;edenrsnnnoDp@r 6sTrsak L 1 ACTUATOR CONTROLLER FIELD OF THE | NVENTI ON
This in ion relates to actuator controllers. Particularly Hunﬁmwmmmmumm
enbodi vﬁ@@m’”ﬂwmf"ﬁmanentl on relate to actuator controllers f

st or age , h as hard disk drives (HDDs) for exanple. BACKGIRQWND OF
THE I NVENTI @1t g. 1 is an illustrative representation of a typical hard
disc drive (HDD) 10 shown in an exploded form As shown, the drive
conprises a 10 read/wite (RFW head 20 fior reading data fromor witing
data to a platter 30 (nmade, for exanple, of alum nium or alumnium all oy,
or glass) that has a data-re L f a thin fil mmagnetic
dat a-recordi ng surface) fornégffpne’ggm éﬁﬁ«gﬁﬁ@iﬁﬁ& is mounted on a
spindle 40 and is rotatable by a spindle nmotor (not shown). 15 The R/ W head
is carried on a slider 50 that is connected to one end of an actuator arm
60, and the other emEs ot tRE &XVENQONOt at abl y nounted on a pivot pin 70. A

drive nmechani sm (indicated generall %hby reference nuneral 80) provides a
torque for rotating Thelnyertipi latehbuactpater spripllery Ravisulaply pretearedadi al |y

back and f:orth : r . Of e . drive
shown in Fig. fﬁlﬁém E{Efa&‘édngég& 1o§fre%glf é&é?%%tgggorﬁgoéggg, fograda%% gt? %a s as-

t hey are nore devivasnbychlasbiard disk davgqEH DIy forexhopledf the other in a stack.
For ease of explanation, the follow ng description will refer to a HDD with
a single platter, b Q"FRQVB'HIQFWW%JI?W]& the scope of the invention is
not limted to such H : feadfati riegd . .on eg4; fer in

i ndi vi dual data cl ug?%rlzls{ %g?ﬁgéjghg?r%g%ged it@ggﬁlgrtzﬁcg lé%lﬂc‘iélﬁé ?1?15:;8'[ racks
on the disc suffiBbe.10 shawsin apdapledédDbsmn. heAdstioaws | ths ideive canmprises er sper sed
wi th serva codes L.C recorded onto.the disc at the tinme of Lfs

manuf act P, - afoNEGRAVEEF ALY Serlie chp Boi & yitind s e Thudlr 93

excl usively foms®s, \or &aaete, ofBumRivg, 6PaRmiALM by, 9aGIARY) tHEnM ¥V head as
it travels across the surface of the disk, and are interpreted to provide a
control mechanfafmre¢onding stefacegener as pythimstilsy imagaetic dgta-cgqording shid ( PCB)
90, and associ gt i th t a ntion drive. ni Lth an

i ndi cati on of ?‘h@%‘&\gf&??‘?“@m gl?ﬁ%ee%ﬁ)elgagl Og\(?}gerd nhaeSpélfr;aﬁ%gggn%i‘? rtoﬁéab&? 5?2 I n
nmost conput er sysiheéREndtbe(dDEhowa)t he main data storage device, 5 and as
such the performance of the HDD tends to _have a sjignificant inpact upon the
perfor mardee of the dBaBUVehcadyseasriedign a sliden 30 thakis goprastedfaoneendof | s
desirable to dgsi J | ass) ble. To
this end it i Sglg"é‘%??tgg?gk??, %I?%E/l?géethglt %ﬁ?ﬁﬁeﬁn gﬁ r?{sytag }eho'ia gtefa r%c qui ckly
to a given secpizpt pm HecAodrsveomechadisak(ifidicated gahdralty bp eefktencpaumetabn) , as
wel | as 10 bei E@ ablng to, accur at el fgllow a %:)ven concentric _track (a so
cal l ed "track" SOFEPHEPHHIOTAUROT FIME the acfugier aqut Us Bpyef i mgke thedeady | y
requires the H@idg HASK b HriiCichs8 HRAQKEMOPEr BE bRited t 0 MOVe the R'Whead to
the position on thé disk where data is stored) and a track operation (to
read out 20he cont enThe pirtiowler dnivenshownghég.driacinbes #nenber dfslatt storegd . 15 A

bl em facing_the desi f a HDD is that the dri teristics f
Phe af or ement  BRE Ot ARk °s iy Aecmert EpbmBhinEna; el Buyndbe BE: ent to

one another. Foe dhérinlacstadkd Bor &eelot efplanaion) thet foloWaadddsesstiord wilbe noved
a relatively large distance radially over the surface of the drive as

qui ckly as pos%¥f¥ite 4 HDS with avngle alatertb it sheuldrhegiated that ghegicepe RE 20
heads into thegeorfaahn t%ihﬁfédfﬁ@ﬁuéﬂa%laaﬁaﬁggt{;}ﬁ/w' ting. In a track
operation, however, the head needs to be capable of follow ng a given track
on the daba st or ageDamdisustosadd ot otht hplatten ch tildvidaalv dataredhstaissthad Qrerust be
capabl e of noving the head slowy and i g? rel ativel yr small increnents all

the while keep?HeEhan REARIRIDCUCEYFSRacks PR hredisc firface: HB most apodeps A

further probl eADMRSHE gtaldiQters B ihittdpetRatvith SrVEBode83thid atbldag@per ation
will typically require both a seek operation and a track operation, and

t hus the cont reitorthe ldasei atntheCtimasif iftse noapfdotuee, odndc omsoroe ldldey dimeesda i ve

nmechani sm 80 to nove i ckly frqoqm one. de to the,other. In other words
usi ng par | ance*RBFPE %lgﬁ%ﬁﬁ%/sﬁg@gieﬁcPﬁlgg@r@r -Sertv?lé(’d%se?ﬁfei $VR FUES A9 .e. the
time 30 Baken fead biyh@ie TEM hichd as 6t trh@el§ LOBLA ReakePTahE Ak RL® afe t T ack

operation) should be as smal|l as possible.. o
interpreted to provide a control mechanism (indicated generally as printed




3 In summary, therefore, to provide a HOD with an acceptabl e | evel of
performance, the drive nmechanism 80 and associ ated control nmechani sm 90
nmust be capabl e of noving the heads in a first node where speed of novenent
i s paranount and accuracy is less inportant, in a second node S where speed
is less inportant and accuracy is paranount, and be capable of sw tching
qui ckly fromone node to the other, and visa versa. |In nost nodern HDDs,
the drive nechani sm 80 conprises a voice xoil actuator that is operable to
position the head over the surface of the data storage nmedia. The voice

coi | act uat or at{h% ﬁsﬁ&ﬁ-haé@lac%t ra\?l\lh. Q%SE%ES%W elgﬁoqgﬁem | §i0f what
is comonly cal cd a gervo systemwhi ch - as i's well "Known in the art - is
a type of cl osadedhaapn)eadbacindgytsent theqosaioaetidhadpaef diermnfaee bhe servo
system shoul d be capabl e of accurately positioning the head even in the

presence of andhafisks or changes in the disk drive nechani sm (such as

changes i nduced by tRrenakiifict 3y IbUSIHAHIINS: (R mAAUR LB8RbNitRduced by

external vibrations). These angés or anonalies can resu om probl ens
with the att uatamd,astdueh sl petfeemanca bethdi SRD fendsrtodkaricat signichntoimpaet f ect

circularity in the tracks, and om varjations of the read back signal (the
Cor cal Lo bosi t4RgR thE PG It gy pulst e st st che 8 SAESEORcIcRY. |

Typical ly, nostj; QrRViristoy/dRIRRRS BHIS %ldiﬂapit O‘P}ﬁ%ﬁ&% qORKE KPYsayrd 1d near

controllers for tracking operations and non-linear controllers for seek

oper ati ons. Forthis)eadpt s depirabiieito proeide augystgmbwbichps alplode tratlo qpicklyi tdet a

non-1linear control that provides a f.ast nove.w .hout causi ng excessive

exci taton of el RRHeRT P A RSt cstR) oA YRIEE of (e
act uat or) 10 Sat Weaigesble @ bévrately I OROW o St FbidefricirabkNlAreoVerllee ) tragk”
non-saturated control current 1s typically enployed, in dependence upon the
| ength of the MAPFERLGAY ABYEIEEredd ppvatq epealiqny ygicalty sequssiBicelBP ® such a

previ ously pr OQ%f@ﬂp‘gb%ﬂ{ EQLek! SpekdtonS®s GRVE Rt RARGAANG 1ePPdidn SERRS 1 bed in

the article by
disk where data is stored) and a track operation (to read out the contents of

one or more clusters where data is stored).

