28 March 2007 1 ACTUATOR CONTROLLER FIELD OF THE | NVENTI ON FWearé Y@yt | on
relates to actuator controllers. Particularly preferred 5 enbodi nents of
the invention relate to actuator controllers for data storage devices,
such as hard disk drives (HDDs) for exanple. BACKGROUND OF THE | NVENTI ON
Fig. 1 is anillustrative representation of a typical hard disc drive

(HDD) 10 shown in an exploded form As shown, the drive conprises a 10
read/ wite (R'W head 20 for reading datalfromor witing data to a platter
30 (made, for exanple, of aluminium or alumniumalloy, or glass) that has

a data-recording surface (sygé al‘!f)%@?(ﬁl\f’lm RC dat a-recordi ng
er

surface) fornmed thereon. Thé pla 1§ nounted on a spindle 40 and is
rotatable by a spindle notor (not shown). 15 The RRWhead is carried on a
slider 50 that is connected to one end of an actuator arm 60, and the
other end of the ar nFIIﬁJWTétFaBIV?ZNfF&Mt ed on a pivot pin 70. A drive

rechan sm (1 nd] cat GG 2k S, SR SHTRD PRV bR e

and forth gcrosembédimetisioaaahe divehtion pélatt toractidhr Woatrpdd ifotiiakh stihgee shown
in Fig. 1 includes a nunber of data storage nedia, or platters as they are
nore comonly kHEes, %‘Ph&ﬁ@@édﬁliélfb’ﬁS{%BDé}fOfﬁhﬁnlﬂ?her in a stack. For ease -

of explanation, the f;?b{(ﬁ @g)gﬁ%%'m% ol refer toa HOD with a
It's

single platter, but not ed at the scope of the invention is
not limted to such Big. ar'rsaﬁgdmﬁhtlv&!ﬁeﬂaaaeatatlsn Sif ar q@mmm Hal® didcadiiver i n

i ndi vi dual data hat are _arranged i.n gener concentric tracks
on the disc sur@’géé? 15 N Aygefio od h&S . P‘é{n’cﬁﬁs%é‘fesc%ff‘%"lses a
intersperggd W fchasgry m@@ﬂ%ﬁd%'ﬁhrﬁaﬁgrﬁ&%&%r wing cfa{hetodd]?ﬁtt&;[b’ot he time

of its manufacture, and in sonme ol der drives a separate plat
reserved excl usﬁm@leyfdr(ﬁxamebvof@bmgluﬂm aemingure adley, ar glag) thadusky t he

R'Whead as it &z{tg}-\r/&orsdn?gc Gt O%acet(gl?chsaltjsrgl AG5 fﬁm rthane 1|c Sd‘éta—r%cgrdmg surface)
formed thereon. The platter 30 is mounted on a spindle 40 and is rotatable by
a spindle motor {not shown).
15 - The R/W head is cartied on a slider 50 that is connected to one end of
an actuator arm 60, and the other end of the arm is rotatably mounted on a
pivot pin 70. A drive mechanism (indicated generally by reference numeral
80) provides a torque for rotating the actuator about its pivot to move the head
radially back and forth across the surface of the platter.

20 The particular drive shown in Fig. 1 includes a number of data storage

P

media, or platters as they are more commonly known, arranged one on top of
the other in a stack. For ease of explanation, the following description will
refer to a HDD with a single platter, but it should be noted that the scope of
the invention is not limited to such an arrangement.

25 Data is stored on the platter in individual data clusters that are
arranged in generally concentric tracks on the disc surface. In most modern
HDDs the data clusters are interspersed with servo codes which are recorded
onto the disc at the time of its manufacture, and in some older drives a
separate platter is reserved exclusively for servo codes. The servo codes are

30 read by the R/W head as it travels across the surface of the disk, and are

interpreted to provide a control mechanism (indicated generally as printed



interpreted to provide a control mechani sm (indi cated gener al 3g/vascppogt ed
28 March 2007 2 circuit board (PCB) 90, and associated with the
aforenentioned drive nmnechanism wth an indication of the position of the
head over the surface of the disk. In nost conputer systens the HDD is the
mai n data storage device, 5 and as such the performance of the HDD tends
to have a significant inpact upon the performance of the conputer system
as a whole. As a consequence, it is desi2zable to design the HDD so that it
operates as quickly as possible. To this end it is desirable to provide a

system whi ch iscgame btoErdt BEIS) W, Cil Y abQchiedd D (RE HienRhtiGRAt @five ON a

disk (a so called "seek” operation), as well as 10 being able to accurately
foll ow a gi ven cmnbendm) with padkdi¢aiosef el pasdiont ofabk headoper sld smface ahy gi ven
read or wite operation typically requires the HDD to perform both a seek
operation (to $he R/'Whead to the position on the disk where data is

stored) and a track @pgfsat &&g‘gﬁtépsgfs%ﬁ QHHDDGs GRNERH 8at@fstorffRedeRicelTOr €

clusters where data 1s stored). 15 A problem facing the designer of a HDD
is that thé drieed aghimhabe gerfotmanse fogithe HO: tande e fieyon signtfiqagt knpaghd
"seek" operations are rkedly . different tq one anot.her. For ex le, in a
"seek" operati oPth epﬁlggran%&%‘%heocoggauﬁ%%gelg P& (?Is’/‘etAﬁ %Cgpﬁe ugrlms%t ance
radi al |y over tgs gesirthBie@o Absigh e HIDD\ i i0scbdtbs/asafuidkOsp as Pdssible) Ty der to
reduce the tinme required to get the 20 heads into the correct position for

data readi ng/ wr fhis el it indesinablgdr pepadeat pystem whishels aple toHeackaairkhe® to be
capabl e of follqQw i K t ‘ b z=Yol] o this
end the drive ngiyﬁgﬁfg%gg%g%ﬁ%%%@ea g{a}’lﬁa Fsgd%?lgd n‘%%/e%ngcq)t% Flaéﬁ%ﬂjé%g] @g\ﬁ y and

inj relati vidly sbeihf abapexentslaldllokhe givenl cencdredpimek (heo babd ‘ftrackitcur at e

alignment with the track. 25 A further problemresults fromihe fact that a
given read or wPPFAHONd, My giyeEn GﬁaFllort"VHF(S’HPrlaf}o? baisally rﬁ‘é‘flf?sziﬁ%ggﬁgcberati on

and a track Ope[Jé}If(.Srﬁf‘both%.@éefc %gér_aﬁ&? gtg(}ﬂ&feotlhe TN e8I RO pakiabn be te@pabl e

of controlling the drive nmechanism to nmove quickly fromone node to the

ot her. | n ot her disbredere 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 dnve
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.



