?é}e&n%itﬂtbﬁﬁllé_d‘ié?ﬁﬂb%e%enﬁﬂéipl(eﬁéntfm\IehﬁdSldisalsad;de, t he-

bri dge 22. The switching is controlled by the absolute value

1130, t he. cort B Ao B F e O e o or e

1130, the con erre torque through a torque
const@nt the systdd Wwithfitioaatisinibande wiyerePT@S iswseddescri bed by a first
integrator 1132 having a gain k,, and a second integrator 1133 having a

gai n ky. The pyatem (Wmpriaas Figires 8 )esdrt 1¢h)) iftusiralds cb& impoed dynamigssuned
~0 here as an exanple to be the pivot friction of a bearing,. V\hi(lg:h is a

f unct i onbeffaviss ok theaysem; WitkypesitipndistugRnceryBeHHROEr gt YU M K hg i s

sel ected when the absol ute val ue ofz&osi tion error is I%rger. i;hﬁm.t h(gfeshol d
ys as fol | onsFigutes27 (eomprisingdfigves 22(2) pnd R2(b)\llustratesthe dypgmie pehaviar §fg -y

15 The br,i dge node i S ' Y ideed; rap€ Wi th a bias
Fa, ac dleoongm by it Ayl el R ETOTisUsEaanty 1 11,2, 7 22
Ye ~ Ys /s.2 Ln Eqyation (9 Fd = 57l + = RS ; &k bound
(i:e.’5 maxi munrtds 2? i(BW?P'(‘Sé‘?’\% Fgurgs f%%? é?‘hdtza%:gr(iéguléltﬁ Stf:%ﬁ'pfg%slgl?g?‘fc?s@g%@i&ned
as: () =lpekaW¥r+be-aRs gystere with ibotir Yerquerfand Ifdsitfon detufbapizesSwhish dhe raseat- | n
Equation (10), for 0 < /3~ <1, 0 < ,!~< 1|, ~and ~ are the paraneters of
t he corr daysotion isg'spdg- | ead conpensator. For 0 < 2, <1, 0<i2<l, il and
i2 are the time constants of the filters and kf is th(i) ai n_of the robust
conpensat or , Detailed Daseriptian of the BrefesredEmbadimatyof the; ﬁg?e&\? é“‘é"s"&'ﬂ’g m
performance. To guarantee continuous and snooth sw tching between contr ol
nodes f (ye) &S Desiriptimi ns ki and k2 satisfy the follow ng constraints:

20 " To satisfy both the requirements for track secking and for track following, the
Proximate Time-Optimal Servomechanism (PTOS) is widely employed in disk drive
industry. (See, for example, G.F. Franklin, et al, Digital Control of Dynamic Systems,
cited above.) In the PTOS controller, a nonlinear control function vsaturates the current
amplifier to accelerate ‘the target seeking if the position error is larger than a predefined

25  threshold, and switches to linear control for track following when the position error is
smaller than the threshold. |

Figure 2 illustrates a block diagram of the PTOS controller 200 of a hard disk drive,
where y is the position signal, y* is the desired signal, y; is the reference position, J is the
observed position, v is the velocity signal, v* is the desired velocity, v is the observed

30 velocity, and y, is the position error. The PTOS controller 200 provides the current



9-July 2004 1s 2k, ky(1+Fd)=a~c22k, kv (11) | m(1+Fd) (12) y' k Sel ection of
the paraneters in the invention Practical inplenentation 09 Jul@0Phvent i on

i nvol ves the determi nation of the s necessary paraneters bel ow. The nethods
for selecting the paraneters are not exclusive, and other methods can al so
be used. Determ nation of friction bound F The friction bound F~ can be
determ ned by a si rrpl e off line -identofication procedure in which a linear

position controII nd

cont r ol |cgpuRgadpt °a n ergg‘i“lfr %to'éggl(ﬁ@ &i‘f ﬂ} §%te[ pel]ﬁ%%?ig? @qs ugc?% ®he
POSi ti ONoREthidk tHeSndABRRNY Rite vARSLIEPHOr B PTOS icontedllee 210 Binge eubathe pesitisrd t 0
determ ne the bound of friction as follo

3
Det er i reaicorrentfare meagupbie kipa hardidigk dipece dnlt%BTOS'FﬁB“@%ﬁrrﬁé zhﬁrﬁ“’f“h%eaé peed
f eedbac 0 I
feedbac&’?%oglﬂjf ﬁrgbgg gl%ﬁ(é&ﬁh ?&d& éqgﬂlgéﬂé%%hhghﬂ? g?‘”gﬁghgﬁ géofvﬁ% retglguency
of the opferdce@@plokite @ tieoylcitgrcantalrlosp.i Asvr?ilcs:ltjr chhitrolter R0A Zoofpristsea ﬁa;weg E)
system resonance frequency to ensure enou n t han
degr ees) k203 agdrarsaMatgqmﬁJ@pfa@rgéM withdmits % ﬂé!p §§ Vgﬁsakﬁ CPrgm %%3 éf‘ZFad
Det er m nat i of Kkl can
be obt ai %85&??08%? ?‘H% ua S{)énl\s/[(%i@) ﬁ? 1(§§ zalr?g) {’ddléggﬁ .dklklil)ee%df %@22?‘?%&%2]2 gai n
kf of t hethe Qateht pmmattqra tarqiid eorbesik @nzblr Tueedrwtterqxpogr teflaged| yofhe t he
wel | designed speed feedback | oop _can 2s as _a fi rtsé or.der
del ay of embmearichon ﬁé"xlé)q%“va%ﬁ? the it 6 SRR FOEchBHPY, e

cut of f{vﬁgﬂl f hlkoglﬂi d = ratBPZIﬁ%m| in ¥ The
Leonh({ard ﬁ#’ﬁ ?ﬁn%ﬁ Pﬁe {&g??g} gﬁt echni ka 4'?% Ed., Fri edrg%l \fkyeweg &