15 A problem facing the designer of a HDD is that the drive
characteristics for the aforementioned “track” and “seek” operations are
markedly different to one another. For example, in a “seek” operation the
head needs to be moved a relatively large distance radially over the surface of
the drive as quickly as possible in order to reduce the time required to get the

20 heads into the correct position for data reading/writing. In a track operation,
however, the head needs to be capable of following a given track on the data
storage medium and to this end the drive mechanism 90 must be capable of
moving the head slowly and in relatively small increments all the while
keeping the head in accurate alignment with the track.

25 A further problem results from the fact that a given read or write
operation will typically require both a seek operation and a track operation,
and thus the control mechanism 90 must be capable of controlling the drive
mechanism 80 to move quickly from one mode to the other. In other words -
using parlance more commonplace in the art - the “settling time” (i.e. the time

30 taken for the heads to settle from a seek operation into a track operation)

should be as small as possible.



30 entitled "Fast servo bang-bang seek control"” (see Pages 4522-4527 of

| EEE Transactions on Magnetics, Volune: 33 Issue: G Nov. 1997). Anot her

4 exanpl e of a snoot hed version of bang-bang control is described muUnited
States Patent No. 4,783,705 (to Moon et al). Another previously proposed
exanple of a linear controller includes both an initial val ue conpensator
(I'VC) and a track following controller (see 5 the article by T. Yamaguchi,
et al. entitled "A node-switching controlz for notion control and its
application to disk drives: design of optinmal nodesw tching conditions,”
(Pages 202- 209 of roni . I ct i e, 3, no.
3, Sept. 1998). Thgqﬁ{%?ﬁ“?% ﬁ§%|ef°55?8§§%ﬁ8§aﬁf@??g‘wt?ﬁié‘?@e@é%?‘% %I%Lt%fgory,
hel ps to reduceectfommari] thendrivie wechayisao8Pans atdodgitelOcdndriol iftehMgm Z@r o
initial states induced by a seek operation. Another previously proposed
track controll éﬁu%&?ﬁpﬁﬁ@élf &f greyse tthe nigads e ey rilpt modeewberei seed RID)
controller in I I 1 tqry.f.or tuator flexible
node. Many hi gﬁlgé%g{r.égterlsop ?r\ﬁ{ggpnﬁ%&n{)%%@?lsﬁrlg%elmogﬁ f ﬁgﬁﬁ %%ggéltn?ﬁel er in
terns of f3%equericye seeidndas Iibphednaahd accdracygdnarahoune) arkl bé tapabledssi r abl e

that the track coniroller- has the foJlow n erformance criteria: (1) a
zero, or near zst‘-f"r“t‘if“ngtqé‘é‘&%' ?Igtogeg}ng,tgwh "i‘@oﬂ%%v‘-’rréaacti on to friction;
(3) a relatively poqf {RERBASE HISDIRAS Ui CERRBLLARNS 80 cdrft ri%sra%fvt%tcofleac“ on
to disturbances; and (5) a fast rise wth little - or preferably no -
overshoot. 20 @ciuaterithat(isloperabie (Bposition ke deabapdri thhenirfaye jof dhe datag a hi gh

gain linear integrator.in.the control systemtogether h proper shaping
of the servo |8§‘g%%{f‘ﬁ‘.ha~ %Q_&Y@rcfa cgﬂ@ﬁtugﬁr% F%&gﬂge{a&%@gt@eaﬁﬁgn} #Char der
t o achi evg t he gheukifipRrut Whdt i cffoAEINRE aCettEbstenViitiéh 28 idiwgh- speed
dynam c response characteristics. Another problemis that neeting the third

criteria tends knewnsn thequ rig adynecdf£iqspdllgopnisedragk systemyvo | oop gain so that
the servo system wil ' 0 noi se. t he
design cri tgri a can F{o&%ﬁ&?}é&b@%ﬁﬁ@{%%&é t‘% ﬁesgénrgggsg'géﬁe%hquw?’se Cr?Bf%ﬁnO?f)mmn

for m sal i gnmentcurgtelydslsaiothgathe eaeaien iafthé peséra df whomelidtaadhangdsh
respect to the tracks to occur, and this causes an increase in read/wite
30 errors and & dhedigkusiriva meghanism \(pyche ap sdanrges oipduced by NsHDCraters

cont ol | efis apReafaibR 6f i ick SANdALE: BY LEIARE LiRaddhs] | PRRU ORILO! | er s

in that ere are often nore tTree paraneters avai or tuning, and
hence t here i soohhenaliesgranatserlt fromeprobkimst withtly acteatar, 4be wpindlendr the syst em
with better perf 5 Non-linear controllers, such as non-Ijnear

r nce.
finite i mpul sodiss JHHE QNS PR Perfeqtacicuianity; i IhS, THSkS, ARb BB f or
use in a disc QhiiMfons Witﬁ@%a@ttﬁa@l%igﬁﬁlt R sdealic Jo%lilﬁofwe?m(rts@gréwpﬁgj) et al)

di scl oses a nonlinear proportional T1ntegral controller that enploys a
posi tion err or use fogfegidbankganirolnhi ch i ncl udes a velocity factor that is

based on derivati ;[e ofa the 10 Qqslimﬁi on_ er rcer rgng atnon-l i nearlfu ction.
This contiol ler is APREABYRATPECYIBITY RIAPISEY, spuipl SYSERs Pave FRPIVSD f yi ng
the position elihedr @nGbRérsifor Gedkent 8p&aticHothdWidi-hedar cBRtryI®ire Cort eeRN
accel eration of position are in the sane direction. Stiction at deadband

areas is avoi d eperaionset erm ning a stick induced velocity error signal and
o970 o0ty SRR, MBI S bl GBS o i /5 o

control that provides a fast move without causing excessive excitation of the

25 actuator flexible mode (i.e. the resonant mode of the actuator). Saturated

control current (maximum or minimum value) or non-saturated control

current is typically employed, in dependence upon the length of the move and

how fast a move is desired. One example of a such a previously proposed

control is the so-called bang-bang control described in the article by H.T Ho

30 entitled “Fast servo bang-bang seek control” (see Pages 4522-4527 of IEEE

Transactions on Magnetics, Volume: 33 Issue: 6, Nov. 1997). Another



depends on velocity, it is only applicable to systens whose velocity is
avai l abl e or can be estimted accurately. During the tracking node in a
HDD, it is difficult to estinmate the actuator velocity accurately and thus
this systemis not practically feasible. 20 There remains therefore a need
for a sinple yet effective controller for inproving the operation of a
servo systemgiven the nechanical |[imtations of the actuator. The present
invention provides a nmeans for addressing these and ot her problens, and

of fers other advantages and/or alternatives to the prior art. 25 SUMVARY OF
THE | NVENTI ON | n acgpgdance mﬁ&h an egpodiq&nt of th énv ntior]LI,’I there is
provi ded a contFBPPErOHhPAYIEY & L o Raliggang conprph s eﬁC@éeHe‘Pa M s, a

preferred enmbodjienpateft Nd&,ig3vest {thMd{ﬁl%‘i anon-linear functions to comnbine
two or nore types of linear controllers to provide better transient and

steady state 30 per fAyratkaicuetipesty ipsoppsechirxribitle afya lisdangonwelieyiidelades! i near
C et om hF g bR RB L EY B Bk S EP A SRR i

