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PCT/ US99¢ 04910 DYNAM C SYSTEM CONTROL METHOD 5
BACKGROUND OF THE | NVENTI ON Field O The Invention

The present invention is directed to altering inputs to, and 10

generati ng tweadfssszsard signals for, a dynam c system so aspCwussd4em

unwant ed vibrations in the system The invention has particular
utility in speeding up conmput er di sk drives by reduci ng unwant ed

vi brations which, if unchecked coul d lead to disk read/wite
errors or excessive noise. Description O The Rel ated Art
Movenent in dynam c sys |

vi brations that are bot WM& @*éﬁé&@#‘w ure. These

vi brati gns ‘can have a detrinental affect on the operation of such
systems5 One dynam c system that is particularly sensiti ve to
unwanted vibrations is a ENERGEROUND OFTHE INVANTION A
conmput er di sk drive includes an actuator arm having a head nount ed

at a distal end of the armfor reading from and witing to, tracks on a

magnetic di Ska]E:%FTMQeﬂt@nmved by the armfromtrack-to-track on the
di sk.

I'n the systemresult fromthis novenent. -That is,

the head and - dbe upresent dnventidmoristdireaed eto altegingi inguts teondndal fi nal
i ti R k d
o5 11 o, PR NGRS f,  ABR SRS R S e

read/ wite ervnbrasom:nuths s?kteme Thé inventors haseparadulap wiitys én speeding up

The period durin di sk. drive s.for .t i on

to reach. an atl® ‘e\’!\,gﬁgg‘f‘ zﬁy clpe ut ‘@é’ c‘iff‘m’éteu h"c‘:ﬁ(ﬁ‘; Isdthe di sk
drive's seek ‘lead to disk re‘admlteiherscbrlexeesslvsﬁﬁketl rre conprises the tinme it
takes for the drive's head to i

|

15 Description Of The Related Art
Movement in dynamic systems typically results in unwanted

vibrations that are both mechanical and acoustic in nature. These vibrations can
have a detrimental affect on the operation of sich systems. One dynamic system
that is particularly sensitive to unwanted vibrations is a computer disk drive. -

20 - - A computer disk drive- includes an actuator arm having a head
mounted at a distal end of the arm for readmg from, and wntmg to, tracks on a .
magnetic disk. This head is moved by the arm ﬁ-om track-to-track on the disk.
Vibrations in the system result from this movent That is, the head and
actuator arm vibrate after reaching a nominal final position. Reading and writing

25 cannot take place by the disk drive until these vibrations go below a certain level;

' otherwise read/write errors occur. .Tﬁese,vibrations may also cause noise.

The period during whieil fhe disk drive waits for these vibrations
to reach an acceptable level (i.e., the setiling time) increases the disk drive’s seek
time. The drive’s seek time comprises the time it takes for the drive’s head to

30 come to rest at a position where the head can perform a read/write operation on
a particular track. The increase in seek time can be especially acute in cases

where the track-per-inch density of the magnetic disk is high. That is, because



30 cone to rest at a position where the head can performa read/wite

operation on a particular track. The increase in seek time c¢an be”
especially acute in cases where the track-per-inch density of the
magneti c di %49?45@ gh. That is, because Pcﬁ'ﬁ@%ﬁﬁﬂo” t hese
di sks are re atlvefy cl ose together, even small vibrations i'n the

head can seriously affect the accuracy of the disk drive and/or increase
noi se in _ the drive. Since even small vibrations cannot be

tol erated, Whdksdattpase digks argerelagively close togethar, taven stnplt vibazsioans it fer eby furt her
| nereasi ng fxgg égﬂ betfously Sffel thd B&uracy of the qisk drive an df.%ncrea;@ﬂéfi?@fn' onal
attenpts at addressing’the foregol ng problens i n bot . _disk drives
and dynami ctheydsivensSinge eyememall vitastions ghinonh be tuderatedf the aettlipgatimeisy. That

I's, such atfieppts are.t t.] |y 1 Rtensi vYe..Lq be practical, have
failed to R focf 6Sregv§1§1ée%gu #egi“léc%%@rnéﬁ}ﬁ%: i‘%% é|'=r”1£:\t/‘|§“t%'r ations for use in
hi gh atcuracy positi dionmentional attempts aqddressinp theforepoing pwblepstiabothi sk dri ves,
produce sub-opti.mal trajectories, and/ar 1 re.overly,.sensitive to
syst em par affet 89Ves 3p Systems in general have fallen short °?s%sﬁ’§?°r¥'el 'ad probl ens

al so pl agueiss aiy @fémhpak t6b Sdmphtdieadly infhsive to be practR¥a N Lfailedtoconvent i onal
disk drives, two different controllers are use position the

[ . ed. to .
drive's heaBrQYHieaﬂ’Lfﬁ%?ﬂﬁ .reqﬁcrf‘?‘} &t VORYOPS qré’rsed’bﬁ’cgpoﬁ@rﬁ}'_ep‘éﬁ“ilq}‘éngs head
to reach a pafGfine&ith A€ebniRkk disR Arif@aprdifcedsublopihalneféckdrRe,; aglomhi ch poi nt
a second 15 control I'er takes over. This second controller noves the
head lclhto t RE qverlysensitive to systeghBITAMEIRT ¥HRLUPRSgu| at es the head on a track.
Sw tehing bet veen t Naferiired prablems alihdud!chiesriéddf bRRAATes CR 1 N L1 1TE
and, as a result, increases seek tine. So, In conventional disk
drives, |itexample, imocenyentiopil diskrdrivesyr twa differdng copeollesedre wsadnte
derivation . ARt l.er : QI ' 2 Gl dri-ves may
not 20 %%%ﬁggﬁe% tgs %f‘lgé c‘:’graff@%g’? %? %Aé&rﬁfera?l ongsn[%raﬁﬁ%s%ﬁ(on
t ransi ent s. to reach a predetermined position nearl tn aiinglposifion, et whiddhvgninttdhscendexi sts a

need r a way_tp caontrol . omput.er di sk, dr.ives a e
gener ;fl Y, 8%&%&5 %8s, % oy ea?r?g:é’ilerbgioﬁes the held mtﬂerlgﬁﬁéal and
acousti c Vi positibwnad tregidniesadeedad bore al mackl \Switblditig berwhes these two

conputational effort and w.thout a substanfial reduction in,novenent speed.
2 5rrp controilets increases settling nlfne and, as a resultt, increases seeﬁt time. Also, yn P

conventional disk drives, little or no control over vibrations is included in the
derivation of these controllers. Consequently, conventional disk drives may not

20 be able to discern important variations during motion transients.
In view of the above, there exists a need for 2 way to control
computer disk drives and, more generally, dynamic systems, which reduces both
mechanical and acoustic vibrations to an acceptable level without undue

computational effort and without a substantial reduction in movement speed.

25
SUMMARY OF THE INVENTION
The present invention addresses the foregoing needs by providing
methods of controlling movement in a dynamic system so as to reduce mechanical
and/or acoustic unwanted vibrations in the system. These methods are relatively
30 easy to perform, produce good results, and have few adverse side effects, thereby



SUMVARY OF THE | NVENTI ON The present invention
addr esses the foregoi ng needs by providing | nmet hods of controlling
novenent in a dynam c system so as to reduce mechani cal and/ or
acoustic unvggt ,9 ;br ations in the system These nethods are relatively 30
easy to perf r‘?? %“goduce good results, and have few adver s& /R MMt s,
t her eby maki ng them a signifieant inprovenent over the
prior art. i I n one aspect, the invention determ nes
whi ch par amsfakingghem acsignificant improvemept Q¥R EI§IREIOS 98t em t 0 saturate. For
exanple, in the case gf,g a&ﬁ&?ﬂﬁk%{veﬂiﬁlﬂeg:%iﬁ&’whéch n%aramTterC\Hﬁf&%e conmands

Vo undanental 5

control the system wever, tage 1s the f limting

par anet er ofa dynamissgstteamio ssfuratee byl example, so ghel dasecbflaycormputed disk elrive power
supply limts the | n S | | s, aspect, the

f undanent al crretl C%%cg {mrr\cg%%érggrtree 'erﬁﬂn‘gevgesle‘{?ﬁ% 15&%% a démﬁgt@grrrrand for

t he sySt em Vimichg pedmeres of the system, winbe soltage supplicd by tthe drise’ ngotvlre system to

saturate. In the . specific case of a disk . dri ye,. the fundanment al
e o uraly LR fhe nSor 3F Surfbls B.8¥ Sem. Jnanis popuite e
current comigigsg pdraherelois isdd ©)gesstte atOmvithd dgetht bystendivhRATedtices he system

I n anot her aspect of, the i nverl{gl on, a disk drjve systemis nodel ed-
usi ng par t | NOTRHRRS VIR ESEHHAG 5Ty Bep 49 Saprate- TRANGIASFIS 23 A 8K t hose |
equati ons  grive, the fdnaarﬁéltafl GirliY¥Sparameter (i.e., Voltage) is also used to generate [err]

10 current commands that do not exceed the voltaie limitations of the system.

In another aspect of the invention; a disk drive system is modeled

using partial fraction expansion equations. Thg digital form of those equations

is as follows: ' : i
N
Finalpos = Y, V,A At
=1
N
A4b -a(T,, ~ T, + &1 -a(T,, - T,
0 = V e eond i . - e end
. § = a( ' )

N

0= 3 ¥ A T

o~
)
[

where Finalpos is a final position of the system, ﬁ; is a scaling factor, a and b are

15 - inversé time constants, t,, is the time at whigih a move is completed, V, are

voltage inputs to the system, T; are the times af which V, are input, and At is a

time interval at which V; are input. Using the above equations, system inputs

which produce reduced vibrations can be determined. These equations are

particularly powerful when used to solve for. a system input in terms of its

20 fundamental limiting parameter. Additional constraints may also be included in
the above equations in order to provide a more accurate model of the system.