Sohn Ver mags@iattymatied genehites tBe aymsn keletigy (b%?l the $)f$te@p¢mﬁ9ny (Natertbafuct i on
to Control 9 July 2004 t6 Engi neer(vng? 9 near VIO
Tr ansl at écP“H)/‘y e tP&F%BQ‘P‘Hﬂg Sonstants syste ausel?’e?r} | af@ﬁf‘f’%% P976) .
Thus, theg, gtgl?pl)c!pﬁg fids R e Bﬁﬁgl%l&%@nt%oﬁ hehORd BineMOFiction rF(bypm4 8 ashown

i

in Frgure nce the band h is fixed, the maxi nrum gain of the
posi ti onfimetipn bfthe system vekizky akand(thd yyskdm phslsorgm n cannot satisfy the
requi rement for system accyra hase- | ter. be used to increase
the d&in in tH@ePBWW%E\?@H%%%H@EPs\/ﬁ’l#ﬁ"é‘“%ﬁ%ﬁ?é‘??ﬁ’kﬁggﬁe same . _ . system
bandw dt h as shown in Figure 12(b). However, to avoid the limt cycle

likely caused, the intddijal action should be VP( n the range bel ow | 00
Hz of so where the to ycgé’MC,friction is effecti hat is: 1 > 200k ~

zi (15) ()= Ty M
sgn ye{ —

y

- fc—] for Ivl>
The nonlinear function f{y.) 201 is graphically shown in Figure 3, where 0 <a <1 is a
factor describing the degree of approximation of the time-optimal control and y; is the
position error threshold. When || > y;, then f{y) is shown by the part of the parabola in

20 the solid line, up and to the right from a point A, and down and to the left from a point A",
When |y < y;, then f{y.) is shown by the straight line passing through the origin between
the point A and the point A".

To ensure the continuity and smoothness of the control signals during the switching
between the two control modes, the position gain k; in the nonlinear function f{y.) 201 and

25  the velocity gain k 202 should satisfy the following conditions:
2kk, = ode,’k/k, ()

I
=im 3)
Vi K, (



In the case that the system accuracy requirenent is satisfied, but the
dynam ¢ perfornmance is not desirable as represented by unatbdpl@bt e phase
and gain margins, a phase-lead filter can be used to increase the phase
margin so as to inprove the system 15 dynam c performance. Thus, the whole
conpensator in the position feedback loop is actually a | ag-Iead
conpensator, as represented by Equatien ( 10). Techni cal Advantages of the
present J pvention The pr.esent | i f b Gl 1 on
Bnd- ¢ he SaPmgaPR oif SpRUESED bub AEHL aluld3achiVor LRATHARRE sR pl 20
t he casentatcotndRles wathahe hieaightitheht tie t20 poims.t ed i n the hi gh frequency
range due to the flexibility of the actuator arm br%ﬁﬁ

] y king the
constraint t dnthetragk fedloping mode (s, When Wd s XliaB%f(P’So:psk,W gtg%%‘?’lj‘f?"ﬁf t he
syst em Qandw dt h. an e . i : i .St ages:
2T T ot apa S aduBlreD PR RN SRR RN, HoRhaR igke7 e lic:
designs the position feedbgck loop. In the first stage, the velocity
feedt%ack | oop is designeg_ i@_g;(ﬂ(p #Q t_lp(v st em bandwi dt h 23] limted by
t he resonance frequency In\thehig *f'requency 'range due to structural
flexibility. In the second stage, 'the position feedback | oop is designed to
satisfy r irement for s -l . L .of the
frequencé?ptﬁggg e eh"rV%%ngﬁ_é’ %géﬁm“@ﬁjﬁ%éﬁ‘%ﬁ %@?ﬂbt@%eé&g e t%ﬁ t he
system bandwi dth is fixed. 9 JUIO‘X 2(; 4 17 The invention is not limted to
friction conpensation but can al s (Bey ed for conpensation ﬁg),ot her. t or que
di sturbances with small anpli t dde W ghin the system bandw dth.” As shown in
Figure 13, the torque disturbances denoted by d includes friction, w ndage,
torque due to flex cable, shock and vibrations. Mst of these nechanical s
di st ur balihe steadye statd biror tére bs yreduwwed Hantheiasing the posigion egais k1 9s SBPWALNt o t he

di sturbapces. i n_t formof displacengnt, su as..shi vl tions
and di skEﬂ‘I‘atS‘Pflgﬁ),' ?ﬁwvﬁf’ 4t h’d‘cge%?e&ry '{%gegﬁe 'ct(ijrPl F (S:%ﬁ_te ngpgéé)gfﬂrgggﬁlese{dﬁgﬁﬁ

di Spl@AcesRis andSecoRRY 1638 rdbust. AMRdiitiod Cardinctense MY ool 36 eminerease in /s
detected, the anplitude of the robust cong)gnsat ar, Fd can be deter ed.