non-1|inear sectlion 1ncludés n's ere

i npl ement el as tho aktictPby b Efndduchis et M.t dntitlee ‘@ORiddelswetchidg @atrbh@or nput s,
and the outputs are cennected to n usual l|inear controllers_ of different
par anet ers. ThénQtignscastrobandjistappligation wnisk rdyivey desienopkoptyngy medes of

di fferent anpl it de: it j Ay t i-neakni | ati on
is used. At |e§§@9@%§ Eﬁ%ﬁﬁ&%he gggtg%%ﬁi téﬁggg agé@g§ %Fgﬁgﬁgggand t he
ot her to respordardsactions @ar Vetunse: 35ingn3a) Sept.ard®8erifheo&d. typisally destgted
control |l er that rezcts to sg&lll error Si%gal snrecan.be .a normal track

fol | owi ng cont P8Ngdinedfantrobteprys helps & redugh thegeiting tigre By5ogepeasatide si gnal s

is 10 desjgned fSNGE hahb¥rofiffial AAESIHRLEQI By 2 &dlichEQnah! Y. the proposed
non-linear controller can be used togethér wth the actuator nodel to form

a non-|inear referedowtiter ajmevionsly geprepesedr . track t borgradlzs e canipsigés " a

ref erence change instead of +t abr.upt ep ch e.is used for the

Closed. | oop <y ransrammicerar e FreRaket (B Serafidain retbiaiged Pos.s

fol low this sotbmpeiaiornfee HBanHetoBECRBEE nidiR. I VKL Mehed | FB& lihdarSsnoOt her
and contains | ess high frequency harnonics, the actuator resonance nodes

are | ess |ikel yonteolisss asssimbdel . theHIDheppiolier whéermef of Meshuensyceesponsaal can
he P Cface bG8 LRkl 5o} GRS bR ERRC RN e R £

wi t hout changi eedba SN MRVENT PonCof fers a

non-linear tragkidwihg pedferenaoe tiirtihe(l)ahrto, ®aRedtezefn Stdadly biatd didre@@nt ed in
a HDD that is designed to have a traditional |inear track foll ow n%
control | er. | nadQbugtireastiontto fustiens Bhea rglatively naor despeptcoimmepBIeIRg

ggnvent i .Onal nﬂgfsjs;i (qurro&%tréa(a{ioﬁi?é Hgﬂlﬁ)&rkgg a!hﬁ(wj ﬁ?asmgg Wil fittle - or
mput ati onal power  due to various non-[inedr operations
preferably no - overshoot.

20 Criteria (1) to (3) can be accomplished by providing a high gain linear
integrator in the control system together with proper shaping of the servo loop
gain. However, such an approach tends to make it harder to achieve the fourth
and fifth performance criteria which are high-speed dynamic response
characteristics. Another problem is that meeting the third criteria tends to

25 require a relatively moderate servo loop gain so that the servo system will
have relatively less response to the noise.

As the design criteria can tend to conflict with one another it is not
uncommon for misalignment, or delayed alignment, of the read/write heads

with respect to the tracks to occur, and this causes an increase in read/write

30 errors and a slowdown in read or write operations.



25 involved. Furthernore, in conparison with neural networks and ot her non
| inear controllers, tuning of the controller only needs the adjustnent of
the relative values of the two LUTs. These and various other features as
wel | as advantages that characterize the present invention will be apparent
upon reading of the 30 follow ng detail ed description and review of the
associ at ed draw ngs. 7 BRI EF DESCRI PTION OF THE DRAWNGS FIG 1 is a
schematic nmew of a previously proposed HQD, FIG 1 a is a block diagram

il lustrating conponents of the control systemof the HDD of FIG 1; 5 FIG

2 is a control syst bl.ock di agram representing.the HDD servo system of
FGL FG 3 i a Selie courElPOrbahan S thadr L ORCTGIAGH R8P ng to a
preferred embodbaBiler®fn {AE tHeRY 8RRt RM mbHCred pSafWRrd Bea fabRAGENGYng €SPONSES
of a PD and a PID type 10 controller that couFd be used in the control

syst em depi ct e@nil hemiegher2 ignéiciFr@reger [Fit@tiabtd proygterasarso corrdl spgjeroncy
responses of the.PD tand ID controller shown in FIG 4 in cascade with an
act uat or nodel .Wl%téeégr@ﬁ JEEYE e known as the conpensat ed open-1| oop

frequency g esponses N lir¥ae toh@6Rerb, SEhe AE YhohJines FRNS einfulle shpbise FI G 6
and FIG 7 illustrate the relationshi ps between input_and output signals
for the | ook- upFiRadilisss, bavsmreyigusty beergproposed for use in a disc drive.

United States Patent No. 5,721,477 (to Sepehri et al) discloses a non-
linear proportional integral controller that employs a position error integral
signal which includes a velocity factor that is based on a derivative of the

10 position error and a non-linear function. This controller is also operable to
reduce overshoot by further modifying the position error signal in dependence
upon whether the velocity and acceleration of position are in the same
direction. Stiction at deadband areas is avoided by determining a stick
induced velocity error signal and modifying the control signal when required.

15 A problem with this system stems from the fact that as the controller
depends on velocity, it is only applicable to systems whose velocity is
available or can be estimated accurately. During the tracking mode in a HDD,
it is difficult to estimate the actuator velocity accurately and thus this system
is not practically feasible.

20 There remains therefore a need for a simple yet effective controller for
improving the operation of a servo system given the mechanical limitations of
the actuator. The present invention provides a means for addressing these and
other problems, and offers other advantages and/or alternatives to the prior
art,

25 SUMMARY OF THE INVENTION

In accordance with an embodiment of the invention, there is provided
a controller having the features of Claim 1. In general terms, a preferred
embodiment of the invention uses non-linear functions to combine two or
more types of linear controllers to provide better transient and steady state

30 performance than 1s attainable by using individual linear controllers on their

own.



FIG 8 is a block diagram of another enbodi nent where a non-linear function
is inplemented in a digital to anal ogue converter (DAC); 20 FIG 9 is a

bl ock di agram of anot her enbodi nent where two non linear functions are
inplemented in a single DAC, FIG 10 is part of a block diagram of a nornal
known |inear DAC, FIG 11 is a block diagramof the non-linear DAC used in
FIG 8; FIG 12 is a block diagramof the non-linear DAC used in FIG 9,
with 25 the outputs summed using an operajional anplifier; FIG 13 is a
schematic representation of a reference signal generator enploying the
non-1inear controll shown.in Fl . Fl 14 | chemat.i c .
representation of ae%la &L 1112101(5;\/ppr§§e‘rn\;§ eé@"so? énﬁ’?rﬁhtgg né‘?fg‘ﬁgzilrsse%thoél s 8¥1g?sence
si gnal gener at of s@fic Rlfenods3wirRpe nel QF)h@hicﬁfcaﬁ he iﬂl?ﬂ:n?&téd! zf%elébk—ilﬁQQﬁ@s,Ck
control systens shown in FIG 3 or FIG 8; and FIG 15 is a schematic

represent ati on ((UTx) satipbe eontey strevas the SnpDEsT And £ (ESCRAUPTLOM A tPREFERRED

EVMBODI MENTS FI G jS an e ode spective. vi ew. of revi ousd r oposed
o0 10 he showruak e tefBI oSt REFRRE B inthr s LI2P e GtiBrEnl 56
whi ch are sountgehiAPing fHRbRAb  rrél ofafifferdhi AfipldadesbBefled tiRfpdidtsan sy ndl e
notor (not 5 visible). The R Whead 20 is nounted on one end of an actuator

arm 60, that cdAdJbelinest itapolabenis usedi Holeapidiniet LT s, ope e sasponst togsmepll ve
mechani sm 80 (typi.call i C 0j | r. ( aont r.ol a
control nec hani%ﬁ%rcs aiFéi g?a/nglecoglrlr%o{r?erﬁ sotngnt oalyrg%%‘g‘ng% lgl%\é e%pga%d'
illustrates, asTh et kkotttds dimt rédess foudigdll emad sigulP oaiebé a mkmhheadkont r ol

nmechani sm 90. As _nentioned above, as the R/ 'Whead noves over the surface of
the platters) ifpllpwingscanpyoleswhers| aswhe dinepscontioller frglaggsderron sighadyiis and

t hen passEéei tod%si%ﬁé&ééjegﬁll rféﬂﬁﬁiegf&%. (PES) denodul ating circuit 100 which

detects t servo codes and outputs a PES that is representative of the
Additionally, the proposed non-linear controller can be used together

with the actuator model to form a non-linear reference trajectory generator. In
this case a “soft” reference change instead of the abrupt step change is used
for the closed-loop system, and a non-linear controller can be arranged to

15 follow this soft reference change. Because the reference signal is smoother
and contains less high frequency harmonics, the actuator resonance modes are
less likely to be excited. Furthermore, the soft reference signal can help to
reduce the overshoot of the closed-loop feedback control system without
changing the feedback controller.