In still another aspect of the invention, techniques are provided for

reducing system vibrations in its various modes. These techniques may be used
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where Finalpos is a final position of the system Ais a scaling factor, a,

and b are 15 inverse time constants, t[err] is the time at which a
nove is conpleted, V[err] are voltage inputs to the system
T[err] are th | Bs at which V[err] are input, and [err]t LS. 8004910

tinme intervaYV%a?%“%?ch Vlerr] are input. Using the above eqt‘grtlons, system
| nput s whi ch produce reduced vibrations can be determ ned. These
equations are particul arly powerful when used to solve for a

syst em i npuglong of & pasjusctipn withghe concepts §¢7 dortRrRoe- |Q0Sisueh s S et er .

Addi ti onal  coRStEQiRloSodiiihg MiBABE 1indlAd 884 sdritivity constraintsBuBRvVe equati ons
in ofder to provide a nore accurate nodel of the system .
In still anpamiet fragtipacaxperisionrauatippapedebpe ag toctedicq alrationg 1 sps¢ifised for

reduci ng sy Vj [ 40 -vard e RESE gques may be
used RVE? VARG tggﬁlod#g cg%nﬁfl%‘gcsg #‘f’r“"ng% gbﬁor\%?gt h™t %‘teﬁié%ﬁﬂég%t s set forth
above.5 One- sominand clhterroined using the pamiab fragrn ¢xpersiqro equationy meidélrtat i on

limting and_sensi ti Vi constys aj 1nto ' fraction
expansi on e%’g{“feo%a??g&%%m?g : a‘gﬁfi %ﬁ%&‘ﬁc é‘n\fllt %ﬁg}é ¢ greeq %rpoghrl&&eﬁ‘%clteg
| evel s. Anopbions eefeof ghichqrofiuct yitsativhapiSelgetive shapingisiprefervédigneer fil tering)

ab (oF0) nd determ ned using.the partial fraction expansion équation
nodel to Itre uces;ﬁeglﬁHE’@r ata»eesﬁorsg.ga%%ﬁpgreﬁqgm@ 1%’0@55’{?5%%y be shaped

=

or only sel @fbRes commanding ROErteRn® priduce edridtione th ywlage)CBy dbiag aliis,ons. N
Sel ective shaping is pre%err d since, i.t reduces seek tinme relative
to shibing hié Rossibledo COPMIAY volaes Halrhese (Fhf times at which the; $ighese

conmandi NG ioBeyr Wah §fdn b sddt® Fetfirle SPkddt Hbcaidns." ocpé_rt@aﬁiqtu&'mféoaxm this, 10
it is possible to command voltage switches. The tinmes at which the swtches
occur can t peavided. s dheseoingludr, varyingswansient porensos dhe begiaping.cwiddleques are

al so 2l T sLuiCPoiest (R Rehohd Bfksisent portions at the
begi nni ng, %nﬂgfgﬁ’ Mmo_ an(ﬁ%&f en \(g?ﬂa';-r_m\(/)eé and Susi ng Posi cast inputs,
anong ot hers. In still another aspect, the,invention detesmfines an JpRIE 0 thene i nvention

Jet . : ‘ . . : - o linmited
Feducoty vi STt Btk vifl b i Bmred (or SRAREA iblilbnsabd uleC Bl fpphboc | 01 € (1
traj ect ory faofeedfosvary stagectonSéarcthalsysiqupr Gavdralsapproaches awd peoatided ifor

generating the input, including performing an optimization method on the partial.

fraction expansion equations. In one approach, the problem of generating an’ :
input is separated into a rigid mode problem and a flexible mode problem.
20 Specifically, terms associated with the rigid mode of the system are determined
from the partial fraction expansion equations, and terms associated with
oscillating or flexible modes of the system ar¢ determined based on a system
analysis. The rigid body terms are solved for an input which drives the system
SO as to satisfy its rigid body constraints. This input is then shaped using, e.g.,
25 an Input Shaper™ designed to compensate for the flexible modes of the system.
Using this approach, the computational difficulty of obtaining a solution is
reduced relative to the optimization approach, while still providing an adequate
reduction in levels of vibrations in relevant modes of the system. Another
approach to generating the input involves creating a closed-loop model of the

30 system. An input which results in reduced vibrations may then be generated

4-



generating the input, including performng an optim zation nethod on the

partial - fracti on expansi on equations. In one approach, the problem
of generating an i nput is separated into a rigid node problem and
a flexible r;?gg%gggbl em 20 Specifically, ternms assoGicaidosdoicn t he
rigid node of the system are determ ned fromthe partial fraction
expansi on equations, and terns associated with : osci | lating or

fl exi bl e nodes of the system are determnm ned based on

stem
anal ysi s. Taaeedranghig megely Ineytitlsangther appreash Y%ﬁag‘éﬁ‘”’i‘%ﬁlﬁ‘e F 228 i ves the

system Jang m%ﬁ that rE&c%@tvibﬁft&Sné 51% deleﬁhgle@%gééd%nﬂ% @il fractibdi S | nput i's
t herr shape ugin ut Shapere[err] designed to

conpensat e mnnstdmeeqm@usblneuhﬂue@gﬁ‘fmayh enshes epptied to that Input §&357g t hi s
approach, %gvﬁgw&%&l@m&mgh{ lib&biy of obtaining a solution is

reduced rel mzation approach, while still providing an
adequat e r edmothemspects df ehecingentibn,wWaious pesitioni-velacsy €VBGD nodes of

creat i ng a EPBRSIas FomeviaRf b Rt SsHEn AhORRR, I BB O Tocu 1o

i n reduced a/trhjea&ﬂyoﬂﬁchni&mcbhg@teﬁenmﬂmsaﬁ geherated in accordance with one
-4- on thj In still another ggproach,

vol t age swi PTCPOf§ ﬁeéhef‘SFh“éq“B%lﬁﬁ fo above L thyt fmajsEerY AQEed BiEXs vi brati ons

are determ peg. begedaj @&oxﬁlk@nﬁﬁéntﬂealsed ¥P€dntd'movement of GeyB@MOMnequat i ons.
| nput_ Shapi ng[ err] then he applied to that input so as to

provie a f%ﬁ%‘ﬁéiﬂpﬂf@?ﬁ ?1’6PFT|‘§1P‘9Y16‘Fda§‘|tQ?rf§‘tP“S°fa PV'table, and’lts inverse |y ot per
aspects of {he odﬂé\iea[btnF gﬁbds PRE @fé@dﬂl&?b&hoﬁhﬁe&rp&% dnferlt TEMces system tabl e

formul ati ons "are prov for reducing systemvibrations. |In one approach,

a traj ect or Gynatmics lvia thel fredforvenyd diseetion, apd rastores loop sipbility an the feadbagkcor dance
W th one ectio ﬁ{é} st ﬁ%)tﬂefr a&:B:%aEhe%Hm gﬁ’g Sfhent b PP BRYSs uiiad that

trajectory s]trore e trajectory can then be used
to control trelnasxsfent hevéljm‘@mcnyns 4 finction ofmamon@nd appeomore, a shaper

B R LT
another PV approach. current commands are shaped at transmon(s) (e.g., at
deceleration) so as to yield desired levels of vibrations. During non-transitional
states, a traJectory in a PV table is followed.

While the above-summarized methods significantly enhance the

20 “operdtion of dynamic systems, such as computer disk drives and other data
storage devices, it is also preferable to allow end-users some control over the
system § operation. For example, a user may want a disk dnve that has a
| relatively low seek time (1.e., a disk drive that is fast), but may not care about
acoustics. Similarly, the user may be more focused on acoustics than on seek
25 time. Thus, there exists a need for a way by which an end-user can control
operation of a disk drive. In particular, there exists a need for a simple way to
control operation of the disk drive, which permits the user to select operational
parameters, such as seek time and acoustic levels, in addition to other features.
The present invention addresses these needs by providing a GUI

30 and/or mechanical switch(es) through which an end-user may alter operational

-5-



dynanics via the feedforward direction, and restores |loop stability in the
f eedback direction. In still another approach, an N (N>2) - :
di rensional PV table is used to control a system in which
velocity is @v({]mgg_,,ison of position and one or nore 15 ot her

vari abl es, such as hovenent distance, resistance, tenperat fEVRVNY 5 yet
anot her PV approach, current conmands are shaped at transition(s) (e.g., at
decel eration) so as to yield desired |l evels of vibrations. During

non- t r ansi t PeFAEIeters of a disk dyyerinciuding, huppetdingted th.nthe dfive’s atekeaines f ol | owed.
VWile the a rd e JATIN

operation 01Icia %ﬁiﬁ”ﬁﬂ%&oﬁﬂ%@%ﬁ ZBS)Q gigtr,r%&?g{rlé%if%%%pﬁ@eeélbgnﬁlégot her data
st orage devierabies the uses tafustomizecdperatibh of a diskldrivevraativelysesily sdthmutcont r ol over
t he e i )| e...a user may want a disk drive
that has a req%}’rﬁg ﬂ@%‘f&gﬁa\?&e‘}@pF%@géseog%gfr?lﬁgdlﬁ?atlgﬁ' a disk drive that is
fast),3but may not caflés hliefusummary has beeaqoeridddcss. thi e navateyof thBe user may

be nore focy ‘ tics than.on seek 25 ime. Thus, there exists
a need for Zﬁ@g?g‘g?%??ﬂ&%ﬁ” QPIeklE, A more GATRRIcH un&erstandmg °€$‘5r ation of a
di sk drive. irdventjparchn beibtadinedtbly @éferemoeits tie fallonasddeailed AesthipRbEol@Y t O '
control operatfi on of the dintgk c}r,i ve, which permts the user to select
oper at i onal Preferred embodmagats meregi in canpeption with i aftached drawingsoustic | evel s, in
addition to other features. The present invention

addr ei es these needs provi di ng a GJ 30 | and/ or nmechani cal
sSwWtc ies) t hrough whi EREERDENRIE] ION gEtidnA yankast | onal