Ther ef or &s cathbe sespuemcenrditionzindiquation KO 19§ dle pNUNUILE AR SEAOHINESHPY Hence.
of distzarhances. ,-- :~ | ' ackichreki ng node
to the b??*ﬁé’.‘ ﬁgg%%&gdisg‘b@@%ﬁb? bl sszpél!dgbgsé%ong?ﬁ{d‘tﬁﬁﬁeﬁ Sl B nlggt_ﬁ from the
bri dgi ngpriRtiee, isevdrklactonande frequeavies JuertiiBexibilignby thecutuatmicwm dxift imbigh

snoot h. Because the second swi tchi occurs at .the t when,s em error
i s much SKERGNSY tRRgEn (LRES fe]sgqangwf?egmfn}p&s RN r#‘f“@(gﬁgg r]?eo?fcﬁtgfi svyylieﬁm_eﬁ

per }‘ RS ”aBgé‘rEH&E 169, N RADsRAMRLNAS St bhiRyiaACARRHY drtdipefuirthes] hene

smal | . ~

urthernore, 1f necessary, the initial value conpensation method
(such as kt ireumigeelprdeteemined donoriingytontiguation (2K forsnegth gwitching ReHYEERaYCand H.

(such asd ousigucp! wotingytnigution, 2K & e cand
1< appl roarngnes Rl SR Rrie 5ok B P kbl R AR B CRAREL WP o

Tr ansact ipqigss ntoNsbheinel al El ectronics, Vol. 43, No. 1, February 1996,
pages 65-73) can be used to optimze the switchin nprove .t he 20

transi ent per finfaatrhe conditipr ins Egeti@ndgl 5K E)".Strﬁﬂgﬁltﬂg& '#‘8 §RRL g Boston e

Preferred Enbedi mgnt N i.cal .si Is 18 i\dted ®a hatrdrdhs Kk

dri ve®we %OPCagll"lcgg %ﬁlty?g{h\?e'fg%’?@hﬁﬁgﬁéf@g%t%gﬁ)gssg%?s tlﬁgt i nvention. In the
simul ati Cgainﬁlhﬁ‘e spee@ldvplassiiewebynonl i nearity is represented by pivot
friction of the bearing with the bristle friction nodel as proposed in 2s

C. Canudas de Wt, et al., Aghew ppdel fgr coptrol of systems with
friction, cited above. TH@%W’S;HI?’%’M%CTEJ% spffel captures moSY of the
friction behaviors and is ma{"nema ically represented as: dz F = a~oz + a',
-+ a~zZV, dt dz _wW (16) z=v, dt g(v) ~og(v)=Fc +(Fs -Fc)e-wmy 9 July
2004 I'n Bouahifon (6}, add K) 0696 thasaltdicgaivnenage siaftionciidovelodityt ops
bristles, and g(v) 1's a positive function dependi ng on gan% fact ors such as
mat eri al 1esmRotively.c Erom thsy theeryi aficonttel tystepedesiany te PPERIon oIS type-1 8e1Vq g
are stiffness anping .a I u i Gt I kL&l £ht m/ehy. The
Fact oft vepen NI B RpUighR Shuat bt SROFUREALER B vpC RGN PRY, o1

| evel . Thehowal iMeFiESrei 4 tb hatidfgurd refuirsient foordéquate. phase marginf(targeri tag 30

degrees) and gain margin (larger than 8 dB), the best choice of the cutoff frequency is 0.5




Figure 14(a) illustrates the decrease of systemgain in the | owfrequency
range due to friction. The dynami c behaviors of friction a9 &lyR200&trated in
Figure 14(b) as the characteristics of friction with respect to velocity,
and are illustrated in Figure 14(c) as the characteristics of friction with
respect to position. Figures 15(a) and 15(b), illustrate the ao torque and
position disturbance signals used in the sinulation, in which the nom nal

position i.s,chosen a ne (@ = . in t s set
Fo be ¢ e TR ReahatafehAtipailer i HEh FRHCAGERRE PRcre, MAVGiokS

si mul at ifequerichds sianpltoffgrdquecyi of the deen speed| 106p ped isThenachlipequal do the
flexibility is considered as a second oyder resonance nndgﬂéeitng%qge Fi gh

f r equen@igAbesnsed leopsss tﬁ&sRﬁe O 1§ SR RPS SR ¥ S5y TOG ML on
resul s GhpMdwidh Ifnf Zo! GB4bEA 1b8p FRAPthe/BARGBGSKo oPdAIRE MG fiedlend300 S -

- with a phase margin o grees and a gain margin 8.6 dB can be sel ected
t 0 guar aetomendehtite coaditios om Equaticng(2} faricoatinuonk eng spethswitching betvegenithe| udes

t he robust co nsat or has hase in of. 64.5 degree,.:a qai i n of
oo amcontrn ORI I Hogs DubRerg e el in GPoippR Kb Snidh MM MIRAS O
havi ng qhé%g;téngg&u,?& filter, the paraneters are chosen as zt = 0.75
mlliseconds, ~ =0 86 and z2 = 10 mlliseconds, ~ =0.1. In the

simul ati ons, Pﬁcthfé‘sﬁhiei asstgned to be 1 pm and a step change of 100
tracks is cons(}uct ed. For {'he conventional PTCS, Figure 16(a) presents-the

step responseg;&f L @Rx,? ) 8% is dFREuFtPsEinkohBhembREENt S
the step res?%hcglgggggw%ﬁ%gﬁi% n bygﬁ%%ﬁrollstorqﬁe. The?e_exigts a steady
st at @ posbddlon esmpletebf dasrvibe the Xehnviac lofdirietivn f Howevesn frigtion, has some

approximately 2SO0 nanopeters. The inproyed d 1 C, r.esponses hi s
D ent 1 VGRS BROTOR G5 s cormbr SAPTOIF o FOB o Ry e B o GoravensalS et ¢

posi ti on,@hEfe of FridtfonCIPREvREREEn.Or al npst to zero, and the overshoot is
less than 0.2 track (i.e., less than approximately 200 nanorneters). so