20 The present invention offers a non-linear track following controller
that can be easily be implemented in a HDD that is designed to have a
traditional linear track following controller. In addition, it avoids the
difficulties encountered by conventional non-linear control designs that
require much more computational power due to various non-linear operations

25 involved. Furthermore, in comparison with neural networks and other non-
linear controllers, tuning of the controller only needs the adjustment of the
relative values of the two LUTs.

These and various other features as well as advantages that
characterize the present invention will be apparent upon reading of the

30 following detailed description and review of the associated drawings.



15 difference between the current |ocation of the head, and the target

| ocation of the head. The R'Whead is usually a nagneto-resistive head or a
gi ant magnet o-resi stive head which outputs a non-linear signal, and as a
consequence it is normal for the PES denodul ator 100 or controller 120 to

i ncl ude conponents that provide a linearised PES. 20 The linearised PES
signal is passed via an analogue to digital converter 110 to a servo
control circuit 120 which calculates, in7a digital format, the control
signal required to nove the head fromits current position to its target
position. This contr ' I SnC ‘ into an anal ogue drive
signal by a digital ]%]{(;Egir?g?%ﬁgﬁ?oﬁexﬁyr?&i‘ggegnd output to a VCM 25
driving circuit 140.FIGhe iseschemantiticdl ofei previbiislst gibposed HPpiDgal | y i npl enent ed
in adigital signalfprocessor DSﬁg, or a mcro-controller, or in the form
of digital infinitel ilfpdpse %’@go;% aegrem pjusalinge compprenéo Af b centrlui t 120
enbodi es vario r i hons to deal with disturbances such as

wi ndage, di sk ggst%ﬁlﬂf'?g%{%g)gﬂﬁnglt :'lfi er noi se, external vibration, and
measur enerft noi se. NIGNRALY y cortid sgstemrbloakj diegramnrepreaergingrthé WD isenvo( or
sensitivity transfer %ﬂgqtion) 9 and the conplenentary sensitivity
transfer functS$HeBeL control circuit 120 are carefully selected by the
servo designer to piggi dgs daghémstidvRIISDANGE-1!BACEIHONcRRERRAS %o a
attenuation capabilities. FIG 2 is a control system bl ock di agram
correspondi ng peefeied gubadimgntsyfshemvedioomn in FIG | a. Here the dynam cs of

t he actuator assenbl i.ngl udi he VCM the actuat ar pensi on for
the arm and a sli dg Go# qv%snﬂ%hgreﬂywxerggpqngescgm g@ -anglrae%lf@pfyggent ed as
an actuatiwr nodehtrdiR? thidtelld 68 RsdEintBPERIRONEREA IepicRBSh BIGT 2186l Fign or
state space nodel. For sinplicity, the transfer function of the VCMdrive
circuit 140 is310 also represented as part of 150. The VCM driving current
saturation due to | it IV, ' it i

approxi mated as & shrgr S SRHeEHE, BBk b Hehlls D ol FIH chnirSler

(i ncl udi ng, foshexairpFE;. 4 @pasdadb wdthr amnautiatqriRkRb) el aMheswourvepaakabwa runout
(NRRO) in the servo |l oop are |unped together as a tinme series 170. Noi se
present in theas&sePMRRESAES open-{QoREAUEBYLTSERINSES HARSE-lagR HedUeMYi s shown
as anot hgrg ti i I . The digital servo control circuit 120 has two
parts, ael i|tg§”§§%kﬁﬁféﬁ9 eals with the flexible nodes of the actuator and
a basic feedback cofiGob amskElG.Gnilldsitate Berelatibhshimsteakeanginpttmdrasiut

f eedback contr ol

segti n, 200 provi des s.orlgg sort of
proportional -i AieBgs Jor.the fao _F‘B’rf?li’ﬁ?s g_t'on whereas the filter 20 is
typically a kind of prgt gl 4 bldeRldiddhath JrAREthbCERbEAMRHPRIERS AdiRIIAGE uat or
flexible node (i.e. the resonant nbde of the actuator).
unction is implemented in a digital to analogue converter (DAC);
20 FIG. 9 1s a block diagram of another embodiment where two non-
linear functions are implemented in a single DAC,;
FIG. 10 is part of a block diagram of a normal known linear DAC;
FIG. 11 is a block diagram of the non-linear DAC used in FIG. 8;
FIG. 12 is a block diagram of the non-linear DAC used in FIG 9, with
25 the outputs summed using an operational amplifier;
FIG. 13 is a schematic representation of a reference signal generator
employing the non-linear controller shown in FIG. 3;
FIG. 14 is a schematic representation of a closed loop servo system
that employs the reference signal generator of FIG. 13, and either of the non-

30 linear feedback control systems shown in FIG. 3 or FIG. 8; and

FIG. 15 is a schematic representation of a computer system.



The servo systemis fed by a reference drive command 205, and this wll
typically be a step signal with an anplitude that varies in dependence on
t he nunbers of tracks the RRWhead is to be noved. As an alternative, the

25 drive command coul d be a snoothed version of a step signal. In either
event it is usual for the drive conmmand to be pre-cal cul ated and stored as
a series of values in a |look-up table (LUT). FIG 3 illustrates one

enbodi ment of a controller in accordance gsith the invention. In general
terms, the controller of this enbodi nent corrpri ses 30 two normal |inear
control lers each in cascade with a non- gl near -up tabl e, one

control | er/LUT pair DEPHEERPESREBAINHPF BEF%‘%‘? BH“F%WSger error si gnal

10 val ues, and the qgijaef 1§%Eiﬁ?&de‘ﬁrﬁektod'&t%wf@@'o@g p?éx%usq'ﬁgr I(l)%edt}fl

foll owi ng operations with smaller error signal values. odi nment

t he second contlolAsshbivgT thpajusc droepndlsds aanundremal rcttatatg<dlﬁlcl310whm@ are
controller 210 in cascade vm (? % Hﬁﬁear LUT 220. Thlf second

control | er/ LUT BafHe gl epé AR B £l B RePERT DL Nfai r t hat
conprises & configigle).er 230, which is designed with fast settling
performance in mnd, in cascade with another non-Ilinear LUT 240. The LUTs
220 and 240 are desf@ﬁe&VWrﬁle@dﬂQa{S hiognisd yon weténd\ﬁﬁlale@thgmﬁ@stbat to give

a desired perfor nce Je iS. ater. .10 An erro |ng uni t
350, whi ch' s aap ol SRt ar G Rind g8 e B! g A SiBmigG RS ai n
of 1/K are pr owtﬁeﬁum &dlwcélunﬁ)téﬂwmwﬁmer%ﬁte&t@faeﬁhtﬂﬂwﬁé&aﬂemof this
arrangenent is that the LUTs 220,240 can also be used to take care of the

af or ement i oned CPES“H’@E-CPIT‘@@&W“U}HEEQBO?%U on. That 1 Sis, the PES
non-lineajq ty calibrgki gn 11f11}§'ﬁ%fe Ofk @g%fz Lﬁ'r%-r(;th%afpnagong?E&ﬁ Jeﬁ s oq( m newer