- 5- Figur@@ri@d'?‘ér b&ive Vie® df! L | | {fficy PUt not
limted to, the drive'S seek |§r,e 4 : a n |Iésres9ft%gﬁoy‘%n§9%%v\er
consunpt i onthegifesspioipventing may ds implementedss | the invention enabl es
the user to custom zeg;aRehahhe f, sl dnive 1 ively easily w thout
requiring significant l%gr 3vvalr) eptgggf%lrtgdggFtogleyreeC%ﬁlggée?lg’zzs}a/ ‘'ons. 5 -

Thi's brief summary hdSgtrech shovsvprdesss ssteps Hat gedeeatingtaigeaphicalt tier - -
| nventg on My ie YEREREAAbHE thaidh, O e conpl ete understanding of the

Figure 4 to 9 show graphical user interfaces that can be generated - -
by the invention. -
Figure 10A is a cut-away view of a disk drive that is controlled by =
the present invention. : :
20 " Figure 10B is a block diagram of circuitry for controlling the disk
drive in accordance with the invention.
Figure 11 is a feedback diagram of a computer disk drive.
Figure 12 shows a plot of “gobd”'moves versus “bad” moves for
different movements made by a computer disk drive.
25 ' ‘Figure 13 is a feedback diagram of a prior art disk drive system.
Figure 14 is a feedback diagram of a disk drive system in
accordance with the present invention.
Figure 15 is a block diagram showing the relationship between an

input and an output of a finite impulse response filter shaping technique.



I nvention can be obtained by reference to the follow ng detail ed

description of the preferred enbodi nents thereof in connection
with the attached draw ngs. 10 BRI EF DESCRI PTI ON OF
THE DRAW NGSyq 99745535 Figure 1 is a perspective view of
conput er systen%gt 5rough whi ch t he present inventioﬁcmg%@ﬂo

I mpl enent ed. Figure 2 shows the architecture of the
conmput er system Figure 3 shows process steps for

generating a graphi cdiigugd$ isigblock diagramt shewmgahé relativoshiplhetseeman h t he
i nvention. j ite § i . AR user
interfaces t gtanggﬁ °B mg(gnaet;%%ee'glpmsg r&B&%e@&?HQ eﬁgggﬁﬁ"gﬁmﬁﬁe'
Figure 10A is a cut - duigye\I7 & bibckadidgrain siipwing thé atlationship betwetd enl by
the present ] t] . . . Figure 10QB.is a bl ock

di agr am of gpp%éﬁ{atdru% 8?9&%’? 9 SPTHIAYRS Y5ley Jjng, fier shaping HHIE i n accor dance
with the invention. Figure 18 is a block diagram showingitheifedatibashiip bawegeadpack di agram
of a computer disk drive . . igure 12 shows a plot of
"good" movePPYLplq, a0 R of 4, [apped continuous delay ligg gﬁ%’nf‘“’ﬁﬁ?éﬁﬁﬂ?& made by a
conput er di sdshrilfueve. 25 Figure 13 is a feedback '
di agram of a prior a[ﬁt. di sg_dri ve system . . Figure 14
is a feedback diagrar igyre & éﬁ%k‘%‘?‘@%’@y@?%i%@ _felatlonsmp bef#eer aince with
the present jipl&idtdnibtput of an infinite impulse respogse filtd! Shahif &hﬁigué bl ock diagram
shovmgdg the relationshi p between an r 1 nput _an%l -an output of a- -
fini t¥inpul se resporfagire PP ises blaskagingramt shewini dverelationship between an

- 6- ' input and an output of an infinite impulse response filter inverse shaping
4 : ' '

technique. _
Figure 21 shows examples of trjectories in a position—velocity.
“table used in embodiments of the present invention. '
15 Figure 22 depicts parameterizatign of ﬁajectories in a position-
velocity table in accordance with the present invention.
Figures 23A and 23B show optimfil rigid body voltage. commands
for 1 and 3000 track moves, respectively, for a disk drive system.

3
4

Figure 24 shows a digitized input§ voltage waveform.
20 ) " Figure 25 shows the waveform 6f Figure 24 conceptualized as a - -
series of pulses. _ 1. ‘
Figure 26 shows each of the pulsé,fs of Figure 25 represented as a

pair of impulses.

Figure 27 shows a block diagram; of a feedback system.

]
(¥/]

Figure 28 shows application of a;Laplace differentiation operator
1o inputs to the system shown in Figure 27. : |

Figure 29 shows scaled versions of the inputs of Figure 28.

Figure 30 shows a reduction, using block diagram algebra, of the
inputs shown in Figure 29.

30 Figure 31 shows a reduction of the inputs shown in Figure 30.

-7-



Figure 16 is a bl ock diagram showi ng the relationship between an
I nput and an output of a finite inpul se response filter inverse shaping
t echni que. Figure 17 is a block diagram show ng the

rel ati onshi Py i nput and output of a tapped conti nuous
delay line fl B?L’\é\gg‘ﬁapl ng technique. 5 PEERIETB i s a

bl ock di agram showi ng the rel ati onship between an I nput and an
output of a tapped continuous delay line filter inverse shaping

t echni que. Figure 32 shows a pisit gfjinepulsés ¢fsa threb Ipolsk sitipergrogethahowi ng t he
rel ati onshi t : | utput of an infinite inpulse
response fi IR' H% Y%apﬁw%geqrgsgﬁtﬁ?l%nugf &%’Ep@%bgﬂc"? Figure 20 is a

bl ock di agram shovm ng-‘lgdne33 sﬂoa/siatptmtmifﬂi@'ﬁeltm%rspmhc for the threel piyé¢t and an

out put of ang infini response fi nvers shapi ng

t echni que. Shapfl togchét wilF4'si2E wté ep{eacm;aélogf?gﬁ et?fﬁﬁ’@s of trajectories
in a positi on vel oci tBigure 34 shows phis®kpacing dok mr&nﬁmsﬂ s¥RpYran@fa difee present

i nventi on. Figure 22 depicts paraneteri zat i on of
trajectori e?aY%reQreﬁ?i’éz}[{"Pd’ﬁ“bm‘°n vel ocity table in accordance with the
present invention.  Figure 35 shows a voltage pulse fesEHAs@8f £ dPnMd syl Show 0pt| el
rigid body voltage con’%mnds gfp alﬁt:llll 3000 fnack noves, -
respectively, for a disk drive system ; Figure 24
shows a digit 'EEﬁAIerybES@hhﬁﬂ@N’\@F@ﬁ}fE @‘ngﬁ%m) EMBODIMENTS Fi gure 25
shows the waveformo I gure conceptuall-ze series of

pul se’l The present inventign eemprises nmsutgan;qqcmblc hedepfileses of Figure

25 repr esenE&\ﬂj\g\ﬁé %Fcut ble d]i)rocesP @ﬂf-:% ) o % doil z# gfoﬁg %peram%n of a gisk drive or,

Fi gure 27 sh agram
Fi gure 28 smonsgemprlly catyi dynamic sasttmpIPacdmcthdlﬁc easbloémldmk drjpwe; gteor-

to inputs t n F| Fi gure
29 shows scg g“%%&# g%] g Wthlluc %eH?}' (fz&ﬁlwél(ﬁ%acfg).ts inputs into that

Fi gure 30 si@lils aad rvitictcoitputs cuamagjshbcm&sldﬁﬁge amshlgombrdisk ddvet e
mputF?shown I.n F ure .29, ure 31 shows a

reducty on of "FHE § ‘Fﬁ’fagmé H’o'%ﬁ GU Epr 'g‘h%@vennon can be 356%n any type

-7- of computer/disk drive system, such as a desktop computer, laptop computer, or
the like. For the sake of brevity, however, the invention will be described in the -
context of a desk-top computer system only. -

.Figure 1 shows a representative embodiment of a computer system
20 1 on which the invention may be implemented. l&s shown in Figure 1, personal -
computer (“PC”) 2 includes network connection 4 for interfacing to a network,
such__as the Internet, an ATM network, or the liké, and féx/modem connection 5
for interfacing with other remote devices such as a digital camera, digital video

camera, and the like. PC 2 also includes display screen 6 for displaying

~n
L

information to a user, keyboard 7 for inputting text and user commands, mouse
9 for positioning a cursor on display screen 6 and for inputting user commands,
and disk drive 10 for reading from and writing to floppy disks installed therein.
PC 2 may also have one or more peripheral devices (not shown) attached thereto

for inputting text, graphics, images, or the like, and/or for outputting images.



Figure 32 shows a plot of inmpulses of a three pul se shaper together

with a sinhe wave representati on of undanped 'vi brati on.