usi ng parlance nore commonplace in the art - the "settling ti®Makth 2007 he
time 30 taken for the heads to settle froma seek operation into a track
operation) should be as small as possible. 28 March 2007 3 In sumary,
therefore, to provide a HDD with an acceptable | evel of perfornmance, the
drive nmechani sm 80 and associ ated control mechanism 90 nust be capabl e of
novi ng the heads in a first node where speed of novenent is paranount and
accuracy is less inportant, in a second npde 5 where speed is |ess

i nportant and accuracy is paranount, and be capable of swtching quickly

fromone node to theIg%&gﬁmnﬁgﬂ%%%ﬁghg§%§§¥%%pgﬂgﬁﬁﬂpgpggkg%$ﬁqﬂaﬁ%fdrive

mechani sm 80 conpri sés a VvoI‘¢ I's oper e to position
t he head over  t herfotuidnae ethefdrivhensthtutismsilofapessodaicd cotlitel metleaisaphd
actuat or and associ ated control nechani smare 10 _one exanple of what is
conmonl y cal | ed PHIst dey eapepler ahmgying the hgadss iqygy first mads Where ieeet of- is a

type of el osed. LaRRuAeIORHn AL A adiiFcR e 4R RS AR LPLITOGH hifeoer VO

system shoul d be capa accurately positioni even I n the
presence of5 anondletcespeed i< kangmsortanh atdecalixly id pataaiowet lraditemapshic lof as
changes induced.bﬁ tenperature 15 fIHctug%iﬁgf%ggr.anonalies i ntroduced by
ext ernal vi br at FBHEYNS grickly T£9m AR Eodg fo G OMe 488 V3YSF¥sul t from probl ens

with the actuator, the i Adi&n BIDDHL)ehe divtknednhflinBRMIoA R8s a hoRELHE! f ect
circularity in the tracks, and from variations of the read back signal

(the so-cal | ed pdsitor dimtds roperablegivapositkESihe headeavet dhe sudaltzack theodatr ol . 20
Typi cal |y, nost previousl y..pr oposed, cant.r ol st ens . have .enmplaoyed _|i near
control I ers 1 or SPrpcuisthi-ophs SPR e Aetiaabind fReclied SRyl EHEFR arg o )

oper ati onsty For ofxefathsle oftwiaess @irevibalySdallcdaarl SPRELehich P well a
non-linear control that provides a fast nove w thout causing excessive
excitation of tkeownn heetativp ek clpsed-asadegdbagk systearr esonant node of the

actuator). Saturat edFSP QL LeBtabfHpd P nah PR TR O sy S AT ST BL YGhattE of

non-saturated contro
accurately positioning the head even in the presence of anomalies or changes

in the disk drive mechanism (such as changes induced by temperature

15 fluctuations, or anomalies introduced by external vibrations). These changes
or anomalies can result from problems with the actuator, the spindle or the
disk, from deviations from perfect circularity in the tracks, and from
variations of the read back signal (the so-called position error signal (PES))
used for feedback control.

20 - Typically, most previously proposed control systems have employed
linear controllers for tracking operations and non-linear controllers for seek
operations.

For example, it has previously been proposed to provide a non-linear
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



current is typically enployed, in dependence upon the |ength g dieh 3OYE
and how fast a nove is desired. One exanple of a such a previously :
proposed control is the so-called bang-bang control described in the
~article by HT Ho 30 entitled "Fast servo bang-bang seek control"” (see
Pages 4522-4527 of | EEE Transactions on Magnetics, Volunme: 33 Issue: 6,
Nov. 1997). Another 28 March 2007 it 4 exanple of a snoothed version of
bang- bang control is described in United 4States Patent No. 4,783,705 (to
Moon et al). Another previously proposed exanple of a linear controller

i ncl udes both L 0k tical o 5 : : i ng
controller (see g é\h%‘f%ﬁt}?ﬁﬂé&%&&@ﬁ@i%ﬁ g%it}él%r%tﬁgﬁs aee&tr?tEl ?ﬁ(é‘g%kgw
node- swi t chi ng ScatdsrRaltent dio. #5383,805 ¢anViooh eaddl i ts application to disk

drives: design of optiml node- switching conditjons,"” (Pages 202-209 of -
Vechat T oni oo | CEE) ASUBTOT PEFYLAED, BBOSH CIBP et Saieqiot o 018 feridEBos)
The 1VC, typicablyy £631180¢5ue dshPéhshioP FAFCLCRIA 4 Rhck RABHIng OfltRlet Reteduce

the settling time by conpensating 10 ?%i the non-zero initial states
i nduced by 5a sed#ic gpeledini dnYamagudiar eipalevniie] YApnogosedchingctnteadnior ol | er

conprises a proportional-in ral-differeptial. (PID). contraller i

combi nat 1 on v 1 AegonBAReneH 67 <Pricling TR Bres gkeh oL Rt itk ni gher
order linear copfilthg cécnditRmeTbl(Badebe 262-D09 0BF T MdcRatrdnits! SIHEE/ASME equency
response 15 behavior. In general terns, it is desirable that the track

control | er has Erasactions e Yigluper Borreh Sepe Ai0P) iThe IVE) teigadlyglesignediear
zero, steady staf. r. ) r (o felchlon. :
relatively poor ﬁélg gl{a‘%lagem?%&n%%s ’r}gér?%gﬁ{o %ﬁ%%sdelgg?tgﬁjgat%%%tggmpé%ggﬁ%n to
di sturbanqes; arwd thdpomzdrasditisliseesvindicel ibltal seek opdratiqir. ef erably no -
overshoot. 20 Criteria (hfla) to (3). . can be acconp]ished by providing a high
gain linear integraf8Pheh PEYIQUSKE r Sroroyed e a6 getoREP!IF t ROBPEIEr Lhapi ng
of the servo lo SRR 5&}1@ roresiigh appiRaeh hee Qrigmkeid t 5 har der
to achi eve the ?%S?t alrI;1 |¥ﬁ1€rger ?o mar)lce cri terllha %‘P@hlare ]htllg%-speed
dynam c responseompensator for the actuator flexible mode. Many higher order linear

controllers resemble the PID controller in terms of frequency response

15 behavior. In general terms, it is desirable that the track controller has the
following performance criteria: (1) a zero, or near zero, steady state error; (2)
a robust reaction to friction; (3} a relatively poor response to measurement
noise; (4) a robust reaction to disturbances; and (5) a fast rise with little - or
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 misahignment, 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.