LUTs. As an exanple, 'The contro ’I er a co

avai | abl e propatid ¢comal mcohanisnabo dlAfsfnearrmbhtchhbo@emsrthé ReW Helall Ia)oveaadert he
controller 230 could siPRl(e be a commonly avail abl e

proporti onal di ftheyiEies af theptyiter@hit pinks 8p 2 signafwhichgs pmplified apdslltered
frequency fespgﬂé%ﬁelpé?sfs&?t&agﬁdsaidneéé%r di gﬁae(ﬁ@ tcfeglohﬁraﬁn Oope?%@“ect ed

with the actuator yieldt onpens open requency
response as shaoxincli detédtGils. setvo ¢diles pnébetputsca BRS dlait e idpresehtatiopefitheoop 0- dB

crossover req C controller 210 .and 0 are intended to

Spor ot kel y  CHECragsBeog e ey dosauBR G 3 iy s d b HrEe oG of: e
act uat or perfortmaneﬁ AlhSORAR RAdexaisbRy o BR §fr@s‘i§tf%' datiCer QfgikddT1 and
LUT2 are shown in FIG6 and FIG 7. In FIG6, the small signal gain is

i ntentional | y magoetedesigiiviehdead owhichl logtputs (2 i Bpnpliear e$1g@ait iand fagr al ar ge
error signals. 10 ElG [, }s 110 ra{ ?or tﬁfq;fi%()dgnq&,uil?tgrd?oa) r%F %PIIItP(HF ?g tt hat the

conpensat or Zlﬁonseqlé?nfce I've ude e °When the
error signal amﬂlmdewdmljoﬁeﬂtgﬂgepmtvhﬁ geﬁﬁeaﬁgedﬁEs he controller 210 will be

reduced because of the capping effect of 220. Here o
20 The linearised PES signal is passed via an analogue to digital
converter 110 to a servo control circuit 120 which calculates, in a digital
format, the control signal required to move the head from its current position
to its target position. This control signal is converted back into an analogue
drive signal by a digital to analogue converter 130 and output to a VCM
25 driving circuit 140.

The servo control circuit 120 is typically implemented in a digital
signal processor (DSP), or a micro-controller, or in the form of digital infinite
impulse response (IIR) filter. The control circuit 120 embodies various
correction functions to deal with disturbances such as windage, disk

30 fluttering, amplifier noise, external vibration, and measurement noise.

Normally, the error rejection transfer function (or sensitivity transfer function)



the LUTs can be inplenented in the firmvare of the digital signal
processor, (DSP) or the mcro-controller. Alternatively, hardware

i npl enentation is also possible. The key point of this enbodinent is the
use of the non-linear LUTs to 5 determ ne which linear controller is to
have a greater influence on the overall response to an input signal. As
such, the LUTs in FIGS 6 and 7 were tuned by trial and error in such a way
that when the error signal is large, the D controller 230 will exert a
greater influence on the over aII out put performance. Conversely, when the
error is small plD contr er. .2 gre nthe
overal | out put alpégﬁeocosnép ema%’ némé’g)tgetrra\'}%%r %LWSE\O%P&%CGCOQ%FWC aCULIi 240 (FIG

6) will cause tdie chieN8Br satadd BY [thé s&30 deonnectedrdvidd desired Bsth®sgce
responsive to error SI%I’I&H s smaller than 1, whilst LUT 220 (FIG7) wll

result in a | edgepliusMdiojss atiepeioncapatibilitser for error signals |arger than
1. In doing so, the g 1‘1508%5%1 gg{e%i)lo\éﬁsdlgéa%%oégnfeéﬁoq%% ﬁ\’lgrl%{v%e gain

15 and steady state tracking accuracy can be al ned. aring
proposed non- | ispseam shomtnr ol F];@s]taemHewltlmdmy\mmiat lof rthé lactuaat dsdmisly -NPI D, as

represented by FIG 3, wt pure PD control]er and PID controller, the
fol | owi ng resulfduding ﬂtf‘evgh/i Ahe, BEHUTIGF aT5R BHSTSIERor by arppanbp skidesony -

PDPI DNPI DCr oss ERHR ( 20 i

(dB) 10. 210. 1- Proch E{ar gi nfl%égglé%%%g ait ﬁ%gé}t%agfwg{a&éé“%%d PR uin,
K=0. 8- - 2. 5PES avshlch wn&ampreb’eﬂed-@t@@&ﬁﬂﬂwnon or gtateispaceindde??2. 48PES 36, in p

in K=1.42.49 2: . POP| d/
Is;] 2100420679- Gai n N&?’ESH“R‘%%}V? ’ch@:‘bg ‘E‘rec{?@gfc %‘l‘gfr%“qﬂésl@als in p,
i n2.512. 44}y PES 388, represdhtédas ﬁmtgf'lg()?’"ﬁﬁ)gg(ﬁ@ drivnng%ur'ré’ht sHtotation- ARAES 3a, in

uin, K=1.4--2.30 As can be seen fromthese tables, the tracking
per f or mance neélglllteéqu}SagPEEpIﬂa torthe drivam ireyit iSsamE@lea)edc@na beturartrpnoved by
anot | ment

means of t hll f] ?ﬁ&%ofﬁ)dm The arlg'%l% dlsturgglgcregglei\lscl lns%}}%{ ﬁ%(%mp gbﬁﬁplﬂ%tﬁﬁl& s 280,

i nventi on. IS e di neén € 'sys S

290 and 300 whirgdout RRIOH mmhemeeﬁeadablmndiogt KNRR@)Q]riﬁHh@rs@ﬁ@ﬁm?Sareor in
the form of hardware dlgﬁtal IR filters using bit-arithnetic OIn this
embodi nent, t hdurARRsl togalsr ag @Tdme xgrien 430.s PIQipe ipresrtgiy thegservo loop is

15 lumped together as noise data, and is shown as another time series 180. The
digital servo control circuit 120 has two parts, a filter 190 which deals with
the flexible modes of the actuator and a basic feedback control section 200.

Generally speaking, the basic feedback control section 200 provides

some sort of proportional-integral-differential (PID) action whereas the filter
20 is typically a kind of notch filter that functions to suppress the actuator
flexible mode (i.e. the resonant mode of the actuator).

The servo system is fed by a reference drive command 205, and this
will typically be a step signal with an amplitude that varies in dependence on
the numbers of tracks the R/W head is to be moved. As an alternative, the

25 drive command could be a smoothed version of a step signal. In either event
it is usual for the drive command to be pre-calculated and stored as a series of
values in a look-up table (LUT).

FIG 3 illustrates one embodiment of a controller in accordance with
the invention. In general terms, the controller of this embodiment comprises

30 two normal linear controllers each in cascade with a non-linear look-up table,

one controller/LUT pair being provided for operations with larger error signal



have been nmerged with the digital to anal ogue converter 270 (see FIG 3) to
formtwo non-linear DACs 310, 320. The outputs of the non-linear DACs 310
and 320 are added together by an operational anplifier 330. In a

nodi fication of this enbodinent, the non-linear DACs 310 and 320 (as 15
shown in detail in FIG 11 ) and the adder (operational anplifier 330)
could be integrated in one nodule as a stand alone integrated circuit (1C,
or part of an IC that conbines nore of the functions of the system As a
further alternative, the DACs 310, 320 could be configured as showmn in FIG
12 with nore th\gue%ngn({]ﬁl%'oﬁflarconﬁgﬁgﬁLUﬁ“rb%ll%r%hx%vﬁfed%f &Qckafo?oagn dded to
one anot her. ows one exanpl e such arrangemnent tile
non-|inear DAC dpmsationd wikhsinstiler efrardiig@ras valuesl3 Referring now to FI G 10, a

nor mal known DAC enpl oys a | atch 340 to receive tain data, and a
resistor network 3500 ﬁﬁf Fabpsimers then 8eGoae oG] P@ ‘gldp eRE t PUAPEE Y an

input signal. AgS] H‘Q{%H fOfIBONN) édhtltohl%r 813 in éﬂ@ad@"wlﬂpﬁ nﬁ{?llﬁm@ﬂﬁfﬂrjg%Zggf the

circuit is proportional to an mbit input digital signa

written as5f ol |'Dvis seopad cofiioell@LUT pair wezkinZparallel with a-figh eorrqlle)/Ly¥lef where
b,, i=1, 2, . .m.equal s either r 1. bl being, the nificant bit
Y0’ (VoB) and briAeltg tomeristnaccoeny it FignphigS tesgfod Gt Fefepie nout

signal . In contgepgimhstelifingin¥IAWAsANE MHUUNBIMer néh-NRdkr IIUE240. IAe LUTS
incorporates a different set of wei ghting resistors. Referring nowto FIG