Figure 33 shows a plot of digital pulse spacing for the three pul se

shaper toget ' a sine wave representation of undanped vibration. 5
Fi gure 34 shg&{sgg%ﬁgge spacing for a three pul se shaper and BCYP§a/04910

wave representation of vibration. Fi gure 35 shows a
vol t age pul se response of a dynam c system DETAI LED

DESCRI PTI ON OF THE PREFERREDVENBODIENTSIceE of PC 2. As shown in Figure The present

i nvention cg 'q]lgan e ﬂﬁ "._e .
conput er-exé’?adtigb e d%?%%féié@rlélf g’%gyt“?’gé‘%éﬁﬁ r It?rr{aanglgr%ﬂl%ﬂ S%th a disk
drive or, as a compurrnriardjdiskr aMemoriaiy stresadate 1Qy sipplicatibmr 14,handspeci fi c

case of a dj ) lLAavention Lncludes code which generates
a QU whi chbééé%%{m gﬁferrﬁ)gs’sarp% gooﬁhﬁrathmgs' to pre%eﬁﬁfl,erﬁ "Wﬂ“c\ﬁpgﬁt put s
commarfis t oimveticsk afetaiagcsystsmnys tine oimlowihgi wgerktingl bystem, sucBoformits
operation tg.the . n S. . Jhe i ntion can be used in any type

of conput er;e {ﬁrgﬁ?ftﬁlg °‘%§é?&M‘°rgW@%@@dawﬂ§§k?W“§ HRAUFESILOR AR Op conput er,
or bé Gieed Witk ®thelr @peratify §8#s @8 wellSVrhohg hO WM RAtions Rirddent i on wil |
be described in the context of a desk-top conputer system-only.

Fi gure. 1 shFWEOW 1L} eQBRieltGode I Riement fe ppsent inyppsione namely tdisk 20 . 1.

on whi ch L NarivduAghE 16N ARBaiRly, BRk R LBt 16523 b Wordd i %H&-Snl" personal . ..
conputer ("PC') 2 includes network connéction 4 for Interfacing to a
netwot, ~ memory (“BOMY)qer thylke, tagetherewith ether/oprrationaldirawace for kigskl | ke, and

f ax/ -modem cgRpEesHI sef di Vi Iter L. ' her renmote devices-
such -as a digi tg ggr?zlre tz;l’,fhs i %rin{?a%n%\iﬂedlgoﬁ chifhilld &C%%ggéef eééﬁamgﬁe' like. PC 2
al so i ncl udBEOcess sppsawhicle.rinten ald, fgonerate 9{Fl/fon goRfolling operitish@friiski en .t 0 a

user, keybogay: r i ' 2 ser.co ds, . ymouse -9 for -
posi ti oni ng&é&c@risngrou{gﬁlp%l sp: aytggﬁc%ir(édgﬂgéblgﬂuamlg()d‘s '.%bvl?f 0958 commands,
and di sk dr ityepet@lichoto settirss rig thier@. aAdnow ideiatien Hexciiptivapf dkkdeirei NSt al | ed :
t herejq. ... PC 2.may..al so have one or nore peripheral. devices (not
shom%ﬂqatta%%?f {%lérpé?vdge% belbw for inputting text, graphics, imges, or

the Iike, and/or for Alsd jclidedi@ PCroogedisplay interface 17, keyboard interface
19, mouse interface 20, disk drive interface 21, computer bus 22, RAM 24,

processor 25, and printer interface 26. Processor 25 comprises a microprocessor
or the like for eXecuting_a;iplicat_iqns, such those noted above, out of RAM 24,
20 .- Such applications may be stored in memory 11 (as noted above) or, alternatively,
' on a floppy disk in disk drive 10. Processor 25 accesses applications (or other
" data) stored on a floppy disk via disk drive interface 21. _ '
. App-lication.execﬁtion and other tasks of PC.'2 may. be initiated
using keyboard 7 or mouse 9, commands from which are transmitted to processor
25 25 via keyboard .injt_e_r-féc'e 19 'a_nd mouse interface 20, respectively. Siniilarly,
| application execution may be initiated rembtely via, e.g., network interface 4 aﬁd
a network interface card (not shown). Output results from applications running
on PC 2 may be processed by display interface 17 and then output via network
interface 4 or, alternatively, displayed to a user on display 6. To this end,

30 display interface 17 preferably comprises a display processor for forming video

-9-



- 8- Figure 2 shows the internal structure
of PC 2. As shown in Figure 2, PC 2 includes nenory 11, which '
conprises a conputer-readabl e nedi um such as a conputer hard di sk.
Menmory 11 s ta 12, applications 14, and op ' tem
15, anong ot é?ﬁ‘f%ﬁngs. In preferred enbodi nents of the S%Catt’ﬁgag'f’%@ntion,
operating system 15 is a w ndow ng operating system such as
Mcrosoft[err] Wndows98 or Mcrosoft[err] Wndows NT; although the

i nvent i on rigipges based on vidpedata Bvifed BY HEGFESS0PL P CABIPYYE busdZ.48dwel | . Anpng
the applicabi aiguddOhed iifges to display STEORMDY: rhdulls Frdtd BRIE Bfpiic@itnst © | npl enent
the present invention, nanely disk drive engine '16. Alternatively,
di sk drive remghgen BG 2rreay Ugerevidndde ap pitached peinteh vig pripter interfagesdfpory (" ROM') ,
or the like, togethe .1 h ot ration b for  di

drive 10. In brief, g}lﬁﬁ%r&?vdgﬁégg?ﬁe&%lggi gd'c{ct)lﬁ?p?g‘@ggn%? coﬂbﬁé%s

conmpuBer - exeempttabtade to control opepativoaf dlisktdriys Mtwitbér acconding talona of generate a
QU for controlli t ' . drijv n put commands
to disk dr ir\E’ mait& ofgﬁ@ﬁ%ﬁ£o§%n§§%5@§§8d§% agg%r]d g’grﬁb blie q’9"{;&9P{D@Eoper ations

t 0 setti ngSproprietdie melbds déscribedhedleih aiDiskdirive 2aging16 Anthef indludks cbdeve 15 '
engine 16 is provided Q&{ ow. vel r Alfso ch.I uded inh PC 2
are di spl ayf%f BERSTAURE @ QY1 Tor JUERARYFY Rengrofling at least one of &y ek fimecd | i erf ace
20, disk dridi€ lepélehhd@podids coBuRPlcT obUSdisk?drivd AMI%4, GUI includes apt OCeSSOr
25, agd printer_interface 26. Processor 25. c.o%i ses sgm Cropr ocessor '

or tH IikeCOPB?ueéﬂ@&iftﬁpﬁﬁtelg 13 B35T PR AL as‘ﬁSEFF"F 48 BEPEL foIfPeer out of RAM
24. 20 moroWf Phestifabdnteald. OMBerdiRyr, 8K A0 SfbideN akes had bauot ed above)

or, alternatively, - . on a floppy disk in disk drive 10. Processor 25
accesses apiormaads @rike didy driye jqaysing it to confon@l%ﬁ aperaiogria @ceordance MiBpy di sk vi a

di sk drive @pLRLERCGtet in the GUL ; Appl i cation execution and
ot her tasks o%ﬁﬁg g&[ﬁ% lIf)eei nll'ntiat ed ! usi ng keyboard 7 or nouse 9,
commands from which are transmtted to processor 25 25 vi a keyboard
interfsace 19,apd. Missce Nterface 20, respectively. Simlarly,.

applicCatio y be initiated renotely via, e.g., network
interface 4 and Figure 3 is a flow chart for controlling operation of a disk drive

using disk drive engine 16. To begin, step S301 generates a GUI and displays:
that GUI to the user via display 6. Figure 4 shows such a GUI, labeled 27.
GUI 27 includes a window 70 for selecting a disk drive to be controlled. That

20 is, although the computer system shown in Figure-:ll includes only one disk drive,
many systems include more than one disk drive. Window 70 provides a way for
a user to select which disk drive to control. Figure 9 is a close-up view of
-vindow 70. A disk drive can be selected simply by pointing and clicking on that
drive in window 70. The selected drive is then highlighted, as shown.

25 As shown in Figure 4, GUI 27 also includes controller 29.
Conuroller 29 is used to alter a seek timé and a noise level of disk drive 10. In
this particular embodiment, controller 29 comprises a sliding bar 30 which moves
along a continuum 31 between a relatively high noise level/low seek time
(*Quick™) end 32 and a relatively low noise level/high seek time (“Quiet”) end

30 34. Disk drive noise level and seek time vary inversely along the continuum,

-10-



a network interface card (not shown). Qutput results from applications
running on PC 2 may be processed by display interface 17 and then
out' put via network interface 4 or, alternatively, displayed to a
user on display 6. To this end, 30 di splay interface 17 preferably
conprises awosydsays processor for formng video PCT/US99/04910

-9- | mages based on video data provided by processor 25
over conputer bus 22, and for outputting those i mages to display
6. Qutput rﬁéﬂﬁlgﬁmt,raﬁm Hofdg TevePHt he @il @AR progressively AL theeef’C 2 maY be
provided to an attac ed printer via printeér |_nter¥ace_ 26.