characteristics. Another problemis that neeting the third cr28 ®rqdreh 2egvds
to 25 require a relatively noderate servo |oop gain so that the servo
systemw || have relatively | ess response to the noise. As the design
criteria can tend to conflict with one another it is not wunconmon for

m sal i gnment, or del ayed alignnent, of the read/wite heads w th respect
to the tracks to occur, and this causes an increase in read/wite 30
errors and a slowdown in read or wite opérations. 28 March 2007 5
Non-linear controllers appear to offer a feasible alternative to |linear

controllers in that thRlighear BofdiRE:s HeBr tS efreP RIS afte@UAld APliRedrOr
tuning, and hence there is often a greater potential to provide a servo

control system contrdllepein bat there aemftenemos Kenpiramelgrs satiablel foetwinguch as
non-linear finite hqgulﬁe resgonse QFIR Ejl ers.dhave reviogsl been
proposed for us&$ ACKCIPEE IHPILE SRR LOPIRRIdE 4 SCRYP cantpd pysiem ~ (¢
Sepehri et al) Qiiﬁpﬁqupﬁerﬁ)rﬁgﬁbe_l i near proportional integral controller

t hat enploys a position error integral signal which includes a velocity
factor that®is basedNow-limege cpyiselisye sicht pe noo-livew findp iEmude msponse

non- |1 near  uncriR il RuRARLGOLE heLi@h SR RRIRRL £l adgduce over shoor

by further nodi I'on error nal i pendence upon whet her
the velocity and acc&lmedSiads Riternas$o.t3, 721,407(td Sepdhei Gampdistloseach nadn.
Stiction at deagdband areas i s avoided determining a stick induced

. b .
vel ocity error Qp%a?roa%mﬁ%dmﬁﬁah&flﬁ@ﬂ%m @nplgvggaqosmanerr@qmes@é. 15 A
probl em wi th thig,syghemiatig yé ggfg}c&i?ef {témhat Nahasdd otnc\ﬁ d@HU&t{\flél dShe

depends on velocrty, 1t is on Itable to systens ose velocity is
avai |l abl e Iér capoditorstromaided navdumeat BingtioDu Thisgedntreller scMdsomgperabdle ton a

o0 1L e oG Lonepll Mok Lha Sclugl o el ool AcuaLcLy and tfus
for a sinple yehp&f fiafeticy ahe ORidly! 8id faEelehit Qi RBitldAc aRPE! 3hd @Emef a
servo systemgiven the nechanical '|imtations of ‘the actuator. The present
i nvention provi digectignpre tistigropt dgadhasdi argas ke geoided by determining a stick

mduced 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 is attainable by using individual linear controllers on their

own.



ot her problens, and offers other advantages and/or alternati vesmMapch P07
prior art. 25 SUVWWARY OF THE | NVENTION I n accordance with an enbodi nent of
the invention, there is provided a controller having the features of Caim
1. In general terns, a preferred enbodinent of the invention uses
non-linear functions to conbine two or nore types of linear controllers to
provi de better transient and steady state 30 performance than is attainable
by using individual linear controllers ongtheir own. 28 March 2007 6 In a
particularly preferred enbodi nent, the non-linear section includes n

static functions (whey éhﬁulaﬁgg\“é}*ﬁ éhglﬁﬂo&?ﬁeﬁt'@ qﬁgxnﬁﬁe% tib Rfcniids t abl es

(LUTs) with the control “error e 1 nputs out puts are connected
to n usual Ilnaastatxccfmﬁdtmhk éwherefn Hi2f) fhi@ntangias impitracisted 2 bokuipstables er
different 5 anpllf¥|ng factors to errors of different anplitudes, Between
the points in tReUTDh hegenirol errasap eppwh aud the epuisars exnnectedits # UTs,

one to respond | f bl odfoRecsSb fitden WAk R8sOU AL 1ot 6AORTHEkA ar ger

error signals, are enplo Inear ‘controll er reacts to snall
error signals camphfyirg faonomaﬂo drraas f dtfffekdrmmmpgnﬂe:nthkzb@r thedpeings m3h¢ he

| i near controll hpf? | ar rror | naI I S g speglall for

| arge errors. 187 M Ipo Eﬁ]@ndf 8}??%3 ﬁ%ﬁ”}"? 6tHoaf [ Rlbe used
together with Eﬁ'@r ﬁgﬂdl@taﬁﬁ tﬂ@@ﬁﬂertt& résBEu'iH 15 mpg’erleh'a?% LR! queeé?ﬁlﬁo§€dal ectory
generator. In this casé a "soft" reference change |n§¥%ad of t'he abrupt

step change is ﬁbeéinearmontrhléerdh@fs@dcﬂs@@pmsvsnerrﬁlgamld can hgre homed track

controll er can ar.ran 5 f this ence change.. Because
Che 1 ef erence. s Raimaing oihatsf adiere fh etk endlec I81, 5B Faf, SRARS i

‘har noni cs,10t he a@g@a@pedzﬂ@qaamgeMS are less likely to be excited.
Furthernore, the soft reference signal can help to reduce the overshoot of

the closed-1oop feedbddikiondhit thy Prypesahmay-tirrsn contedilen gan detised fagetsnck
controller. 20 Jhg I 3608 hhYAM k¥ 205 8% Re [DRANLE RERLoH 8&terdi& hPW Ng

controller
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.



that can be easily be inplenented in a HDD that is designed tgg REVYEn 8007
traditional linear track following controller. In addition, it avoids the
difficulties encountered by conventional non-linear control designs that
requi re nmuch nore conputational power due to various non-linear 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. The%e and various other features as
wel | as advantages that characterize the present invention wll be

appar ent upon readi ngreitr DRSCRIBPIONDE BYE DEANEIS4 | ed description and revi ew
of the associated draw ngs. 28 March 2007 7 BRI EF DESCRI PTI ON OF THE

DRAW NGS FI G 1 is aF¥ehkisatschemitenyiow of apreiowlisppperedgtid®d HDD, FIG | a
is a block diagrami stragin onents of .the contro stem of the
HDD of FIG 1; 5 FI h; 1358 et T a%%‘&t‘il&s%artglékcc&?%cﬁ’re {%?éﬁ}ee%oé‘ﬁﬁoﬁ ng t he
HDD servo syst gymemh oFtHle HDDFGIG31;i s a schematic view of a non-linear
controller according to a, preferred enbodi nent of the invention; FIG 4
shows the Prequency FEIpbifseonsiol gysem inekdigrpnirgpresenting dshtiPH $asvo t hat
coul d be used igﬂﬁggogpﬂgﬁol systemdepicted in FIG 2 and FIG 3; FIG 5
illustrates the frequency tesponses of the PD and PID controller shown in
FIG 4 in cascade w FhG.ah iaatsulnaaticrdeel of aTh@stneurooasoldreadsmdmg toas t he

conpensat ed open-| oop frequency responses, or open-loop frequency 15
responses for sHGfEredmmeyodimenief tednvention} ystrate the rel ati onshi ps bet ween

input and output signRgl g {Rwstihe ks Hp rgg?bghgé shQWppl nd . Cp$ityhd G 8 i's
a bl ock diagram of anot her enbodi ment where a non-linear functioh Is
i.mpl ement d8 i n eondiodiet tiat ¢canldbahsedue theommgot srstegDdicted in FIG. 2 and FIG.
. 3
FIG. 5 illustrates the frequency responses of the PD and PID controller
shown in FIG. 4 in cascade with an actuator model. These curves are known
as the compensated open-loop frequency responses, or open-loop frequency
15 responses for short;
FIG. 6 and FIG. 7 illustrate the relationships between input and output
signals for the look-up tables shown in FIG. 3;
 FIG. 8 is a block diagram of another embodiment where a non-linear
function is implemented in a digital to analogue converter (DAC);
20 FIG. 9 is 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. &;
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 1s 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.