Fi gur es 18( a) Frietibnidigsipatgsraacegy: andhirictipn dnbeundehasshownon Rige Sy whishh it h

t or que d{llséur bﬁraglg tﬁ'hen'PllOS Is used. The tracking error due to the

di st ur baPE e eRRCHBIEELAYARY %8 early. 9 July 2004 19 Figures 19(a) and
19(b) illustrate the inprovecrllf%gﬂtrgp behavi ors of the systemw th torque
di st urbance when the present |I nventiofl js used. Figures 20(a) and 20(b)
illustrate the dynam c behavijdt =af1a)t(’1€|, ‘s}),em W th position ?th ur bance
whent¥$TOS is used. It can bejseen that the resulted tracking ror has nuch
, s nore high frequency conpddent o *Fﬁ’@j’ures 21 (a) and 21 (b) illustrate

t he i nproved dynam c behavi or Fofzyﬂwe+523(,st emw th position disturbance when
the present invention is used °Figlres’22(a) and 22(b) illustrate the

dynam c behavior of the systemwth bgtjg(t rque ..and posjtion .di sturbances
when PTOB Equaioad7), Fon= FO Wl -k ity B = é(ﬁ ahd @ﬁtﬁé‘%‘?i hF&gf’?f‘)éP%Eﬁt?{E‘“

i mproved e j “tlie systemwi th both torque and position
di stur bagg%gba%g%‘p?@dp%ggﬁ' invention is used. The forgoing description

of the pref er liediesntbiie bentdedhessiof frintiemandothe regtritsivsrlimitefns Akegain dit thehe

pur pose of .illustration, and desctiption. [t is n hat dat

DU PSS Ohiibh ks el AL heSeRe I el A0S SEAARC kbBage o,
modi f calgOfshdititth MABh kbR T3) isShrokér PPHSI PleSenit nvehtion bylihtraducingrageitrg
teaching. It is intended that the scope of the invention be Iimted not by
t he abovenatlet foir| @ dripleguedepcomsollst ashehopmeie Figage Snbddengite Brodg juovides

i nvention

addi 1%;[1alr égpeeer otb Yreécﬂ)?n ?1'1 %&&FOH%P %%&Qﬁ q'oxhﬁ(;tﬁts%eking And a¥k 2f‘qu)(f’wing.

Two thresholds are illustrated in Figure 6. The first threshold is at position y;. The second

threshold is at a position yr. When the error is larger than the first threshold yy, i.e., when
25  the controller is in the track seeking mode or the first mode, the proximate time optimal
control is used to saturate to amplifier for fast seeking. When the error is smaller than the
second threshold yj; i.e., when the controller is in the track following mode or the third
mode, a robust compensator with relatively high gain but small output amplitude is used to

compensate for friction and other torque disturbances. When the error is in between the



20 CLAIM5 1. A nmethod to control a disk drive having a head for reading or
writing data froma disk, a noveable actuator notor to pro¥igE 2604 put
torque for positioning the head relative to a pre-selected data track on
the disk, and a disk drive servo systemthat provides s a command signal to
t he actuator notor, the disk drive servo systemincluding a head position
signal generator responsive to the pogsdtion of the head and a position

control ler, that generates the ngd sigpna . t nove
The. headifiotitiel Fetiep e oK BPREoHenoh: S5kp ACFalRiFioty s Sophe

posi ti 0NN hrRldefiy @nudl B iAkbaReE tb igiRanteé UR! contiomiusdtansition be(REQD e dur i ng
a track seeking .m)(ge to rapidly nove the heag tgo sel ect ed fr K:

oper at i mgoxinatqtigiet ppsimal ronfrel fer tragk seekiyg an Bﬁﬁal%!ﬁé 0GP Oir?fér Yragk ack

fol | ow LS is bR ' U85 frickiddl 288 ita itergué he
positio ggﬁjﬂ OIfheerI?ﬁgﬁ%;ls@éﬁfg%ﬁdgtﬁgla%%ggéﬁg%ltgaﬂ\%hen transitioni n&qf romthe
track sedisturtanoadwitheutt bging rthe kofitiduoosvswijchingl detwseepribeitwe modesdentiapli ty of

t he command signal s t he act uat o or en Lr Ltioni f . track
seeki ng seekag and _ﬁ“ﬁ‘é‘ @%Bgt 0 B@n[htag?‘l "a‘nd‘Wn 1red&i @g_ﬁ%cd&%é]{dﬁﬁa ({fg lgll?m 1,
wher ei n é){f)‘?esgaf it @Qa}]ﬁitﬁﬂaﬂ)oﬁ%ﬁrl% Qh B Uritifiag Raaight tife.COrdm ahd parabalam a
position [Foop, an erein the act of operating the_ posi tbgﬁ cont rgl | er as