Turni ng t o tivhestf thiy diskedrinegirogsessigely wpgreasesp diikesvasei amthe aaise ileyekofghe

conmputer c | i I ri .V ¥y rding to one
of a O&& %&ﬁf"g‘f%% L’%lg %@'#egﬁg%eegéﬁd\}eﬂﬂeoﬁg erlrgét ﬁ%gfses%?e%gc cording to
one or nor dneréastsheBy moving slidingrmp 80,6t &rppssibikt thodry bhels dhiei doeldtilneasd n.  Di sk
drive_engi ne.lg I?kjrther I ncl ullges ci)de for generating a GJ for

i nt er act i velAFEIBH PUPTFRG P58 Yone of a seek tine, a noi se

| evel , and a power congeprefdresd enfbodimehisdf debrinvettion] Biidid bari30chevdes a 10
controller that ig_ operated by a usera_‘rsrg as to alter settingéﬁin the GUI
for one or between discrpls positiony B SOURAMMDY A1, EINIng, £ & 4 fEBYEER & /ISt 41 | ye engi ne

16 gener at gfsiidfl cBHERPBAdng to high noise ABTEMHS sdeR tﬁﬁte(‘ﬁ%uiék”?j"eﬁd@z causing it to
conform.its operation in accordance with - the a ter_e_c_f settings in
the QU . spepnd positionjcogrespepding i midpoint between the two ends on continuungj gure 3 is a

flowyghar t 3106, £0 Bk obitiocoRficRking B 1By Misé!level/niihl 6k time (“QuierySi N9 di sk
drive engi ne’ia:%. %‘r?é’%f‘n, step S301 geneIrSat es.hg’ Ul ang (d?%lgﬁ gys

that GUI t cendi3d. (Adwrnatively, dhespmay b mors than duree dikayels levelstoranoseland | abel ed 27. .
QU 27 incl ] f.ar.; i ' v be controll ed.
That 20 gégl??‘?g ‘%“1”3&%&%“%‘%&9’3@@ értﬂésg?/}g)t%%ﬂéﬁgarvﬁ'%m%ﬂﬁ Ell'gure 1 includes
only one di sk drive, The level of noise in a disk drive is due to vibrations at particular

frequencies, such as 6.6 KHz, 6.0 KHz, 5.0 KHz, 4.2 KHz, and 1.3 KHz. On

15 the other hand, mechanical vibrations, which reduce seek time, result from

vibrations at different frequencies, such as 3.3 KHz. By moving the sliding bar
of controller 29 along the cbntinuum, an end-user is effectively determining which
of the above frequencies should be reduced and/or how much the reduction should
be. For example, in a case that Input Shaping™ (described below) is used to
20 reduce vibrations, by moving sliding bar 30, th'ej user effectively selects one or
more shaping functions for reducing vibrations at épeciﬁc frequencies, and causes
disk drive engine 16 to convolve those'fuﬁc;ion; with the appropriate disk drive - -
inputs in order to implement the desired vibration reduction.
In GUI 27 the noise level and seek time vary inversely along
- 25 continuum 31 such that there is an effective trade-off between seek time and noise
level, meaning that as seek time increases, noise level decreases and vice versa.
These variations are not necessarily linear; although they may be. As an
alternative to sliding bar 30, the GUI may include boxes into which discrete noise
levels and/or seek times are entered. For example, as shown in Figure 5, the

30 GUI may include entry box 37 into which a noise level value is entered and
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many systens include nore than one disk drive. Wndow 70 provides a way for
a user to select which disk drive to control. Figure 9 is a close-up view

of wi ndow 70. A disk drive can be selected sinply by pointing and
clicking Og'otﬁﬁgssﬁ drive in w ndow 70. The sel ect gqftisodasios t hen

hi ghl i ght ed,” ‘as shown. 25 As shown in Figure 4, GUJ 27
al so includes controller 29. Controller 29 is used to alter a seek
time and a noise | evel of disk drive_ 10. In this particular

embodi mendisplaydie 39| whish displays Aspresaanding pymparicy aipe of shsaee ves .

al ong a ‘cRnhiREMn3 ETRGRSHly Alsé BlcRides/ &/ dowti Sfowi0d Sehice sl dskOw seek time
("Quick") end 32 and a relatively | ow_noi se |evel/ ek tinme ("Quiet")

hi gh se
end 30  for selging fieyrriensingise leytl yalupey @p ﬁéFn?}h"é'é’éRd't‘ib??g Vefi’ﬁ/m?ﬁver sely al ong

the conti i i 9 and keybddRPNI AY ah&tdr alRfnatifts thOkeee | evel of the
di sk dri vgéjpmlﬁéug?léescg?%alI;‘/mlllsﬁcraélase%, t he seek time of the disk

driée protime sy \belssttabie yraceatry box 37 anshihe eorresponding npise lexel displayeds t he

di sk drive. pgodressiyel r ' of intde albgk drive

progr essi U‘@I‘{’fpgay RED Illl‘negrﬁée}acg%; @y%&?ﬁgiﬁgl | ﬁl A9 bar 30,b #t i s possible
to vary boshistchieulsedly diskedriveredgibe 16 based nnitteevalue\set inghe emet boxs

si mul t aneousl y. %eé‘r‘r% ﬁ%\fé%““ 4, GUI lﬁbéigge%{]°egﬁ%deg esg&g&l! nment of the

i nvention, sliding ) SCrete positions on
conti nuurrg&ikmnﬁﬁékﬁd}m% che«_:lgboxl amet*lr\ﬁe Iﬂomroﬂ'enl’( _gittges the disk giﬁqlz(mmi enkep n_32
correspondi ng to hi noi se |l evel /lL.ow seek:tine ("Qui,ck" n , a
secb@]dppo§iﬂ°%6ﬁsal¥éﬂg?'§§%n CRPWEG SN o ?anﬁ?fﬁ(/\étgﬁw Y@ggends on

cont i nuumMkOdisk drive réduced RS pewér ohshniption by eg;rﬁeremamdbm. tThel OW noi se

| evel / high seek time ("Quiet") .. end 34. Alternatively, there may be
mor et han PONPIREViag SAGIEY besrt Mscopiunsiispthayagying the see "‘E%éﬁfmerre. may vary
cont i nu0u§l([;i¥e RELIVerRD: it éﬁe%vﬁf‘ﬁ%in@fmé‘d@ﬂiﬂe%@%@ﬁme and noise level

The | evel norse ina disk drive’is due to vibrations at particular
frequenci @sg achievedausing, BsKppwersthan Ryould othgrwise, be gequinedy Thifqis1. 3 KHz. On 15

the,gther aQﬁP\%&r ?5? ng't&?boﬁi'n r'étk! @ Fore"\PleldlerilBEaC AmStiils iR, result from

vi brations a requéncies, such as 3.3 KHz. By noving the sliding
bar commahd dupmt tood Vaice @Gl mbtonip thedisk drivé.nuum an end-user “i s

effectively determ Rpi i . qf.t . i.es should be
reduced and/or how ﬁﬂcr}ﬁe\tgﬁheeﬂhgﬁqj& feélﬁcqsoﬁolalﬂé%?%m%&guﬁgcﬂe -

comprises a sliding bar 45 which moves along 2 continuum 46 between a
20 relatively high power consumption/low seek time gﬁd 47 and a relatively low
power consumption/high seek time end 49. As was the case above, sliding bar
45 may move between discrete values along the continmum. Thus, in this
embodiment, disk drive power consumption and Seek time vary inversely along
the continuum, meaning that, as the power consamption of the disk drive
25 . progressively increases, the seek time of the disk drive progressively decreases.
Likewise, as the power consumption of the disk drive progressively decreases, the
seek time of the disk drive progressively increases.
By moving sliding bar 45 it is possible to vary both seek time and
power consumption simultaneously. For example, varying power consumption
30 may be achieved by convolving one or more predetermined functions with a

-12-
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be. For exanple, in a case that Input Shaping[err] (described below is

used to 20 reduce vi brations, by noving sliding bar 30, the user
effectively selects one or nore shapi ng functions for reducing
vi brations at specific frequencies, and causes di sk drive engine

16 to convoMm@w4ssse functions with the appropriate di sk drRGRUSS9/04910
i nputs in order to inplenent the desired vibration reduction.
In GU 27 the noise |level and seek tine vary inversely along 25

conti nuum 3lmgyeh 151%1@'[ tol 'Gbfe! <§Jxlaﬂlo€Jrf fCtht Vd?skt EACLE- Weleclibh \WGRe SCEK ti e

and noi se , heaning that as seek tinme 1 ncreases, noise |evel
decreases arademmmd\imcgans is performed bavwd or thesettings ofiibe alidingbar. n@Eessar i | y

| i near; al t, hou H{;&%‘ of¥a Zc')é%\%v\%l fler \c;fa%cre%euadg f‘srtﬂé‘ttés\ﬁh}oﬁglﬁhx j ding bar 30,

the GUI may |F1CI u evel s and/ or

seek ti nmes tis spphicutien)e dfor Ewn;degahq)ﬁmc;uoas msy be\selected Frogu peedBtermined 30 Ul
may ipclude _entry box 37 I alu LS entered and

di spl gy boXas8to W\!ﬁ B %‘?sgﬁn gocéy ((,?Y@s%gﬁaﬂsﬁjlﬁ ﬁﬁ%%?&?% e\&%ﬂ' ‘ue of the seek
time. I n thi B1g1ﬁas7ahowsaec@nﬂ>th¢rra1feﬁraa{iﬂ gonfigration (drude GUIp/ down ar r ows

41 which are used ti t he vari ous ngise | evel values. On
the other Hr80WR BJEgTE ) LR?S Hiﬁ"ﬁgwe&"u%e SERATAIG FRATOYFIS &W ﬁfgr nouse 9 and
keyboar d 7redﬁ§m%‘@%3)€®eﬁ£6n§ﬁrﬁﬁﬁdr%ﬁld doie l@s/éﬁi‘i'es?ecnvely, al hFenciBN obe settable
via entry box 37 and the correspandi ng noitse ['evel “di spl ayed Vi a

di spl ay boxeekgime nThus,t (s neise leveliineeasesisek dme doereases. (AnS GRSl n t he
di sphgy i, ?Pﬁm&é CSﬁ‘Juﬁh!Jnaa GhrO¥edissdt fEd M&r@a@&' aﬁd 1eebapgd on the

val ue set. |n 6 Réturning.to Figure 4,
QU 27 may Eﬂeshdmgwbalm@ewa m&mmw preferably hayeyali the| chamactexistich ofshatheck box 42.