20 FIG 9 is a block diagram of another enbodi nent where two ﬂpmarulgggy
functions are inplenented in a single DAC, FIG 10 is part of a bl ock

di agram 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 diagramof the non-linear
DAC used in FIG9, with 25 the outputs sunmed using an operati onal
anplifier; FIG 13 is a schematic representation of a reference signal
generator enploying the non-linear contrgller shown in FIG 3; FIG 14 is
a schematic representation of a cl osed | oop servo system that enploys the
reference signal genegator %EFI G d either. of the non 30 |inear

f eedback control sys S U S(f]ﬂPT:lIogO WFEM YRS 15 is a

schematic represent atpi@n @f anfexpRIMRH Hhefs é&%@ﬁ@wgﬁabﬁ%ﬁrﬁﬁs dposBd BIDIA LED
DESCRI PTI ON OF PREFERRED EMBCDI MENT FG 1 is an expl ode per spective view

of a previouslylpr d@@b@‘dnHDDdISQdHVm@N@M numher ofi retatinig idisks Po ehighesse a
nunber of rotatin i,sks 30 pi ndl 40 a whi ch
Can be pot areq BiPhnitatos Snlal A R SmiOPHA B el 30 Biafie ot Bf

mount ed onsone engbigf an actuator arm 60, that can be rotated about a
pi vot point 70 by neans of a drive mechanism80 (typically a voice coil

nmotor (VCM)) under C(Tﬁﬁl%wb@adaz%tﬁﬂppmte%ﬁéW&ﬁl%%Of@B@ﬁﬁagﬁr@gnc@wﬁﬁkﬁents on

a PCB 90. 10 FI
2orrponents of t elbgoIJﬁ{ réglswr?g%% 1|V it @8{)‘7@‘5% g{e?[%oﬁg]é %v%&%fsﬁﬂgbww
head noves over (typhells drvoa@ecodll mbtve (MCM))amdsy) cortrabiof lescamprobngtlgamddm whi ch

is anplified and fil.tered, and theg 83‘ sed to a position error signal
(PES) denodul at F?fﬁp’éi‘l}‘%ﬁ?rpp‘i%ts%ﬁ B ects the servo codes and outputs a

PES that ifg represenigsi Y@llﬁ%tr&t@? 252 ﬁbéﬁ BlaGHnt, tH@%@nél%n@P&hﬁﬁ@hf

| ocation of the head, and the target location of the head he RFWhead is
usually a nagneﬁmqoatrphmawlenhaaﬂ) ohs megliomad abnagraettlmlf{églhgad mevéseagr whi ch

outputs a non-| %h%es%gface gft}ﬁe pla%elqs) 1§plcks up a signal which is amplified and filtered,

and then passed to a position error signal (PES) demodulating circuit 100
which detects the servo codes and outputs a PES that is representative of the

15 difference between the current location of the head, and the target location of
the head. The R/W head is usually a magneto-resistive head or a giant
magneto-resistive head which oufputs a non-linear signal, and as a
consequence it is normal for the PES demodulator 100 or controller 120 to
include components that provide a linearised PES.

20 The lmearised 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 1ts 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.

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



consequence it is normal for the PES denodul ator 100 or contro¢ MelrcH 2607 O

i ncl ude conponents that provide a |inearised PES. 20 The linearised PES
signal is passed via an anal ogue to dlgltal converter 110 to a servo
control circuit 120 which calculates, in a digital format, the control
signal required to nove the head fromits current position to its target
position. This control signal is converted back into an anal ogue drive
signal by a digital to anal ogue converter 9130 -and output to a VCM 25
driving circuit 140. The servo control circuit 120 is typically inplenented
inadigital si 0 I he form
of digital infi ﬁ?{i‘g{e wﬁgﬁﬁﬁ é‘gg%ggslglt fl%fgp ﬁ%‘?tm% &Eljhgcéﬁ% Cuiélqrzgw t 120
enbodi es vari ousre caefullgtdetmotctiuic ticongve desigadr toi firbvide sieblmhﬂ&ﬁﬁbmeh as

wi ndage, disk 30 fluttering, anplifier nol se, external vibration, and
measur ement noi SFCCHORGNARPISG atteryiatian capabilgiesct i on transfer function (or
sensi tivity transfer fangld O8infd NeRANOIBOP fiagfhrl Ut HEnERTRO HHERLALY
sensitivity transfer function %ﬁﬁt control - rcu?rr 4%%8 gne careful ly

sel ect ed by t he spstemshdwsi gnEIG tla. pHexd the di;amnn@doﬂﬂﬁt aotibEoc @ssembject i on
and noi se attenua ities. FIG2 is ck diagram
correspondi ng tbnctthhcg %B’PF%BM& W%W“?pﬁnﬁ? qré € F@géﬂﬁﬁeaﬂgﬁﬁﬁ cs of
the actuator ass@idl the- quiewhmalhfaa V&Mreﬁr@@en@éatasaar%ctﬁam 93P gRgi on for
the arm and a slider on which the RWhead is carried - are represented
as an actuat or N@Mcamsw@ren&mwtcd@arﬁraneferéqnp@@em@deamcsmdsf er funct| on or
state space nodel. licity, th r.ansfer op..of th drive
circuit 140 is 10 a %glrm pIrCIet &%H algertgénrctno%foq%w El\ﬁlr(ﬂ"l \}14 gl current
saturatioricdue tBo rbprgicned asObdrBGE 1 SOIPTHey VOM (dR9ingr duveht Sith@ubh dus to

appr oxi mat ed as a saLtur ation _section 160. The various disturbances

(i ncluding, for ligW&Apiodass spnply 4pithe driviprotifcu{tRROPPER¥EMASH 45 ch 8UMBEPR r unout
(NRRO)) in the op ?m a i Noi se
present in the Eﬁlég ]légopTlﬂés%ﬁb un%g]éﬂ%%géepﬁélﬁaglg I’i;(?)ljl se ga‘il%al%f’aajnt I's shown
as anot her ti menseni éBRO§Cand Then-repeatable runout (NRRQO)) in the servo loop are

lumped together as a time series 170. Noise present in the servo 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 1s 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
1t 1s usual for the drive command to be pre-calculated and stored as a series of
values mn 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



digital servo control circuit 120 has two parts, a filter 19028Wisgbh 6@ S
with the flexible nodes of the actuator and a basic feedback control
section 200. Generally speaking, the basic feedback control section 200
provi des sone 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 node (i.e. the resonant node of the
actuator). The servo systemis fed by a reference drive conmand 205, and
this will typically be a step signal with an anplitude that varies in

dependence O”t he gé‘t‘fﬁﬁ‘?ﬁéo@lferké E@Sﬁb@y@ﬁ%‘%{%@%‘%@f&%@ﬁ wi

alternative, Ive conmand cou version of a Step

signal. In eithepeatiemntwith Smhiskerm:smablghairvatd&e drive command to be

pre-cal cul ated and stored as.a serie | ues ook-up table (LUT).
FIG 57111 uot rat o5 ondt cfiodainegt e curRibeparol| LT Hh ot (BWPAFERa 1 he