a robustambthedmidging steaightrlinee 9 poiet Band the firsh ghreshold in e eGFmMRR 2 or que

di sturbances; .and, sel ecti one~0f I r; ' t-or,

or a l ag‘-“ﬁé’&t?d&?rfhﬁﬁ@s‘j‘[’%?t&gémghg%eet%? ﬁgﬁgﬁgt%gﬂ {car)? ”ﬁe % gga%@ggi%gg%ﬁs e_of
the pEsi hdspad compol pdrforiignceBd peitt A and thiotsecaind ahrdsimkd grarevdefaedor ding to Caim
1, further conprising: 2s determ ning a position error:.o er"ﬁl' ng .t he
posi ti on cont folareal implementatiank thees R SR PSFFBIF ¥ ?féat‘&}g'it oha“%Fl?ablrg has a
magni t ude qr eat er . ted: I hst r ; meBE! @bh NBe il pasddet | ON
controll 8?'9[703 1% }Pgr%?%@kﬁf%rﬁ{:tgc\% (ﬁgu{ﬁlog% t\r/j“?gnt%'tﬁﬁg{r%osi tion err orﬂﬁas a

nmagni t udeohtesiker hhatwe vartayioas (Lo, Arssaideserent] slrmaieembodimatnds), ahghoy@ in

operating_ the position controller in the brj. d e LLian
error ha @“‘ﬁﬂgﬁﬂdt Figarey 8+ TRSRSFUVRY- fﬁ‘?rs?w t‘ﬁ?dég%]gfrﬁq%ﬁld)wg hcg ngrg@%rﬁsgl%kﬁ r @s hol d.
4. Th.g 03@&@297% QR faBlie BnfiiPKindlhisNQ, Fo MedhdtfiéDuiplamtudcontotieeshown 9

July the position controller inplenments a nonlinear fupnction of the
posi t i on ieFigure Bthe mivgnitnde af the drhgriangmenatrobindthe Hairdmefe islarees Ry aamatly

i mpl ement s |.i hear, funct.ion of .t.he.nosi i | briadge cadss t he
| i near fGﬂﬁﬁ%ﬁﬁﬂh\t}?&ﬁé)?ﬁ%lgtl%&ug}“éenggi @églkgprsetﬁa ’g?fregﬁt %Oatlht he % first

t hreshol ¢i§\ﬁa al, the stdvadviitedRoldng cah def determinbelr finsaacaoediog to fnertaiontrackéngr

function at the first threshold respecti vel 5. A servyo nt r al em
i ncor por acewtagyr Subgpguentlyi the pains drsn eﬁo&mdnérgmﬁlé%aom{{g ap«i R4 abé)?ax\?vrﬁei ting

data fr O.rBo%\tﬁéJf\:nbggngRd{ e@tﬁJs@%&ﬁHyﬁ@ ﬁrs'?ﬁfr%ho[d% RaPYe fRn@Ut put torque for

posi tToni*ng relative to a pre-selectéd data track on the. disk,
and a di sk driTe rémowe theoclsaytstingn ftdmatthe comral esignplsc sirihen soniralise shayn He

actuator notor, the disk drive.servo system.i ' Lt1hqg
si gnal gé’dé‘t‘rﬁtpjo?“‘{]ﬁ‘ﬁ‘reggﬁé@aﬁ 1o§a%gagg¥18{sssﬁeisg§]&l§?%n rggd%gr@ Ve to the
posi ti on ffetlEcditfiratAnfere BattiollePshowarth Fodured i$ ntxtgesir of ths cottmlieonmand
signal, and a state observer responsive to the conl;;n siagg | and tq.the
head posishiosm isFigvat 8and pses\higheeain pevitienifes@RACk (O FFP. Et&%FetP Tqia?g SOYFEIS the
Ser Vozsconérrdgrl tosxﬁérsr;[o(\alg1 c&xt%olcs(i)gqgi Lirdtfdfing. A point C in Figure 9 can be determined from

the points A and A" and from the slope of the compensator.

The controller shown in Figure 10 is modified from Figure 7. A small dead-zone is
introduced as a compromise between system performance and the high frequency

chattering of the control signal, where the width of dead-zone is subject to the required

30  system accuracy.
An overall block diagram of a preferred embodiment of the invention is
schematically illustrated in Figure 11. A state observer 1110 generates the velocity signal

$ and the position signal  for a robust triple-mode controller 1120. In the controller



a proximate tinme-optimal controller (PTOC) operating in a first node for
track seeking to rapidly move the head to a desired track;9 &lydodkt
conpensator operating in a second node for track follomnng, t he robust
conpensat or including conpensation for nonlinear torque disturbances; and
20 a continuous bridge operating in a third node between the first node and
the second node to provide a continuous transition fronlthe first node to

t he sec r i erein
t he heag{@or&‘?"tﬁ%ﬁ‘o&o"ﬁ{‘f{’)ﬁ éfyo){é dﬁx g |e%%%§frglnlg %agazﬂthgerlﬁg%éémt he
state obgRiM&te ’nﬁm)()lpﬁﬁxaa Qlﬁ&b[lttO(P’IZBC] ﬂgp) 1321d wikieh as rdengeedr ehuastime
conpensat or conpri ses one_of a |lead conpens