11, the non-| i n2&randRA0360designeddi Rhardior ways Witharaluga bgisg chpean texgavepl e, | f

T e R B A bl T e S

is a bl ockodi agram oAn @rideRcdlingedit PR whith is WpuroBaihi Keatd inegbi aes. \Wen
two non-linear functions are conbined into one non-1linear DAC (as opposed
to providing tvsaligerbee0nkaying agalm oAl arenravided o fige ferdthg sontel sunmed
by an operatio anplifier (as is required in the 20 enbodi nent shown in
FIG8). This is aavant ageous as it allows for the nunber of conponents in
the systemto be redutadyantapd dfaehsearfanperhée isylsatem LU The20@d0fcaatalsoed nor e

cheaply. FIG9 is a schemati c representatio ck ]‘or of .a nt r ol
system that enediped éP@l%ﬁ@?fé o mqmee%nwg%#?ﬂ% Ingagtie 7 {pasion & bty yet

anot her epbodi Mgnhe PERAWR-liddafity@libladioR Tinctibh -and tHé)DU’I'sréﬁﬁ'befﬁ?é?%écPﬂo' er is
used to generate a position reference trajectory for the closedfoop servo

to foll ow Refdommgweo FUTs. A8 antmnmdm -thé¢ rwentroldern2 iokowd simplyr bs@nt ed by

bl ock 370) generat es.a cornrnecti on n tur ed by a
control Iim tercodBeniaya ﬁl%bﬁ%é’r%‘?o 111?tﬁ$r\f§£flﬁ%§?%8le Ca?tfcflgef e(lﬁﬂ)i B 30 the
actual cl osed- |{ROREAHNEOLIG doARS slrhsly ERRRl Godfidntly @b@labll pisoeidnapr of i | es
to be generat e% The correction signal is anplified and integrated by a

di gi taI i nt egr atiferentyd (PPheomstallst of the integrator (the "integrator
value”) rgpresents the vehfGi s kALY resBbibel BeSnd totdilersS atEgt € 1

its value exceeds the
controllers, when connected with the actuator model, would yield the

compensated open-loop frequency response as shown in FIG 5. In the

preferred embodiment, the open loop 0-dB crossover frequency for controller

210 and 230 are intended to be approximately the same so that there is no
25 extra requirement on the actuator performance.

Also as an example, the characteristics of LUT1 and LUT2 are shown
in FIG 6 and FIG 7. In FIG 6, the small signal gain is intentionally reduced so
that controller 230 is only effective for large error signals. In FIG 7, the error
signal amplitude is clipped so that the compensator 210 is effective for small

30 amplitude error signals. When the error signal amplitude is large, the effect of

the controller 210 will be reduced because of the capping effect of 220. Here



14 maxi mum al | owabl e vel ocity. The anplification gains kv and ky are
determ ned by the gain of the actuator nodel (typically in the formof b,s’

+ b~s~-' + ~~~+ b, ~when it is approximated by a doubl e integrator
nodel s~ +gZS"'-~ +...+b" k sz . _ S In this enbodinment, all the
non-linear functions are inplenmented in software although sone non-1linear
sections could instead be inplenented as hardware. . For exanple, the

non-linear correction function could co Ei se the LUT-Ilinear control
conbi nati on described previously. Alternatively, the nonlinear correction

function could be provided by any other type of the non 10 |i near
control l er. Thethi-‘;éﬁ%iCtay%gil@ﬁéﬁme@éﬁdplatth@nmérqqﬁteafie&*takwggalrﬂy?wiﬂri ed by

mul tiplier 400 yy .oﬁ{l%irﬂﬁ%—c%trcﬁiep.%'fe N&ch/, hmmr@gﬁgg%gagu@n [ehi@f i onal

operator 410, and is turther anplified and I'ntegrate Iscrete-tine
i ntegrator 420 gosfiblee bei ng output as a position reference signal 430. 1 S

The position referenge signal 0 is fed back to an.adder 440 i.ch outputs
{he G111 erence bet wellt RGeS LS pRF BB Eens Pashoh B& AE4ACa UL Phead
posi tion signalefepRiddWhich tiABieloRtroll&las @ hidta Sleafeh REAGS ot 3 dverdied to
bl eck 460, and bl ock 460 generates the absol-ute value of the difference.

The rel ati onal regpensgt orandnputsigmphr Assuchethg 36T Und 108 6umd §f weta durRd by
difference with. redet er.m ned val u utput by bl ock 470, and_outputs a
eror 11 the. drift BREAERT L Pt gePy ol VRY peederominill oBRLAR BN o
"one" if the didhesrace3Ds wilrakk&t 4 hgRawf R@Uahce tod tthe w&ﬁet@itgmned
value. I n other words, when the absolute value of the difference between

the position rafsfoanascestamersehndvhendhaereras spalli the FiDsentrperd W widlad i s
output a Yoro it £ HEIE T Bt RRphie? ACEE) sORELRNA A hu s
the reference FIGs 6 and 7, LUT 240 (FIG 6) will cause the linear controller 230 connected
to it to be less responsive to error signals smaller than 1, whilst LUT 220
(FIG 7) will result in a less responsive linear controller for error signals larger
than +1. In doing so, the twin control objectives of low frequency control gain
15 and steady state tracking accuracy can be attained.
Comparing the proposed non-linear control system, which we call
nonlinear PID or NPID, as represented by FIG 3, with the pure PD controller

and PID controller, the following results can be obtained for an HDD servo

system:
20 Case 1:
PD PID NPID

Crossover frequency (rad/s) | 20212 19948 -
Gain Margin (dB) 10.2 10.1 -
Phase Margin (°) 59 52 -
PES 30, in p in 2.82 2.88 -
PES 30, in p in, K=0.8 - - 2.5
PES 30, in p in, K=1 - - 249
PES 30, in p in, K=1.2 248
PES 30, in p in, K=1.4 2.49




trajectory, and hence output of the position reference signal wll freeze.
FIG 14 illustrates a servo systemthat conbines the trajectory generator
shown in FIG 13 with the control systemshown in FIG8 to forma 15 servo
systemwi th a soft reference signal generator. Due to the use of the above
descri bed reference signal generator, the reference signal is snoother than
the step change previously used and as a consequence it is less likely that
t he actuator resonant node will be exciteg. As an alternative to the 5
arrangenment shown in FIG 14, the trajectory generator of FIG 13 coul d of
course be conbi ned vwijh,the control systemof FIG3 or FIG9. FIG 15 is a
schematic representation of an illustrative conputing resource 480 in which
the invention finds utility. The resolipge 480 compipses a cemNpPEd
processing unit (CPU), a nenory 490, a hard discldrive 500, |a visual 10
di splay unit (YDdpssmi@r freqenboaad/52021@0Hd - i n|RO6E prefenred enbodi nment
a communi cations_—port 530__coupled tola conmmunications channel 540 (sugh as
an | SDN |ink). fhe@ém@%@méﬁﬁb are |nt37@onnected vi%a a conventional bus