I nvention. |In 9¢BahalirdRoowinl@oR@8lidr2106h ccadd vitheMRGMIIAEBD L UAOIHY, | Ses
- 30 two normal linear controllers each in cascade wth a non-linear |ook-up
t abl e, one Xont rldfd @pd)rLd,ﬂbnpallcrfb@Tr[gmpwmks @teplarfabﬂ \mﬂeﬂaﬁrismtmll@ﬂﬂﬂ'ﬁr ger
error signal 28 Mar h 2007. 10 val u ntr e pair
bei ng provi ded #8F ‘é‘f{n?rbﬁeiso%\fﬁlbnqﬁbeﬁgt Wbﬁ‘g’ I étﬁ té‘?t f3IrﬁH-IE‘-ggnal

values. In this P@H@ﬂ@ﬂnﬁ@ﬂimﬁﬂéﬁ i eaendt ﬁﬂﬂﬁﬁc@lﬁér@lbﬁllk{EarpBUfI‘ DIONPhd BETs a
normal track foll ow nE controller 210 in cascade with a non-linear LUT 220.

5 This second caafead E40 predrsigacd g &b reqwpnralth valugg being chgser fo give
control l er/LUT que 1ret H%}foﬁﬁﬁ'fpcre &a&Bf&HEngﬁ'iat&SO which is designed with

fast settling nce 1 n I'n*cas e W th another non-linear LUT

240. The LMdTs 220 amdl HAdt @&Bngiamtgaﬁe;iwhmhal@ aapuirB Qraimy ,andi dnherkatl dees  bei ng

chosen to give a desired rformance. One exanple is given | 10 An

error scaling uffalingggt i‘ﬂ"‘iﬂg a8 0 14iare Rrovigded f&rﬁg‘éer fae t@e"‘”’é‘?ﬁ’él ing

unit 260, havinggggain of 1/K are provided to fine tune the control

effects. An advantage of this arrangenment is that the LUTs 220,240 can al so
An advantage of this arrangement is that the .UTs 220,240 can also

be used to take care of the aforementioned PES non-linearity calibration. That

15 is, the PES non-linearity calibration function and the LUTSs can be merged to
form newer LUTs. As an example, the controler 210 could simply be a
commonly available proportional-integral-differential controller (PID), and
the controller 230 could simply be a éommoniy available proportional-
differential (PD) controller.

20 FIG. 4 illustrates the frequency responses of the controllers. These
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 mtended 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



be used to take care of the aforenmentioned PES non-linearity sgMaptR2OSN
That 15 is, the PES non-linearity calibration function and the LUTs can be
nmerged to formnewer LUTs. As an exanple, the controller 210 could sinply
be a comonly avail abl e proportional -integral-differential controller
(PID), and the controller 230 could sinply be a commonly avail abl e
proportional - differential (PD) controller. 20 FIG 4 illustrates the
frequency responses of the controllers. These controllers, when connected
with the actuator nodel, would yield the corrpensat ed open-| oop frequency

response as sho in.FIGS5..In the referre di pent., .th enloop
0SaB cr osoover HddiERES B imBsheRist P e TR g SsoTare L RiERen b
approxi nmat el y t iBSBR&ELE hitiadontBREE AllteriAfvelgShRAWAR il dneIRAtis 8180 t he
actuat or performance. Al so as an exanple, the characteristics of LUTI and

LUT2 are shown ppssitH¢.G 6 and FIG 7. In FIG 6, the small signal galn is

neentional |y 1 educedsgey bREFAN S fheA 0 Rl SRk Bl e

error signals. In Fl rror fhat the

conpensat ors 210 deterreint edtitly Bndad cosifaler 15316 lﬁmslal dreier mﬂ[lél{ce&blnqhabﬁeral‘l/\hen t he
error signal anplitude is_large, the effect_of .the contraoller 210 will be
reduced becauser‘?ﬁf")‘ﬂﬁﬁéoé%ﬁmuﬁglgéﬁ‘lf é"‘f,‘itsuﬁ‘*ll ﬂZ‘?bUTISIéﬁlgIQB6%¢EH"%WG 9 the

LUTs can be inp eepkLe o (yng;] I e, HhRGRS SOr ,
(DSP) or the mclt:ro cgn réoljl~I EﬁchA?te natlve ﬁf}ﬁ% waﬁ%na§ o ntation is
al so possi bl e. cdiitevllcey23Di will ofxetthias geﬁmdlmﬁmceson héleusoe’emﬂl tolngput

non-1inear LUTs t 5 determ ne, which Ilnear co r E 9
greater influenld Wapﬁ% PLFlY, Whel fhsrger iHsy tﬁ?) ﬁ5§%fmif%f ﬁg“’é@ch t he
LUTs in Fifgs 6 and 4 rg;l’?afe@ sﬁ%‘ﬁ?@hebcyverﬁlf bathu@REp&IsEOTAd ShnSBCHbsRrvd@Yiddnat when

the error signal is large he PD controller 230 will exert a greater
i nfl uence on thEI@A/éaaM bUfpriO (FBe6) wilheavse theQomeae perdtojler dbkeonnketedrror i s

ol | (he P oL ek 210 ML L 10 hoks R SLgRLST o2 i pigpel
will cause the |\rieRrwBidRbPH £les?R3chdmeRBemkALontroller 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 sysfem, 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 - - 25
PES 3¢, in p in, K=1 - - 2.49
PES 30, in p in, K=1.2 248
PES 3¢, in pin, K=14 249




to it to be |less responsive to error signals smaller than 1, ydi.sbhbbl7 220
(FIG7) will result in a |ess responsive linear controller for error

signal s | arger
frequency contr

attai ned. Conparing the proposed non-linear control

nonlinear PID or NPID, as represented by FIG3, with the pure PD controller

and PI D control

Gain Margin (dB) 10. %}%21 - Phase Margin () 59 52 PES 36, in in 2.82
0.8 - - 2.5 PES 30, in in, K=1 - - 2.49 PES 36,