. ala co ensa or a
| ag- | eagp@mlpmsrailérr for drack Sagfdng:H&) §r§&%‘do‘r‘°?5%é°‘?‘fsé&&'glﬁ é@&%giz%f t he
post t1 OUHGHOR: defs I&‘%Pf‘db‘(& R AompYHABh 35CR6A Rillobiind idcy el i n
said servo con @P emdetermnes a position error froman observed
posi §i omadagtha baidge mntlep‘e(m)tma mnamt@hngeas eputrolied dyRioabsouigalugeofi n t he
first npde when the position e |t I | ect ed
first tHecRISHIQR errorgromy an Bpfiteplug %"é’efa(')%‘ li é’@‘ﬁ‘?@ htglgtclg{}%&l n the
second gﬁé&xt\'\i@%&{‘eﬁeaqat& t&qu@ufreagma&oaluamsmda 11845 Thenmevhasiqalal to a
sel ecte econd threshold; and the continuous bridge is active in the third

node whdpnarhies pmsdqscmﬁdeb)’r%)ﬁrﬂﬁ afegratond h3d b@eng)étgw@elh apf@ sepong infegratelh o) g
and the nd thresh [ d or di ng
Fo.Q ai M3 DRk i b el ke URER G tebRs B b bfbck A34L e

POSi foi OMef dsQin; exatlﬁﬁletth @e Wﬁwmﬁltjﬁorbdsﬁ dgraringpi ok ist ssfuactiometzotlf mioctltyo n of
the position error, the linear function having its value and its first

der i vat iapd pasitiphe fi rst threshold equal to the value and the first
derivative ofp l‘%lﬁd@ x‘t%ﬁ%eél&%fs's@ﬁc@@l wHel€hd dUsshutd VHI@SHOpSRition-errol is
respectively. t1 ple-node controller for positioning the head of a
di sk drilgeathar thréshold plas fadlopsct to the tracks of a rotating disk, the
controller conprising: neans for oper ati ng the controller in a pr oxi mat e
time-optimal controller (PT idly move the head to a desired
track; ~s neans fp(yJpegaby, Le yet|Fe¥'—I er fon d.pepust conffdnsator node
to fol low the desired track\\sai® neans Kncl udi ng nmeans for conpensating
for nonlinear torque distur bances and neans for operating the controller
in a continuous bridge node to transition the controller fron}J %PTOC node
to the robustThohpdgsaade irvstraight o of the pAFitipp EfgeeY o PBF ar @
accordin obgb%) m 9, wherein the controller is responsive to a position
error si‘gei*?gli 0" enabl e the means for operating the controller in the PTOC
node when the position erlgor signal has a magnitude greater than a first

threshold; £.(». —k Ly, +sgn(y, )y, for v, <|y|<y, ©)

In Equation (9), Fs = Fo/(k k) + & F. is the friction bound (i.e., maximum friction), and
&>0.

20 The robust compensator is defined as:

(7,5 +1) 7,5 +1)
=k e JOr Y.<y (10)
)=k, (r,s+1)(,6’2r2s+1)y for .|y,
In Equation (10), for 0 < £ < 1, 0 < A < |, £ and 4, are the parameters of the
corresponding lag-lead compensator. For 0 < 11 <1, 0 <1 <1, 7 and T, are the time
constants of the filters and ks is the gain of the robust compensator,. The lag-lead filter is

25  used here to improve system performance.

To guarantee continuous and smooth switching between control modes fi(y.) and

f{ve), gains k and k; satisfy the following constraints:
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follows:

F;: = ycmklkl (13)

15 Determination of the gain k; in the speed loop

. The gain k, in the speed feedback loopi determines the system bandwidth. In the
design of speed feedback loop, the gain k, should be chosen such that the cutoff frequency
of the open-loop frequency charactéristics is 1/5 to 1/2 of the lowest system resonance
frequency to ensure enough phase margin (larger than 30 degrees) and gain margin (larger

20 than 8 dB) as shown in Figure 4.
Determination of ki, y;and f{y.)
Once F. is fixed, k1, y;and f{(y.) can be obtained from the Equations (8), (10) and (11).
Determination of gain Xy of the robust compensator

In the design of the outer position loop, the well designed speed feedback loop can

25 be approximated as a first-order delay element with the equivalent time constant being the
inverse of the cutoff frequency of the speed feedback loop. (See, for example, W.
Leonhard, Einfiihrung in die Regelungstechnik, 4th Ed., Friedr. Vieweg & Sohn
Verlagsgesellschaft mbH, Braunschweig 1987. (in German), (Introduction to Control
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25  limited by the resonance frequency in the high frequency range due to structural flexibility.

In the second stage, the position feedback loop is designed to satisfy the requirement for
system accuracy by changing the shape of the frequency response through a lead-lag

compensator in the case that the system bandwidth is fixed.
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<& (}- | d5tobanges areopighin dheystem lp@mdylé; «&n Figure 13, p refers fo the disturbances in
the form of displacement, such as spindle motor vibrations and disk flutter, and » stands
for the electrical noise in sensing displacement. As long as the amplitude of the maximum
system error is detected, the amplitude of the robust compensator F; can be determined.
Therefore, the robust compensator can be used to attenuate the influence of disturbances.
10 Although the switching from the track seeking mode to the bmdglﬁg mode is
continuous and smooth, the switching from the bridging mode to the track following mode
is only continuous but not smooth. Because the second switching occurs at the moment
when system error is much smaller than the first switching, the influence to the system
performance due to the non-smoothness of the second switching is quite small.
15  Furthermore, if necessary, the initial value compensation method (such as the one
presented in T. Yamaguchi, K. Shishida, S. Tohyama, and H. Hirai, Mode switching

control design with initial value compensation and its application to head positioning

control on magnetic disk drives, IEEE Transactions on Industrial Electronics, Vol. 43,