structure (nOt ??lﬁw WAL bard—d+se—+ 5060 |||CG‘FpGr'1tC atty of—t he
control l ers hef éf'A54d &EESFb@ 15 It i S%Z be unde48§ood t hat "even t hough

numer ous char ag Y dnu advant age variou nbodientsof —the
present met hod F%\Sé%béeﬁ set forth in ?Ri f or egoi Zé‘%descri pfion, together
with details of pEag i§Ukalg on and[function of _various efpogdi NENTS f
the nethod, this glséﬁggure is illustrative only| and chang¢S nay be made

in detail, espepEgldoyin[liApKEers of structure, 20.arrangenenp,3sand
paraneters of LUTs. and the nunber of|{bits and different coz‘rbi nation off the

resi stor val uesPES Johén pan;Kehdar DAC - and nunber -of |inear | @®@pensat ons
and the nunber lof L UTs without departing fromthe scope andlspirit of the

i nvention. For exanple dependi ng on the servo bandw dth and access speed
25 requiremnents, ead/ e a
secondary stage’ act (S B ehanhaiest UB"R ks ARG Y
arrangenent theyVeEEWSe | @.toravdllde it dfettedacae bedingsrenéd ofy teandedcthisand t he
secondary stage actuator would provide for fine positioning of the head. In
such an arﬁangéﬁﬁﬁ@"%%%-controllers) of the various enbodi nents descri bed

above 30 wi |l have tgscal a ig jor the
VCM and t he secondagﬁ s?aﬁgkg%fﬂg@%@w}Qﬁ%%@gﬁéﬁ'?yt%fgﬁ%@lfé ??t

act uat or cont r @hlbedinfiemt, the dyslematbm\pasestﬂhfeeaabhtranm 280n290ande30cwhiehi si ng: 5
a plurality of control  devices, ﬁh copntrol device being configured to

i npl ement a pr &8@ srlwﬂ?@aﬁnfqdawsf%l&t UL PEIGESSAE- BBIR e hapdwarg an

i nput signal tQisRdiRyfeas Gsih gggnghgggl in accordance with said transfer
function to generate an output signal; weighting | ogic operable to weight
sai d contt®l devi cedn ¢s evdpdiatent, dhs norttineard GFs 220, 246showolin Fegureds has a
g;\e/ ?Eg; efa:;gct h3ve ggenl 0 rugted %‘Illglnf:ﬁe dlgl%laﬁl & 1:’élnallggauset co%r\]/grté)rt %r (sgef FIG ﬂ tgont rol

form two non-linear DACs 310, 320. The outputs of the non-linear DACs
310 and 320 are added together by an operational amplifier 330. In a
modification of this embodiment, the non-linear DACs 310 and 320 (as
15 shown in detail in FIG. 11) and the adder (operational amplifier 330) could be
integrated in one module as a stand alone integrated circuit (IC), or part of an
IC that combines more of the functions of the system.
As a further alternative, the DACs 310, 320 could be configured as
shown in FIG 12 with more than one resister ladder, the outputs of which are
20 added to one another. FIG. 12 shows one example of such an arrangement

where the non-linear DAC has two resistor ladders.



a sumer for summ ng output signals fromsaid plurality of control devices
to generate a signal for use in the generation of a drive signal. 15 2. An
actuator controller according to Claim1, wherein each of said contro
devices are configured to inplenment a linear transfer function. 3. An
actuator controller according to Caim1l, wherein said weighting |ogic
conprises a plurality of conponents that are each configured to 20

i npl ement a non-linear transfer functiony;; 4. An actuator controller
according to Claim3, wherein each weighting |logic conponent is coupled to

a control device an ai d non-|linear transf functjons are ar dtob
conpl enent ar;I so thgf?ef‘%}lg Q?b'itf?gﬂ&i mnﬂ n%‘?néiﬁgpo‘ﬁu%%(?ﬁ@pﬁqys al?%ﬁg*g(aof !Onpﬁt
signal val ues g, sédetheWehdhtthindddtR9hed GOFERRIS NMetRbd 39V PhRdmeRtdsOihedeVi ce
has a greater effect on said input signal than at | east one other of said

wei ghti ng | ogi oewesppnemes taamphidy ph aput signaloAsdewetldgiows, indhe adt st or

control |l er accordi o Claim wher.ei.n _sai d.naon-1inear, .30 transfer
functions are PH&?PE%@&?%CI \?93 Olfég‘%-ctf u'fé%lpéospomorfj; Uy 20N l%llgtuﬁpéjttocﬁglé ntroll er
according to Clsi%'hgm, énd MBEbEWritRAiag fdlMs: Up tables are inplemented in a
digital signal processor. 7. An actuator controller according to CaimS5,
wherein said | ook-up 5 tabl Bs=4b@ i pjenent ed,2n X g cro-controller. 8. An

actuator contrgller,accorgin ' ef al ' - | es are
i mpl ement ed aswglgfet b’b? g’ %lglg'f %ﬁuat%og{éﬂr?&%o%%\{el’ é:’g[%lé\;/heé F}fgﬁnl)sﬁg%'%cﬁ%?g%t uat or
control | erp acc@vsBy@nd b, btiag ihebleastbighifidanshsit (LIB)disr apmtlsibingst sigreal.conf i gur ed
to linearize a position error_signal. 10. An actuator ac 8r,di ng to Caiml,
wherei n sai d transf & coniiRst fodhis kownparaneegento? B%%@F@g?‘g JBERYEeSt error

andy or noi se | 8 airehn Qs Weibhfing rbRistbls. RERARIURNOL0 FIRNT,he fifn Aifleat! 21 e

d
in daim1l, wherein sal r conprises an operational amplifier. 12. An
act uat or cont r DA@B6DHarsen diffgentdresiseer viahes.alceruentanple afitRieRk er 4RO and

conti gured o RepCrbsn 08 TorLeebi MR Trane SRR ol Rekand orng . |
responsi vig t 0 @R=0 SRUhes HBNTHEB WRighfIVbesatgdri nput signal in accordance
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FIG 12 is a block diagram of a non-linear DAC with two non-linear
functions. When two non-linear functions are combined into one non-linear
DAC (as opposed to providing two separate non-linear DACs), the outputs
need not be summed by an operational amplifier (as is required in the
20 embodiment shown in FIG 8). This is advantageous as it allows for the
number of components in the system to be reduced, and hence for the system
to be manufactured more cheaply. FIG 9 is a schematic representation in
block form of a control system that employs a single DAC with two non-
linear functions.
25 In yet another embodiment (shown in FIGs. 13 and 14), a non-linear
controller is used to generate a position reference trajectory for the closed—
loop servo to follow. Referring to FIG. 13, the non-linear controller
(represented by block 370) generates a correction signal, which is in turn
limited by a control limiter 380. The range of the limiter can be different from
30 the actual closed-loop control allows (to enable additional different profiles to
be generated). The correction signal is amplified and integrated by a digital
integrator 390. The output of the integrator (the “integrator value”) represents

the velocity trajectory, and thus it will saturate if its value exceeds the



function to generate an output signal; 25 first and second wei ghting | ogic
conponents coupled to said first and second control devices respectively,
said | ogi c conponents being operable to weight said control devices so that
one of said first and second control devices has a greater effect on an

i nput signal than one other of said first and second control devices; and
30 an adder for summ ng output signals fromsaid first and second control
devices to generate a signal for use in the generation of a drive signal
18 13 An actuator controller according to Caim12, wherein said first and
second contr ol i C ig i 3 | ) ansf er
function. 5 14}g§%h§§f§g%§?§%og?§gﬂferw@%%gﬁgﬁkgné% 5i%¥1§?ﬁaﬁé%%ﬁn sai d
first and secontttemmedoby déyigaes ofoifiprdcaet@ prodplo(typioaldy -idli thé ebant ofal
controller, and a[proggrtio;al-integral-differential controller. 10 15. An
actuator controbkerbaCceordirg. to Cl.aim 12, .wherein said first and second
el Gt g 1 001 C.QUReRanL S, A & BSLIL EaRPIOGUN AR BY 4 FbsiieiionerE,
transfer functions. 16. An dctuator controller according to Claim12,
wherein said figst and 15 second control devices conprise | ook-up tables.
17. An actuator—xontroller accordi-ng to Caim 16, wherein said |ook-up
tabl es are inpl%nented in a digital signal processor. 20 18. An actuator
control | er5accor di ndntthisGmabodirhént, sl ehenondiacal fuactionsart abkmeated in