Thi s cont r%&v@r{m éﬁgﬁ tﬂgshg{vﬁlﬁn %ﬁésu\lce8t19uu§ {cgr cﬁi}%s ri}"cér %ﬁe?ﬁpeq\ﬁﬁ& savi ?ge

node. The power-s e conpr
di sk drive powdncemumpmmmrbeampbmmtedom inyFlgnqsridé‘Ieec na memedgabunt . The

power - savi ng set.in coni n W.th varyi t.he seek tinme and
t he %osscéfe%&gef“ ek g 45 ﬂcl??@éa X %ﬁeq%t?&epweﬁe set seek
time1and nQoS@imptiug bettings, and dmﬂa)&daﬁlmeem’enasmm | ess power than woul d

ot herwi se be require This is.15 by convol Vi ng one
or nore -predeterm nege‘f‘{m’(’;& |t%rs1Fs‘th‘}1 QUIaﬂq q%l‘ﬁ?g’ﬁiﬂ #% o0 a voice
coi | notor doftrdIRE sHbwatFal ¥Ccause the disk drive to operate using parameter(s) set

by controller 29. This preview controller may comprise a button or the like,

) which a user can click on, and which causes the disk drive to operate in a

Zd "preview;' mode. The preview mode may cause the disk drive to seek between
various tracks on a disk so that the user can ex?eﬂence the noise level and seek
time settings in the GUI. If these levels are imacceptable, the user may then
revise the GUI inputs, and preview the drive’s operation based on such newly-set
inputs. This process can be repeated as often as desired until the user achieves

25 the desired settings. Preview mode may also be pre-set to execute automatically
each time the GUI settings are altered.

GUI 27 may also include one or more display areas 55, as shown

in Figure 4. These display areas may provide a numerical indication of the noise
level of the disk drive, its seek time, and/or its power consumption rate. Display

30 areas such as these are generally most beneficial in cases where parameters are
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On the other hand, a reduction in power consunption may be

achieved via a controller, such as controller 44 shown in Figure 6.
Controller 44 conprises a sliding bar 45 which noves along a
conti nuum 46_bet ween a 20 rel atively high power consunption/low seek
time end 47 MPPP45FR1 atively | ow power consunpti onfERGSPINERK ti ne
end 49. As was the case above, sliding bar 45 may nove between

di screte val ues along the continuum Thus, in this enbodi nment ,

di sk drive powsingcosEdingbangnesaisdhs ease, forneampley in Figakaed )y 6 anang

the conti nurd rrean(i{gpg t hat az the'cﬁg%ﬁ{i c.og)su tion ?c/)é the di sk drive 25
progressi ve gge}vﬁﬁ'rae %/ arpg, fnay be provi chy IfEors te usen QAthe AmgRRs si vel y
decreases. of hours thatld &anfutes. (eaS, & MDIPPWaR ofdrate Wi hx%xi@ting}(ﬁtﬁwé}i sk drive
progressive seek tinme of the disk drive

I flec&egses,. t.g]e s . . ;
progr essi veF"ii’P Ync F@ 4eteumine this value, disk drive engine 16 mogx);orﬁg;ﬁ SPYEr§i ng bar 45

it IS POSSi pbwert @pMPIdireltdt, lor 2QBHaréd BB aMBEh: of power left LRAWEIn HORATPL I ON
si mul t aneous| y. For exanple, varying power consunption 30 may be

achi eved byEEH18 comppten A bren Fupning with dheoprasencsnpplyn @s iwstisasvithdr a

-12- relevant parametersCOMMENd input to a voice coil notor in the disk
drive. Selection of the predeterm ned functions is performed based
on-the settings of t Returningitpadigpue 3, @hllowing step S3Qris evbitthae GUinist i ons nmay be

set in otheg; A | c&Rs LhHr Qu . this

appl i cat i on?l.sgg%g?’ ﬁarrp & &t%geeedgﬁélgfepons matg1 %gggg%clpgdxs?rr BRIBSr edet er ni ned
5 10 tr aflenitedrsewtings mtaathp G3UL | Thesw sdttimgst yf (oufde’’ Will ddetd upén @escri bed
herei n bel oy, . N Fiqure .7 shows yet another alternative
conf i gurat | BYREBle oRtigney the GUI, examples' of hieh pig Ges apove.nda8yl coul d

i ncl ude sepamsahes, che1tusal ingy Snpad somel coRAbination of 2 new sdeRCtitfid, NEbwa@t h power
consunption_and nqi se |evel spect s a function of ' seek

I , r<a1 Lvel a
time. ThusCSCRSHPRQR xaje.cRoise leuel. eﬁcré‘&%e%@ Jagbe; periorged lesale or and vi ce

versa, 10 remotelpiid nétwiotk Mferf@WR T T BS tHeTBUIGkhy! LR HiPRFEP on 896Ktk T
decregses, and vice versa. ) The sliding bars shown in Figure 7
pref elabl y ReRyerksf PG, igad te-seitiogs theraforcapplied toribg local PC. In any event, -

once the new parameter setting are input in step S302, they may be confirmed via -
“OK” button 60, canceled via “Cancel” button 61, or applied to the disk drive
via “Apply” button 62. The difference between “OK” button 60 and “Apply™ - -
button 62 is that “OK” button 60.merely stores the n¢iw settings in memory (e.g.,
20 - memory 11), whereas “Apply” button 62 applies tﬁe settings to the disk drive,
overriding any previous hardware or software settings.
) Next, in step S303, commands (€.g., electrical signals) are
generated for controlling disk drive 10 in accordance with the settings set in the
GUI.  Exactly how these commands are generated may vary, depending upon the
25 - way in which the disk drive is controlled. Assuming, for illustration’s sake, that
the disk drive is being controlled via Input Shaping™, step S303 comprises
convolving various inputs to the disk drive with predetermined functions which
are selected based on settings in the GUI in order to produce disk drive inputs
that achieve the results specified in the GUI. These functions may be stored,

30 e.g., in memory 11 or in another memory on the system. Sections 2 to 11 below
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shown in Figure 4. As shown in Figure 8, nunerical values for noise |evel

and power consunption may be inplenmented, as in Figure 5. Here, a
nuneri cal value is calculated for seek tine as well based on the
noi se | evel and power 15 consunption settings, and displayed in the
QU as shownwo 99/45535 Returning to Figure 4, p&iisidibaomay al so
I ncl ude a preview controller, shown at 54, to cause the disk drive
to operate usi ng paraneter(s) set by controller 29. This preview
controller . the : i ch user - can
click on, a‘ﬂ%g ergagéf{éq% gﬁayd‘?el 'f?sgd t%b?ﬂ?é) QP%raﬁIWWé\} LE?) it

"preview' nardle, mﬂ&uﬂxﬁcﬁ\ﬂx@\memﬂﬁnm&p SeedIbsed e thdiGUI stttingeantmtieeek bet ween
various tracks on a disk so that the user can experience the noise |evel
and seek 1aCtO1S. e settings in the GU. If these levels are

unaccept abl e, the us@ncéhe fidt€dlary commands h@w Se%ntg&ﬁerﬁieﬂi pmggtsmg and previ ew
the drive's operation based on such new Thi s process

can bé r epeRfoggdsie sisp Sa0t a@%msth?seaomﬁﬁ a-f°ri§°¥i§"éjr t°a‘E9I‘iF%‘v rajxgn t he
desired set g fOgisk BIRY I THelRACa a&ynﬁy%ga@ﬂtdartﬁe &fle’d Qp&ma%ﬁp@ut omatically
each time the GU sett:GéHs are altered 27 may
al so i ncl udey saking rupna GUIdIsE £8. amause 55 andygntering\desired operatlona;i F| gure 4.
These di spl S galindication of the noise

| evel of th ﬁ‘ﬁ&ggdrﬁ@)e‘w%gyeb%gﬁ §Pd §ih %GF}S its power consunption rate.
Di splay 30 ar eabs thisc poiat t:hes:etedrmavigéneeblltlly nebdimitedniof thei al i n cases
Wnere ar angt -13-
set usolong e ‘ﬁ%‘%ﬁ“ feamregssh T ™ the f e ha[ lé’x%l(r;’p mayl br? & 8&?385 4, 6 and

7. ' uﬂstdpems @ith ancdhds:phxgyomrcnanmpfm foreguing felatuvies, CSabjectftor s t he user

of the anount at _a coj uter top) can
operate wit FErER éﬁ?sgﬁnﬁgmb?fﬁgrm e system. o %‘@tg’é‘f’le?eﬁ' ‘% (ﬁl s val ue,
di sk drive aa@ine hd@n[bm VEES azteheelmmtteg:h@se sfilled in the RAVRIay S4BP! Y
directly, or estimtes the anmount of powet Uﬁft based on the t ot al

time the coRpieiudedintef(dl, AsanAlamatiyen ﬂi"h@ 08 4@ sPplsment the GUL el | as

ot herys the disk drive may include one or more electro-mechanical manual switches for

controlling all or part of the drive’s operation in the manner set forth above. For

the purposes of the present invention, a “jumpc;r” is considered to be within the
_definition of electro-mechanical manual switch,
i
20 2.0_System Control o ' :';-

The following control methods are preferably implemented via

computer-executable process steps in disk dnve engine 16 so as to effect high-
speed moves in a disk drive, such as drive 10. However, it is noted that these
methods are not limited to use with disk drives. Rather, the methods described .
25 - herein can be used to control any type of dynanfic system which moves from one
state to another state. In fact, any unwanted dynamic behavior that can be
quantified in a mathematical expression can be reduced by the present invention.
For example, using the present invention, a disk drive in a Redundant Array of
Independent Drives (“RAID”) can be commanded to move in less time than has