No. 1, February 1996, pages 65-73) can be used to optimize the switching to improve the

20 transient performance of the second switching.
Simulation Results of the Preferred Embodiment

Numerical simulations based on a FUJITSU hard disk drive were carried out to
verify the effectiveness of the invention. In the simulation, the internal system nonlinearity
is represented by pivot friction of the bearing with the bristle friction model as proposed in

25 C.Canudas de Wit, et al., 4 new model for control of systems with friction, cited above.

The bristle friction model captures most of the friction behaviors and is

mathematically represented as:

dz
F=0,z+0,—+0,V,
0 1 dt 2
__ M
Var 2w
o8 (V) = Fo +(Fy — Fp)e ™™

=V, (16)
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to friction. The dynamic behaviors of friction are illustrated in Figure 14(b) as the
characteristics of friction with respect to velocity, and are illustrated in Figure 14(c) as the
characteristics of friction with respect to position. Figures 15(a) and 15(b). illustrate the
10 torque and position disturbance signals used in the simulation, in whxch ﬁi;e‘ nominal
position is chosen as one track, yo = 1 pm, and the nominal torque is set to be the
maximum torque, To= 0.0624 Newton-meters.
In the discrete simulation, the sampling time is chosen as 100 ps. The actuator arm
flexibility is considered as a second order resonance model in the high frequency range of
15 3000 Hz with a damping factor of 0.08. Simulation results show that a k, leading to speed
feedback loop bandwidth of 1300 s”' with a phase margin of 89 degrees and a gain margin
8.6 dB can be selected to guarantee that no resonance is excited. The position loop that
includes the robust compensator has a phase margin of 64.5 degree, a gain margin of 27.9
dB, and a bandwidth of about 1296 s, For the friction compensator having a lag-lead
20 filter, the parameters are chosen as 7= 0.75 milliseconds, 4 = 0.06 and »= 10

milliseconds, 4 =0.1.

In the simulations, one track is assumed to be 1 pm, and a step change of 100 tracks
is conducted. For the conventional PTOS, Figure 16(a) presents the step responses of
position and position error, and Figure 16(b) presents the step responses of velocity and

25 control torque. There exists a steady state position error of about 0.25 track due to friction,
ie., approximately 250 nanometers. The improved dynamic responses due to this
invention are shown in Figures 17(a) and 17(b), where the steady state position error y. is
compensated for almost to zero, and the overshoot is less than 0.2 track (i.e., less than
approximately 200 nanometers).

30 Figures 18(a) and 18(b) present the dynamic behavior of the system with torque

disturbance when PTOS is used. The tracking error due to the disturbance can be observed

clearly.
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Figures 23(a) and 23(b) 1llustrate the improved dynamic behavxor of ‘thie system .
with both torque and position disturbances when the present invention is used.
The forgoing description of the preferred embodiment of the invention has been
presented for the purpose of illustration and description. It is not intended to be exhaustive
or to limit the invention to the precise form disclosed. Many modifications and variations
15 are possible in the light of foregoing teaching. Itis intended that the scope of the invention

be limited not by the above detailed description of the preferred embodiment of the

invention, but rather by the claims appended hereto.
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position signal generator responsive to the position of the head and a position controller
that generates the command signal to the actuator motor to move the head to a desired
position, the method comprising:
operating the position controller as a proximate time-optimal Eontrollerm B
10 (PTOC) during a track seeking mode to rapidly move the head to a sel_ec;té& &ack;
operating the position controller as a robust compensator during a track
* following mode to compensate for torque disturbances; and
operating the position controller in a continuous bridge mode when
transitioning from the track seeking mode to the track following mode to provide
15 continuity of the command signals to the actuator motor when transitioning from

the track seeking mode.

2. The method to control a disk drive according to Claim 1, wherein the
position signal generator and the position controller form a position loop, and wherein the
act of operating the position controller as a robust compensator comprises:

20 determining the bandwidth of the torque disturbances; and
selecting one of a lead compensator, a lag compensator, or a lag-lead

compensator to change the shape of the frequency response of the position loop.

3. The method to control a disk drive according to Claim 1, further
comprising:
25 determining a position error;
| operating the position controller in the track seeking mode when the
position error has a magnitude greater than a selected first threshold;
operating the position controller in the track following mode when the
position error has a magnitude less than or equal to a selected second threshold; and
30 operating the position controller in the bridge mode when the position error

has a magnitude between the first threshold and the second threshold.

4. The method to control a disk drive according to Claim 3, wherein:
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responsive to the position of the head, a head position controller that generates the
command signal, and a state observer responsive to the command signal and to the head
position signal to provide observed position and velocity signals, the servo control system
15  comprising:
a proximate time-optimal controller (PTOC) operating in a first mode for
track seeking to rapidly move the head to a desired track;
a robust compensator operating in a second mode for track following, the
robust compensator including compensation for nonlinear torque disturbances; and
20 a continuous bridge operating in a third mode between the first mode and
the second mode to provide a continuous transition from the first mode to the

second mode.