i npl emented in a_mcraqo-controller. 19. An _actuator congroller according to
Clai m 16, wher éPRWaLs #ithoygh sepe napilinsarasegtipnatodtfbinsiead §€ ipalemegiedzasyi git al

to anal ogue COMERKEE. FafenldMARKMAIAL o6oRHARIAERkTRGHLOuE 2 m 16

wherein said | 0o es are configured to l1nearize a position error
signal. 21. An IldéT-liacarcontrok comibirationateperiteidpgevi@Bly.i AB¢rnatinetly abonch-| ook- up
tables configured to inplenent. diff nt bu nmpl enent ary non-1i near
ranster funct 6, SuiEHoBAIESLed Sk e prodnE ey any oiter e of the noiv

10 linear controller.

The velocity signal output by the integrator is multiplied by multiplier
400 with a signal of either one or zero output by a relational operator 410, and
is further amplified and integrated by a discrete-time integrator 420 before
being output as a position reference signal 430.

15 The position reference signal 430 is fed back to an adder 440 which
outputs the difference between the position reference signal and an actual
head position signal 450 input thereto. The output of the adder 440 is fed to
block 460, and block 460 generates the absolute value of the difference.

The relational operator 410 compares the absolute value of the

20 difference with a predetermined value output by block 470, and outputs a
“zero” if the difference is larger than the predetermined value, and a “one” if
the difference is smaller than or equals to the predetermined value.

In other words, when the absolute value of the difference between the
position reference signal and the actual position of the R/W head is bigger

25 than the pre-determined value, the relational operator 410 will output a zero
which will null the input to the integrator 420 that outputs the reference
trajectory, and hence output of the position reference signal will freeze.

FIG 14 illustrates a servo system that combines the trajectory

generator shown in FIG 13 with the control system shown in FIG 8 to form a



19 being operable in response to an input signal to nodify said input
signal in accordance with said transfer function to generate an out put
signal; first and second control devices coupled to said first and second
| ookup tabl es respectively, said first and second control devices being
configured 5 to inplement a linear transfer function and being responsive
to signals input fromsaid first and second | ook-up tables respectively to
nodi fy said signals in accordance with sgkd transfer function to generate
an out put signal; and nmeans for sunmng said first and second contr ol
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drive signal. 1 uator control accordi'ng im erein
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resistors, wherern at least some of said tedrstors have a differen
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having a first end and a second end; a head assenbly nounted on said first
end of said ar rfongallers hetsh desedbast v conpri sing one or nore read and/ or

1115 e oper a9 el L U SO Lo JARS BRES
sai d actuator adearitages pif watioysodniadiraerts of the present method have been set forth
in the foregoing description, together with details of the configuration and
function of various embodiments of the method, this disclosure is illustrative
only, and changes may be made in detail, especially in matters of structure,
20 arrangement, and parameters of LUTs, and the number of bits and different
combination of the resistor values in the non-linear DAC, and number of
linear compensators and the number of LUTSs, without departing from the
scope and spirit of the invention.
For example, depending on the servo bandwidth and access speed
25 requirements, it is possible that the read/write head may include a secondary
stage actuator on the end of the actuator arm. In such an arrangement the
VCM would provide for coarse movement of the head, and the secondary
stage actuator would provide for fine positioning of the head. In such an
arrangement the controller(s) of the various embodiments described above

30 will have to calculate both the necessary control signals for the VCM and the

secondary stage actuator.



an actuator controller as claimed in Caim1l, said actuator controller
bei ng operable to generate signals for use in the generation of drive
signal for operating said notor. 15 27. A conputer system conprising a
central processing unit, a display, and an input device for data input to
said central processing unit, wherein said central processing unit
conprises a hard disc drive according to Claim26. 20 28. A non-linear
trajectory generator conprising a non-lipgar controller as clained in Caim
1 for controlling a sinmulated version of an actuator. 29. A non-linear
trajectory gene\gvat or aceor ding to daim?28, further conprising a velocity
limter. 25 30. ¢ rajectory generator according to C aim 29,
further conprising a limter operable to restrict a difference between a
reference trajectory and a signal representing an actual actuator position.
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logic comprises a plurality of components that are each configured to

20 implement a non-linear transfer function.

4. An actuator controller according to Claim 3, wherein each weighting
logic component is coupled to a control device and said non-linear transfer
functions are arranged to be complementary so that for a given input signal
25 value of a range of input signal values a said weighting logic component and
coupled control device has a greater effect on said input signal than at least

one other of said weighting logic components and coupled control devices.

5. An actuator controller according to Claim 4, wherein said non-linear

30 transfer functions are implemented as look-up tables.
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5 tables are 1mplemented in a micro- controller.

8. An actuator controller according to Claim 5, wherein said look-up

tables are implemented as part of a digital to analogue converter.

10 9. An actuator controller according to Claim 5, wherein said look-up

tables are configured to linearize a position error signal.

10.  An actuator according to Claim 1, wherein said transfer functions are
adapted to compensate sources of error and/or noise in said disc drive.

15
11. An actuator controller as claimed in Claim 1, wherein said summer

comprises an operational amplifier.

12. An actuator controller for a disc drive, the actuator controller

20 comprising:

first and second control devices, each control device being configured
to implement a predetermined transfer function and being responsive to an
input signal to modify said input signal in accordance with said transfer
function to generate an output signal;

25 first and second weighting logic components coupled to said first and
second control devices respectively, said logic components being operable to
weight said control devices so that one of said first and second control devices
has a greater effect on an input signal than one other of said first and second
control devices; and

30 an adder for summing output signals from said first and second control

devices to generate a signal for use in the generation of a drive signal.
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16.  An actuator controller according to Claim 12, wherein said first and

15 second control devices comprise look-up tables.

17.  An actuator controller according to Claim 16, wherein said look-up

tables are implemented in a digital signal processor.

20 18.  An actuator controller according to Claim 16, wherein said look-up

tables are implemented in a micro-controller.

19.  An actuator controller according to Claim 16, wherein said look-up

tables are implemented as part of a digital to analogue converter.

25
20.  An actuator controller according to Claim 16, wherein said look-up
tables are configured to linearize a position error signal.
21. An actuator controller comprising:

30 first and second look-up tables configured to implement different but

complementary non-linear transfer functions, each of said look-up tables
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24, A digital to analogue converter according to Claim 23, comprising
first and second resistor ladders each comprised of a plurality of resistors,
wherein said resistors of said first ladder have resistances that provide a first

25 non-linear relationship between digital signals input to said converter and

analogue signals output from said converter, and wherein said resistors of said
second ladder have resistances that provide a second non-linear relationship
between digital signals tnput to said converter and analogue signals output
from said converter.

30
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10 a motor for driving said second end of said arm to rotate said actuator

about a pivot point; and
an actuator controller as claimed in Claim 1, said actuator controller

being operable to generate signals for use in the generation of drive signal for
operating said motor.

15
27. A computer system comprising a central processing unit, a display,
and an input device for data input to said central processing unit, wherein said

central processing unit comprises a hard disc drive according to Claim 26.

20 28. A non-linear trajectory generator comprising a non-linear controller as

claimed in Claim 1 for controlling a simulated version of an actuator.

29. A non-linear trajectory generator according to Claim 28, further
comprising a velocity limiter.

25
30. A non-linear trajectory generator according to Claim 29, further
comprising a limiter operable to restrict a difference between a reference

trajectory and a signal representing an actual actuator position.