30 heretofore been possible without substantially exciting neighboring drives and

-15-



rel evant paraneters. - Returning to Figure 3,
follow ng step S301, in which a GJ is _ di spl ayed, processing’
proceeds to step S302. In step S302, the user inputs 10 desired
settings int L. These settings, of course; will depend upon the
avai l abl e op‘??tgngs°|gr1J the GQUI, exanples of which are descri b‘?ﬁ”ﬁ% V80 For
I nstance, the user may i nput sone conbination of a new seek tine, power
consunption rate, noise level, etc. Step S302 may be perforned locally or
renot el y vi ¥hHetsipvllantouslyr fedueing acquste vibsationh ghaBUksulmin beisdi SPieayed on a
remote 15 gecioned Gh¥OL ' ' ef or | i to the

| ocat PC. | nes§§r‘1‘§/ ev@ﬂtﬂ ,&%dseg& wmd%é}%@“? ﬁlék deagﬁcp{éér?lg&nlg{ grmgug;féts? are input
in step S30Rentifyegonstraintyeindonsing thedtevhomlogy presented "he¥€in, belobeenfr6fd, cancel ed

via "Cancel . I 1 readpplied ta the.disk drive. via "Apply"
button 62. ﬂgyﬁ%’%g&@ﬁg a%xg? &%regenq RE SR Orehyan QRtimal meyss that

butt orb 62 i sedutertthdsOWibratibrisoor @ynaeic cbehadbor eAs tused neyeisctiel tgm i N Menory
(e.g., 20 .mepor 1), whereas " | y" button 62 applies  the settings
to the disk ipragens eh ceberto WE@’\"EZ‘EP’P@@%“S&F Siprghpas G&Ei’ 8018%- sof t war e
settings. _ Figures 10A and 108e3tHow didsehp Sewz3H3 disk @pvangls Ase- 9. . _
electrical signals) are generated for controlling disk drive 10 in

accor dance WO i dewe 10 igcdudesvoics cpi gnotor 72 having@ yotorsageshoypthow t hese

commands  ar gergRfedal Bfl sER¥r Y6 #hd H&P 96 dTheke YBRPodeRR y in which
the disk drive is cont rsol Ired. Assum n [ P%strgtg?sg?\q?ug%ﬁg t hat

A . [ : , for
the di&k dr fisledsice %Mgweehpmme@evpg rRRging orSh spitrallewprocesset B S303

conpri ses : | Al ' i , di jve.wth .. .
or ot or mi ol iR EE BT, dnfgis Brdcaldsr 5L rbr OnBor) BRARAYENE A1 1o
the GUI in 8apdeate cantoHerddadicattidgh thir diske diimpwhish receives comiriaads frodni eve t he
results spegifi lsn h . 1| dns e stored, 30 e.g.,
fhoskseid 257 Helf 1y & BREei) Bb R OB AL R 011 el o

in menory 1 n-ano nenoty on w -
-14- disk 77 installed in drive 10. Actuator arm 74,?‘011 which head 76 is mounted,
t
15 controls the motion of head 76 between the tracks on magnetic disk 77. Motor -

72 drives actuator arm 74 in accordance with control signals received from --
processor 73. These control signals are generafed based, at least in part, on a-:
desired position of head 76 and an actual measured position of head 76 provided
via signa) 79. Movement of head 76 from ar% initial position to the desired

- 20 position occurs within the device’s seek time. The seek time for disk drive 10
comprises the time it takes for head 76 to move from an initial position to rest at

a position where head 76 can perform a read/write operation on a particular track

of magnetic disk 77. _ :
The seek time for computer disk drive 10 can be reduced by
25 commanding a component in disk drive 10, suck as head 76, to move from one
location to another while satisfying constraints on mechanical vibrations, acoustic
vibrations, drive mounting vibrations, or any combination of constraints, physical
limitations, and/or parameter variations. Several different methods for reducing
such vibrations are described below in detail. One such technique involves

30 altering system inputs that are specified as a function of time. Another technique
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describe a variety of methods that may be used to control operation of the

di sk _ drive, any of which may be used in step S303 based on the GU
setting and ot her factors. Once the
necessary commands have been generated, processing 5 proceeds to step

S304, wher ei Ryg fggsconmands are provided to control oper at p@€fusesrndoto of
the disk drive. Thereafter, a user nay again alter the drive's operation

si mply by calling up a GJ using, e.g., nouse 7, and entering
desired operati onal paraneters. Follow ng step S304, processing
ends. involves generating 2 posnm-verﬁli%veﬁnﬂmt(hermaﬁ@ P eer {pasitiothe GUI i s not

limted to érﬁﬁtélgﬁ@lsof eggn% ikd) shhg «d 1 gures. That
is, a QU n%%gg%gtgalgrugmggiw i s% ep 83 %#]ll nclsudes any one or
nore of therédcedyitade ﬁeemm@swhl@umtm reduced v1brat10ns c&r this regerdnstraint s

et en ! Tod B BN 00808, 0 b e FRLNIED, Bl

descri bed her e are nthe art, may
also 5 a contveller e folloe dr ia rfecd foewasd| signdlswithin et contreliary eStilloanbther GUI, or to

suppl emrent the.GUJ. 15 Ahe disk dri.ve nay inc ne qQr_nore -
el ectro- rrectﬁ‘gbr?i‘@ﬁl m@mﬂodééﬂ"c‘ﬂﬁgmﬁﬂt - “s"y'%andna’ééo#?%tfq? FhE2hMR or part of
the drive' smppeedPVaibleé is doRrurted g ussd! Se@érhhmaih@&si‘for gederating PV the

pur poses.of the.present invention, a_"ju S con5| dered to be W t hin
t he tablgs farh2fsP opFoBied IOBEET I AN o0 Wi ot Shepe™ 20

System Contcfo%timauon with a PV table in order td H&dut® uh@4AcEto v%%ﬁfoﬁ? ! (;hods are -

preferably 1 nplenented via conput er- execut a process steps in
di.sk 1@rive mn@pnted a6 sevgral gnadificatiouscto the foregoing embodimeme wilichdhawe i n a di sk

drive,. suc at these : nmet hods
are not - ﬁgﬁg%igvﬁssépegtﬁa‘@%dﬁsé ?/fes ﬁ%@%& ‘t he met hods descri bed 25

her ei n can be used t@rc[cessmr'lﬁldeeanmmeyp/hmhfofd;emwnhmqmsteappmbasbd noves from

one st at e t not h st at.e. f t d m ¢ behavi or
that can be™"?2 viiety of Frtsf“f d’s?rrfn%{l%tﬂﬁa‘ﬁrg{ ?@%eé‘{}ﬂgﬁst’?ﬁ%%x’ggn be reduced
by the presdrivie. iHoy exdnipld) time can be tradeffoff agaﬁﬂsradneumtmvmaﬁdn&emrcﬁe@nt

i nvention, a . disk drive in a Reduyndant, Arra | ndependent Drives
("RAD ) catPdor? b BHRGE A e A5y gRaYOR- I]é‘sasg’t"%/’?répﬂlﬁ%ﬁ?nh%e nt of her et of or e

bign POSsi byiBrafibk hetutticiRghipAl toathdké eRdGF-ioWe) cotAtBAD aédep@bleichiy 8¢ and

a function of the movement distance or other parameter. When this is the case,
it is advantageous to trade-off shaping time against shaper effectiveness (meaning -

amount of vibration reduction) such that (i) vib?ations, both mechanical and

20 acoustic, are reduced to an acceptable level (not excessively attem-xated), and (ii)
shaping time is less than it would be if the vibiatiohf were excessively attenuated.

“When more vibration reduction is required, a lonéer shaper can be used; when

less vibration reduction is required a shorter shaper can be used; and when no

vibration reduction is required, then no shaper (zero length) can be used. In this

25 °  example, shaper selection was from among a discrete collection of shapers. It is
also possible to use a single adjustable shaper, e.g. one in which the time interval

between pulses is shortened; resulting in a desired shorter shaping time and

reduced vibration reduction.
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whi | e sinmul taneously reducing acoustic vibrations that result in noise. The
desi gner sinply need select which vibrations or dynam c behavior is .

t roubl esone, identify constraints and, using the technol ogy
presented h oose from anong several approaches for
generat i ng g%vﬁsgafsgg near optimal noves that 5 r ed FEE/ISAYYEL0

vi brations or dynam c behavior. As used herein, the term :
"vibrations" can refer to nechani cal and/or acoustic vibrations that cause
noi se. 3.0 Fundamental Limiting Pédrametees 10A and 10B show cl ose-up vi ews of

di sk drive 10. As shown, di.sk.drive 10 i.nclydes voice coil notor
72 having a rotor (n&“eé’ﬂg\?ﬂﬁcgmqﬁ& “"ﬁzedgﬁgled’é?sﬁ?t oyeptionis agpethed 75 and

head 76. Thfes eoaMERBAESYstems tEat Q&GHateinl 2ach [p‘ltﬁnall rhéhner while ﬁi%ﬂédﬁﬁﬁé’e enngEe 16,
er/ processor . IS

or portions thereof runnlgg on a contro

processor E?ﬁxﬂﬂ‘%’%‘cbr SHEe 3l Syygems; gaturptg ip §omg, ByaRncs, a mgthodfamt i vel y, a

separ gt e cos&tmﬁgl hgra %ﬂmﬁﬂa qﬁoﬁmlgt?*aﬁpraac‘ﬁk df,feye%te\&hhé‘r&nf %ﬁghvﬁ& conmmands

from processor . reads to, and wites from tracks (not

shown) on n%mqegamndamemal ity pArATEleE fon Iheesystemm, sachndeapplies edthemiat or ar m 74,

on which h o ead 76
e@%ﬁﬁﬁd@shﬁ%éﬁ ghf%%ﬂ ecfory; 7&%%%18 te%hltuH@e gDcHt%gragFte?