6. The servo control system according to Claim 5, wherein the head position
controller, the head position signal generator and the state observer comprise a position
25 - loop, and wherein the robust compensator comprises one of a lead compensator, a lag
compensator, or a lag-lead compensator to change the shape of the frequency response of

the position loop.
7. The servo control system according to Claim 5, wherein said servo control
system determines a position error from an observed position and a desired position, and

30  wherein:

the PTOC is active in the first mode when the position error has a

magnitude greater than a selected first threshold;



&10%&' ()- 'Y '$10%s& ()-yY '$109%& ()-y$109%& ()-1 10%& ()

<=>JzodY: 0! Y'ml0%& ()- 10 10 10! mLO%&' ()-! D3s&10%& () - 3%&119%0‘()

1 3s&109%&' () -

JMTZi }[9dY: 0! ! 3L&IOY%& ()-2z! 3L&I0Y& () -z! ABL&LOY& ()-2z! 3L&LOYE ()-2z" YI0%&' ()
- 109 ()-Kja?dY: 0! 11 L3(10%& () - Y&10%& () s %0Y& ()- f#l "109%& ()-

& 10%& ()-!3L&10%& () - z]

ha?dY: 0! I 1 * S2109& K o
VU@ 1! 109! (1§9 069%% /eg&mfa}orl% @it%@?%&&%%@%ﬁg%@o%@z ;hei;@@f&mﬁ prror-109& (

7$10% () - @ haoh @gmtu@ailes&l}t}x&m (n) equalbpavaglected seanmighieshald @vde: ()- v 1008 () -
19 :{ g‘%%) ( )EEJ'IS . i([):/g %@é{@‘ﬁﬁqdﬁ%«g%&g xHh_e third mode when the position error has

fo}A2b@! ! Q@qlﬁmc bARABH (He-firkt BileRRd @hd Me, sBditiRh(ephddd+10%&' () -

y) 109%& () - (4wxnb00| LY ml0% & ()- 10 10

109L10%& () - 8810‘V&“r(e)m&i£é&%ﬁco&ﬁml4¥d;hﬁmvé hoddRlit@ BNOREK 7] Gdin ) - Y@
10% & ()-10% & ()-Y 10% & ()- @O%& ()- ! @0%& Tk} Mz X6mb Q0! ‘
F$ 10% (& ()-! F$ Ibe qnplem@w(ngﬂ{e)u ?go%glon error; and

F$10% & ()-! @! 109 ﬁ‘ﬁ é% - [%){l%ﬂﬁ%l 8&}%@% 4 )mear function of the position error, the

| +S$10% (& () - Z! +s
(10% & () - Y&difnkafuRclion Hakihg Bsivilhe iﬂ)c( itd €i¢st derivative at the first threshold equal to

10(Y: 10% & () - ! 7$10% 7$109& () - 3510

101 $109%& )()1%0/&8 grl(dlé‘g’/e)ﬁﬁ ‘ji%‘%& )Osf ‘i@i}é‘%}? &Sf‘“ %&g‘“’% ﬁ”%@%gﬁ% D
10F1Q9%&' ( 1[%5% ety 3f %10%&' () &10%&' ()- @O%& ()-93 10%& ()- USMIESH=0!
10" 100& () L1 'ToR 3 109& ()-F $109& () - 109& () - 310%& () - HpdESH=O0!

A multiple-mode controller for positioning the head of a disk drive
assembly with respect to the tracks of a rotating disk, the controller comprising:
means for operating the controller in a proximate time-optimal controller
(PTOC) mode to rapidly move the head to a desired track;

15 means for operating the controller in a robust compensator mode to follow
the desired track, said means including means for compensating for nonlinear
torque disturbances; and

means for operating the controller in a continuous bridge mode to transition

the controller from the PTOC mode to the robust compensator mode.

20 10.  The rﬁultiple-modq controller according to Claim 9, wherein the controller
is responsive to a position error signal to:
enable the means for operating the controller in the PTOC mode when the
position error signal has a magnitude greater than a first threshold;
enable the means for operating the controller in the robust compensator
25 mode when the position error signal has a magnitude less than or equal to a second
threshold; and
enable the means for operating the controller in the continuous bridge mode
when the position error signal has a magnitude between the first threshold and the
second threshold.
30 11.  The multiple mode controller according to Claim 10, wherein:
the means for operating the controller in the PTOC mode implements a

nonlinear function of the position error; and
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implements a linear function of The position error, the linear function” having its
value and its first derivative at the first threshold equal to the value and the first

~ derivative of the nonlinear function at the first threshold respectively.

5 12. A triple-mode control system for positioning the head of a disk drive, the
control system comprising:
a proximate time-optimal controller (PTOC) mode having a relatively large
control output to rapidly move the head during track seeking operations;
a robust compensator mode having a relatively small control _o_u_tpﬁt to move
10 ' the head in small increments during track following operations to cqn;i;éﬁéate for
friction and other nonlinearities;
a bridging controller mode to provide continuity of the control output when
transitioning from the track seeking operation to the track following operation; and
a mode selector responsive to a position error signal to:
15 select the PTOC mode when the position error has a magnitude
greater than a first selected threshold;
select the robust compensator mode when the position error has a
magnitude less than a second selected threshold; and
select the bridging controller mode when the position error has a
20 magnitude between the first threshold and the second threshold.
13.  The triple-mode control system according to Claim 12, wherein:
the PTOC mode implements a nonlinear function of the position error; and
the bridging controller mode implements a linear function of the position
error, the linear function having its value and its first derivative at the first
25 threshold equal to the value and the first derivative of the nonlinear function at the

first threshold respectively.