2.88 - PES 36,

in in, K=1.2 2048 PES 3a, ini. in, K. 4 2.49 28 March 200Mpipd2 Case
ossover frequency (rad/ls) 21004 20679 - Gain Margin (dB)

PD PID NPID O
7.8 - Phase Mar
K=.8 - - 2.34

As can be seen

3a (n.b. snalle Phasekﬁttc;l }( )ball be—n |5’)6v,1}‘-u oy (149)-5UI thi-s ;

10

15

20

than 1. In doing so, the twin control objectives of

ol gain 15 and steady state tracking accuracy can be
system which we call

| ow

ler, the follow ng resultsixan be obtained for an HDD servo
system 20 Case 1: PD PID NPID Crossover frequency (rad/s) 20212 19948 -

I n

2:
7.9

gﬁims(s))vélﬁfréqw&cﬁ (;ad?Eﬁ 3800d4n in [206Y92.43 |RES 3a,
ES-36in K= 2.33 PESBa_in in{K=14 -

in,
2. 30

fG@mM@ég’él(tdﬁ)I es, “the t#3cki ng per?grmance neasured by

PES

PES 3o, inpin 251 243 -

PES 3¢, in pin, K=8 - - 2.34
PES 36, in p in, K=1 - - 2.33
PES 30, in pin, K=14 - - 2.30

As can be seen from these tables, the tracking performance measured
by PES 3¢ (n.b. smaller is better) can be improved by means of this
embodiment.

FIG 8 illustrates another embodiment of the invention. In this
embodiment, the system comprises three controllers 280, 290 and 300 which
can be implemented in digital signal processors, or in the form of hardware
digital IIR filters using bit-arithmetic.

In this embodiment, the non-linear LUTs 220, 240 shown in Figure 3
have been merged with the digital to analogue converter 270 (see FIG. 3) to
form two non-linear DACs 310, 320. The outputs of the non-lincar 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
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
added to one another. FIG. 12 shows one example of such an arrangement

where the non-linear DAC has two resistor ladders.



5 enbodinent. FIG 8 illustrates another enbodi nent of the i nvepiiLeh 266Y
this enbodi mnent, the system conprises three controllers 280, 290 and 300
which can be inplenmented in digital signal processors, or in the form of
hardware digital IIRfilters using bit-arithmetic. 10 In this enbodi nent,
t he non-linear LUTs 220, 240 shown in Figure 3 have been nerged with the
digital to anal ogue converter 270 (see FIG 3) to formtwo non-linear DACs
310, 320. The outputs of the non-linear PACs 310 and 320 are added

toget her by an operational anplifier 330. In a nodification of this

enbodi nent, the non- ear (85 n FIG
11) and the adder %8’?31‘%‘% oﬁ%(? ]?P%n%%%e)]) “;ﬂlslaigo%&i’l %?até e%':l4d| n one
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conbi nes nore of the functions of the system As_a further alternative, the
DACs 310, 320 cbesessapecwumf fQunaliyan inghovanalnArisavald kopwm ihheart ik one
resi ster | adder e t pu FIG 12
shows one exanp? ewt V@U@ g/s gﬁ F%g@%ﬁﬁs pl{?/ﬁgl}t%g?hfeé) £rllrgrllrp {Bﬁn@gﬁg E%%a]has t wo
resistor |adder§1gnzﬁ,8adﬂaﬁﬁ5hbe?®ﬂﬂené§foﬂiefﬂverrl ng now to FIG 10, a nornal
known DAC enploys a latch 340 to _receive and retain data, and a resistor
network 350 that generates the %%cé‘s@gry‘“wf?&t e anplify an input
signal. As is wghleknowny in tpﬁer%ifais’ cithRE 0 d?Uit' Fb?'tbeﬂl%ltﬁé‘ﬁﬁ)st M@nﬁ@ﬁnttﬂ??
circuit is proportlonal to’an mbit input I si gnal

witten adof ol IMSB)Muib;,(!bf;lﬂg thepefpt ﬂgmlﬁnmn@t\(éSB\Mﬁmaa np-bit lnrmtﬁignzl ... m

equals either 0 or 1; bl i cant,.bit and bm
bei ng the | east si gnh‘foélgﬁft tB%?IS?CE%WaF apqn-} I%P%@Bﬁ o)rat
contrast to thigqiRawM s@JrangaiplresitoRORIfERBamoWAS FIGAQ! ﬂ@rn%hflﬁlear
different set of \A/elg(gtl ng resistors. Referring now to FIG 11, the

non-1inear DACDAED 36 aisesdiliffersns mesisters vales: Kesl axampleraf ResBnpi &R, and R1=R2 =

ifR’S Rangn dR3 2R R3—5‘i{' e%ethé‘ E@B%élgﬂtts %Iwgelsngﬁms %ﬁhhﬁ{y’, 1fskmﬂ ar i gR !nid Rl =R2=

15 R3=0.5R, then the LSB weights will be larger.

FIG 12 is a block diagram of a non-linear DAC with two non-linear
functions. When two non-linear functions arc 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 tumn
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



15 R3=0.5R, then the LSB weights will be larger. FIG 12 is a % tkcibag am
of a non-linear DAC wth two non-linear functions. Wen two non-linear. -
functions are conmbined into one non-linear DAC (as opposed to providing
two separate non-|linear DACs), the outputs need not be summed by an
operational anplifier (as is required in the 20 enbodi nent shown in FIG 8).
This is advantageous as it allows for the nunber of conponents in the
systemto be reduced, and hence for the spstem to be manufactured nore
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systemthat enp S a I,ORS In yet
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bl ock 370) gener ,a correbt o i t.ur.n mtied, by a
control limter 380  img. ra.rz,g E ﬁgs FP%O)F&}&? al?’Y %go%‘?lFf‘%tF%%torfm%r% 30 the
actual closed-1oop control allows (to enable additional different profiles
to be generated). The correction signal is anplified and integrated by a
digital integragor 390. The output of the integrator (the "integrator

val ue") represerﬁs the velocity trajectory, and thus it wll saturate if
its val ue exceeds thm s hhrboﬂixﬁ’@iﬁ,?aﬂ i mmxlimanfmidtiomlafeeim;ﬁbmeﬁtb@jn The
anplification gains ky are determ ned t.he i n.of the ct uat or
model (typical | §°’ﬁg‘ﬁ e s soste oy Bcar sgugons cg%d%mte%a‘a%w lpmeqigd as

appr oxi mat ed by paqdatd! gorleRhBflediHe mofNEhr co‘frecff@‘?ﬁhchd‘h"‘&uléfcorﬁ 1%% thd) this
embodi ment, all the non-linear functions are inplenented so twar e
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hard . F | f
the LUT 1 near [BORBCCaRBIRGDE SR RISE B BReotery Bk ePrabie 5.

the non- 10 linear controller.

The velocity signal output by the integrator is multiplied by multipher
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 thercto. 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



linear correction function could be provided by any other typggffarkR@o0PN-
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 anplified 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 betweernisthe position reference signal and
an actual head position signal 450 input thereto. The output of the adder

440 is fed to Qé&ﬁ'%yé@ﬁ’l CLprféferﬁr?% sggrﬁﬁ‘ ﬁh&ﬁto&gq?;g@ﬁ:io Hlfe @l of the
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out put a zero which t to, the r 420 that outputs
the reference P?'gf%ﬁ%ﬁ‘?l?&ngéﬁ'“ﬁz]ﬁ iyg{enwf]'f]ﬁ%?%gg (tgibon ref erence
signal will freeze. FIG 14 ikld g@ﬂefrﬁhe&eﬁe&eﬁamnsuﬁhﬁmm:h@hv@%m nggg t he
trajectory generator shown in FIG 13 with the control system shovvn in FIG

8 to forma 28 Kspulse 460 m whEhdbe inyertiont findswitilify. aTeesoures 43preprisegnal
generator. Due (g ﬁtﬁﬁ Pc?c%ss%g%ﬁl{il? CP'@ Xﬁ}ﬁn 4?@ E%E%B%@sﬁ%%’\ﬂéual

generator, the FePereRee ste

pr evi ousl ylous ed dapHy agitd VOINSHQu e keybordd 329, hiebs 1ri th@ﬂymfemafembbﬂlmam uat or
resonant node will be excited. As an alternatlve t.o the 5 arrangement shown
in FIG 14, the @rca}n@ewog%@ﬁé@%rcoaplemt@alc@n%waat@ns chawek et (géuelbnbi ned

\rMet h the control ? I?Jlml FhGes Qémgﬂtgal% infdr@nnictell Vifa SGRRARSHAE bus

presentation of an T11us ratlve conputing resource 480 In Ich the

i nvention fi ndsstmdthnet(pot Stvevir)e skherieed 4B0 drivepiliOsmsy incorporate any of the
controllers herein described.

15 It is to be understood that even though numerous characteristics and
advantages of various embodiments 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 LUTs, without departing from the
scope and spirit of the invention.

For example, depending on the servo bandwidth and access speed

25 requirements, 1t is .po'ssible that the read/wnte 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.



a central processing unit (CPU), a mermory 490, a hard disc driggr2002067
visual 10 display unit (VDU) 510, a keyboard 520, and - in thls preferred
enbodi ment - a comruni cations port 530, coupled to a comuni cati ons channel
540 (such as an ISDN link). These elenents are interconnected via a
conventional bus structure (not shown). The hard disc drive 500 may

i ncorporate any of the «controllers hew@@n described. 15 It is to be
understood that even though numerous characteristics and advantages of
various enpodi nents of the present method have been set forth in the

f or egoi ng DI1fHget her with details of the configuration and
function of various enbodlnents of the nmethod, this disclosure is
illustrative only, and changes may be made in detail, especially in

matt er s ofl. st r ot antegtor2@ntrplarfgending drivee theatwt@teentolidr coidpssingnd t he
nunber of bits and djfferent conbln 0 f. the. resi st | ues,in

non- 1 near  DACA FHHA T B ROH AT G EOMBRASHFE PSS R e BB Bus
Wi thou! depaletdrmehelir @Msfed Fundtof RRdBMh S Rishbdsirf totaliheui Qv 6ighloRd. mb@ify exanpl e,
dependi ng on the servo bandwi dth and access speed g requi renents, it is

possi bl e tifax sighel inaaehrdgnice evithesaid trﬁahyfeir ﬁmmd@tcag@@@ém@ta@tpputﬂ@gb act uat or
on the end of the at.or ar n.a 0 I

provi de for coar- h%rlrllg\l;l P8 etﬂgeﬁéﬁ aid coar e screggo(rriuﬁargt leé/gg%\é%gc gator
woul d pr owb@l@olfd@wlcéslmaogeméﬂ emacﬂ@la{uiphes@@amhanlaﬂ1@ucdne@mer@fsad@@fmﬂt t he
controller(s) of the various enbodi ments described above 30 will have to
cal cul at e I59¢€#5: 8Wd necessary control signals for the VCM and the secondary
st age gactuat or I [\ﬁ:ﬁ BRr&C QT
contro l er for a&%fsc ﬁ)l?l \%g]%n oag’c%alrss%%hﬁao élka%éo#grl aﬁi &é@é °

pl ur al i t y gederatontsigial fiewsemshe eachtoantfnakivdsignele bei ng confi gur ed to
inplement a 5 predeterm ned transfer function and being responsive to an
input signal to nodify said input signal in accordance with said transfer

function bo gengl At NcdttbRbt aceh@na fo ¢aid ht WEGreirPEJdcﬁ dTRGidARnG ol il ght
said control devices so that at | east one of said

are configured to implement a linear transfer function.

15
3. An actuator controller according to Claim 1, wherein said weighting logic
comprises a plurality of components that are each configured to implement a non-linear
transfer function.

20 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 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

25 coupled control devices.

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

functions are implemented as look-up tables.



- functions

control devices has a greater effect on an input signal than & wgesbo®ne
ot her of said control devices; and 10 a summer for summ ng output signhals
fromsaid plurality of control devices to generate a signal for use in the
generation of a drive signal. 2. An actuator controller according to Claim
1, wherein each of said control devices are configured to inplenent a
linear transfer function. 15 3. An actubfor controller according to Claim
1, wherein said weighting logic conprises a plurality of conponents that
are each configured to inplement a non-1linear transfer,frn tion, 20 4. An

actuat or Qont r dM} FMURIE SOBITARET dpcerdiigria Claik Seivyhersn rsaife (Qpkrymn bl gite
conponent ;.5 HRMRIEH aldoidl Sk yi ce and said non-linear transfer

1a?ee arrange(%g]to g?@on%?%nent ary so that for a given input
signal value of a range of input signal values a said weighting |ogic
conponent .and coupl ed contr device has g greater .effec n said input
S ohal thdn a Abaetighgopt eSS la Sng enat cakh inskun fblts He 25
coupl ed completentt@Mh @e8icrorcorlI@ct Uat or control ler according to O aim 4,
wherein said non-linear transfer functions are inplenented as | ook-up
tables. 28 March 2007 -17 6. An actuator controller according to Caimb5,
wherein sg d | ogk-up tabl e re inplemented in di.gi t Sk dana r.ocessor.
7. An act ?at or %“oﬁ{"‘rif‘S'iOF €t n%%@%r%ﬁ%%‘?% t‘t]rae{?l% é,’ ki eéerleisrgll%sgqo poit)a‘?-euo’par abl es
are 5 i MpmeREitned dshad offt AidtaL@NinaRighetonvBrteAn actuat or control |l er
according to Claim5, wherein said |ook-up tables are inplenmented as part
of a digital to anal ogue converter. 10 9. An actuator controller according
to Cajmb5 whefei i - onfy 4o hineasyze
posi t1ion o ror f Gaupk fghBQlsr bR, Ty 30 e i Rk BERRIECaR
wher ei n sabnffigurad &f lencafizne positixe arce sighedhpt ed t o conpensate sources of error
and/or noise in said disc drive. 15

10.  An actuoator controller 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 comprising:

20 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;
first and second weighting logic components coupled to said first and second
25 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
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.
30
13 An actuator controller according to Claim 12, wherein said first and second control

devices are each configured to implement a linear transfer function.



11. An actuator controller as claimed in daim1, wherein sai4k stFeEb007
conprises an operational anplifier. 12. An actuator controller for a disc
drive, the actuator controller conprising: 20 first and second control

devi ces, each control device being configured to inplenment a predeterm ned
transfer function and being responsive to an input signal to nodify said

i nput signal in accordance with said trHhsfer function to generate an

output signal; first and second wei ghting |ogic conponents coupled to said

first and second 25 control devices respectively, said | ogic conponents
bei ng operable to weight said control devices so that one of said first
and second4ContAicntigd! BRFoINEScdor@ing b Slaifl 13 GheRih &d FRPHAD s&bBd@bntidlan
one other of said first and second control devices; and an adder for

sunmi ng oudepues sogpabs F rmuepatenkldiffaenttahdcawodod awhtar proppetivnsantegal-
generate ?giiagﬂ* fqé?yse in the generation of a drive signal. 30 13 An
act uat or O & éf%rding to daim112, wherein said first and second
contrgl devices are each configured to inplenent a |linear transfer
function. 28 March 2007 -18 14. An_actuator controller according to Claim
13, wher eilA- saiAt pftpator gantrelles orrgording to|Claige li2e sdhegainpiaidk dirg and” second
proportionaldifferential roll er r i -1 Nt | -

G 1 er ent 1 atetiisk PR sppeSQR! "G Gk, ARGt BPALPIGNEL ARERRGR, Gongfer,
12, wher eifimctiahg first and second weighting |ogic conponents are each
configured to inplenent non-linear transfer functions. 10 16. An actuator
controller according to Claim12, wherein said first and second control
dev! &S CQRPr! H& elc%lfﬁ WBntARk Scordifip 16\ 1AM LA RPOA ﬁ}slt &hd %E:%Hﬁg b1t 0
Cl'ai m 16, wheréin sald 100 -up tabl'8s are Tinplenented in a digital signa
pr ocessor dedibesk®dmphise bpkugt tablesont rol | er according to Caim 16, wherein
said | ook-up tables are

17.  An actuator controller according to Claim 16, wherein said look-up tables are
implemented in a digital signal processor.

15
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

20 implemented as part of a digital to analogue converter.

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

configured to linearize a position error signal.

25 21.  Anactuator conﬁoller comprising:
first and second look-up tables configured to implement different but
complementary non-linear transfer functions, each of said look-up tables being operable in
response to an input signal to modify said input signal in accordance with said transfer
function to generate an output signal,;
30 first and second control devices coupled to said first and second look-up tables
respectively, said first and second control devices being configured to implement a linear

transfer function and being responsive to signals input from said first and second look-up



inplemented in a mcro-controller. 19. An actuator controll erg@feegbogy t o
Cl aim 16, wherein said | ook-up tables are 20 inplenented as part of a
digital to anal ogue converter. 20. An actuator controller according to
Claim 16, wherein said |ook-up tables are configured to linearize a
position error signal. 25 21. An actuator controller conprising: first and
second | ook-up tables configured to i mpl®ment different but conplementary
non-linear transfer functions, each of said | ook-up tables being operable

in response to an_.input signal to.nodify said input signal in_.accordance
wth sar d Wsemereve e mofttt s cngrt o akulptnd: SO ATEGon dnq
second conkAi&htcARVWuABsieIPAfRd t0 said first and second | ook-up tables
respectively, said first and second control devices being configured to

i mpl ement a | i mesans forsumefieg sdiddicstiand seevardiventnel derinsoutiug signals $¢ gensrate i nput

fromsaid first.and second | ook-up 28 March 2007 19 tables respectively to
nodi fy saiacfl%]iagﬁéflgelinﬁﬁea%%ﬁag]gﬁé’gamvﬁsﬁgld transfer function to generate

an outsput signal; and nmeans for sunmng said first and second contr ol
devi ce out put signals to generate a siq%nal for use in the generation of a
drive sigrhal. Bupgctuater eosirgHerorccewsting il Claim 2d c wbgichysaid figstaiopirolidevigeds ei n
said first evi | I . LORT] - 1.n.seek
oper at i oSOt SANEls B HriGhrshe SENBL 1Pk o Rl BRRLARL R Aol BEicels TR
for use i rotfigeéd edheepproptinrter ustn &3ckiAg bpdgratidtissc drive conprising: a
platter bearing at |east one data storage |ayer; an actuator conprising an
armhaving a first end and a second end; a head assenbly nounted on said
first;;end of said arm said head assenbly 15 conprising one or nore read
and/or wite heads operable to wite data to and/or read data fromsaid
data storadde | @ykard dscdoverorhprisiog:i vi ng said second end of said armto
rotate said acglf)?a{[t% bga?’i%létat féa?tlo\ﬁ%tdata storage layer;
an actuator comprising an arm having a first end and a second end;
a head assembly mounted on said first end of said arm, said head assembly
15 comprising one or more read and/or write heads operable to write data to and/or read data
from said data storage layer;
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

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

24, 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 23.

25 |
25. A non-linear trajectory generator comprising an actuator controller as claimed in

Claim 1 for controlling a simulated version of an actuator,

26. A non-linear trajectory generator according to Claim 25, further comprising a

30 velocity limiter.



point; and an actuator controller as clainmed in Caiml, saidr@sidiah 0607
controller being operable 20 to generate signals for use in the generation
of drive signal for operating said notor. 24. A conputer system conpri sing
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 14 € ai m 23. 25 25. A non-linear
trajectory generator conprising an actuator controller as claimed in Caim
| for controlling a, sinmulated version of an act Uﬁ or._26 non- | { near

30p fm

traj ect or /gendt JPBIINGHC BRIGFIREY EENENGT APOEIing Pt hist Frigpraprisgg

vel ocity ljnffidr S8perdble o NREHB %O&Et‘erehg% betiweeh Q%fekéd&@a&ajéc&&?e&{cpﬁkigml
generator according to Claim26, further conprising a limfer operable to
restrict acmefehbngatactvdtasmerer posikérer ence traj ectory and a signal
representing an actual actuator position.