bet ween the tracks on I'Ves act uat or
arm 74 in aandchiddschedulps: the shaped cdmmangitalte qugmeiovthel systemm processor

73. These control si sed at | eas art, on a
desired position of ﬁgg Sn elgﬁhgéﬁgm\% SRk A5 4 P, Hstf’??aﬁ?fgﬁfr head 76
provil@ed - that canses the aysmugmaianﬁ‘&e U denmsd ofcdf cdmtbrﬁfskfdmm dfrenni ti al

position to_th sire osi tion ogcur s, [hin the device's seek
tinme. The seg &rr% Emﬁlsgﬁferﬁ*r .H;ﬁvexf; e fundamentz, L HmHting parameter S e it t akes
for head 76vdiagayeines ¥olage supplied by @k dfoes bower sﬁxpply #i8fits e amount of @ POSi tion
wher e head 76 can erform readlwite gmeratlon on a partlcul ar track

of magneti cf e sy“em y identifying the Rarametro¥f & onmput er’ di sk

dr| ve 10 casysdem [xﬁdmﬁﬁxdnﬂ%){ Zh processmg?mﬂx‘ihﬁﬁr an GQUIRARG ith Ihdli Sk drive

?#Ch as head 76, to nove from one | ocation to another while
sat i sPyi ng teomaques prRvided rherginhis s assiblg r piovigndor grealgs control over -

vi brations sy%invxﬁoﬁﬁiéﬂttﬂhﬁ!rghéé'ﬂ&ééfo&%%en BbssibiEy conbi nation of constraints,
physi cal limtations nd/ or paraneter variations. Several

di fferent methods f ol thisFesard; there are Sevem!lcﬂllﬁad?wamamsltonmt asieg disscri bed bel ow

in detail. £RGR Hﬁh-ﬁ‘hﬁﬁ??‘ir&ﬁ n&iﬁa} yst em-i nputs that
are specified a functfon %?IJ t d??%ﬁé]?"tgg thffe@%%%“

-16- way to generate a command signal that does not saturate the system. If the

20 system is allowed to saturate a signal at any time after any command profiling

technique is applied, the vibration (or unwanted dynamics) reduction benefit of
command profiling will be degraded. The amount of degradation depends on how
much the signal is saturated. Therefore, sub-optimal trajectories often result. As
examples, optimal rigid body voliage commands for a disk drive system for 1 and
25 3000 track moves are shown in Figures 23A and 23B, respectively (see section
6.3 below for a discussion of rigid vs. flexible system modes). The optimal
current command that corresponds to this voltage is highly complex because it
depends on the state of the system (in this case, velocity, due to the back EMF

of the drive’s motor). Any simple current command would necessarily be sub-
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I nvol ves generating a position-versus-velocity (hereinafter "PV' or

"posi tion- vel ocity") table using dynamc el enents, e.g.,
constraints or the like, so as to produce PV table trajectories
which result in reduced vibrations. In this regard, the terns

"input" and Wowmj4essory” nmay refer to either a reference comrandsd/an1os

a controller to follow or a feedforward signal within the controller. Still
anot her t echni que invol ves nodi fying the current industry-standard
PV table so . L] [ ' n t d used.
Several net h%)gﬁ‘%* gr%egdeeﬁén ¥ 3a mgg%{#‘ Y”%qhg\{hé gjtgiaeﬁt %%OFPO s%E"Irraﬂg %rgg@dhded

t oget her w thlalosy descmheehaw thnspmchﬂvaqher I n conbi nat ion with a PV
table in order to red ented are

ke ufr\éﬁnt ed V. brat %g Al so d
several nodifications tb% hYy gt tcé)%qng?t t‘{é‘t}
differing | ewed takefthopjstoimio katuraﬁch tiade vafhohn'e;toeemﬂg diekeo limits. The

- Processor 73 determ nes which o thes hni

on a vari et ysegpnd disadypntage ch”r?t& °"’t§’§’ert "%q @ﬁg‘gﬁt&rt‘% A dentity of
the di sk these sam«éddoﬁqm&qran@t%mhenntnhmﬁ&n iRQudih@ 8RGnafd syd@aml nst anount
of vibration reduction 15 and robustness to _paraneter variation. In a

gi ven appl i cénpwsics. Therefarsy Ui soltion to the problem js Bgnificantly mese cefAPIERqui red to
make end- of - ﬂ@atemﬁﬁy%t ABSUGES EAEhE 2 HENRR] in the problenf! the!Sathéidn Of the |

novenent di stance or er paranmeter. Wien,this Is the case S
advant ageousmt‘-tﬂasqsaﬁeazﬁﬂﬁ insenapnlendty |<a@ceagepmcr seirspon obe f‘@tﬂammtﬁﬂess _
(meani fy hmtm& gﬁ%@&: Of 8L ki Oiﬁpﬁteﬂht?t g ctd Chhnbrhin (i o ¥ brations,
bot h rrechanl caf n acoustic, are retuced to an accep le | evel

(not exceSS|mddnywmglyemymgud;xceednﬂle(lmxycanbe generateéhapi ng time is Iess t han
it would be if the vibration were e Si atte When
nore vi bration reduct |Wa3pé%fu$|;° %n%ﬁng éﬁg%?seg%a (ﬂo eﬁnB%S ﬁg‘g‘d when

| ess vibrati ﬁ‘saﬁﬁﬁﬂﬁt along itife feedfoiward! pathsb ey’plade asktﬁping mahldfersied; and when
no atlegn red ctlon I s.pequir.ed, then ero | engt h)

a er
can be used. m? £ et For ex3mpleif 8 SIERY] £30 saturatey ?’?5) fer¥a) anong a
di scretse col p4tetthod stﬁ:hmn&r ﬁmritéd béfore the shapmgadp‘éfhtxﬁﬁ)s $h mcecawouse a

singl e adjustaple Sﬂﬁ? e d. o ¢’n whi ch time jnterv
bet ween pul s&Sigia-teARAIqeAoBYEr %& LIR“% ﬁéaW“&nd%PP@&‘ %@th@df%’(éﬁ ng tinme
and ~ calculations might need to be limited to plus or minus 16,000 counts. If a

shaping technique is to maintain the vibration reducmg benefits, the output should
_ " be limited to 16,000 counts and then shaped. :

20 ’ Still another approach to handlmg saturation of a parameter- while
maintaining the vibration reduction benefits oi the various techniques presented
herein, is to pre-saturate a signal. One condmon under which this would be
necessary is if the saturating element is outside of the control of the designer
(e.g., the saturation occurs in a hardware amplifier). In this case, it is

25 - impractical to perform shaping after saturation. Under this condition, the signal
should be pre-saturated and then shaped. Pre-saturation involves determining a
mathematical expression for the condition under which the system will saturate
during a move, and saturating the signal before it is shaped.

This approach of placing the shaping operation after any nonlinear

30 block is applicable to the technique of putting Input Shapers™ and Inverse

¢
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reduced vi bration reduction.

-17- 3.0 Fundanental Limting Paraneter

One of the techniques utilized by the present invention is a nethod
for connandlgﬁ)systens that saturate in an optiml nmanner while stil

reduci ng Whwant ed dynamics. Since all systens sat (FGEFESHPRI%EHNe
manner, a et hod for 5 setting up a command profiling approach S
present ed her r €S, a fundanent al _lLimting
par anet er forgitlzﬁJ system s appsls:dégtggjl {SN}; A11'of the Same Ju ﬁ?ﬁ%d shapi ng

or whol e-tr aj ecthatrapy muretmator mgnlmearh:pemum tostidoair quesidende p:tth between and
third schedul gs e sha co ont output to th

The fundanentgt #‘F‘fﬁrtl ‘érf%l ﬁ‘%ﬁg%%%%nmea‘p%ﬁﬁgﬁmio t hat
causes the sysmam eemehumeasmpertm aﬁmmvaaesha@érﬂa afeOsierdtred, e Sinaaiic Ve,

current ﬂf contr&s s stem However , t’he fundament al
liniting par aﬁlgpgpts fmust all be linear (g5 ne m“é‘f Yo Stbettise thg stlectnfunwanted, t he

drive's power dpdamind decickibi ts%egxﬂedamuﬁbnamp the pre-saturacfdﬁréaﬁtqubféaﬁ e system
By identifying the fundanental |imting paraieter of systemin

this nmanner, 3% Ipsiseations lﬁgvhl%ta“ﬁ%{lﬂé tsm%&eww@alydee bitweentthe 15
t echni ques prggdpgpd 208 Tfefte Shipek™. POssible to provide for greater control

over - system novenent t han has heretofore been possi bl e.

In thi's regard, there are several di sadvantages to not using the
fundamepjal limtigg PELAEHE ] Jnﬂﬁm@n el f||| ) 1rs(t, tperels no.a
priori w@“ A BT D turate the
system If the 20 urate a signal at any tine
after any command prof| Ling t echni %u Lzﬁ] p&'n'm?a%de& hteo v;bratlon

(or unwanted dynam cs) Pe&ucq‘ﬁkondrﬂ’gnef‘frfenbf

transconductance amplifier. The fundamental hmitmg parameter for a disk drive
15 is voltage. It is, however possible to generate current commands that maintain
a limit in voltage This section explains how to generate such commands.

The first method for generating a current command.that does not
exceed the voltage limitations of the system is to solve a set of equations directly
for the command input which, in this case, is the feedforward signal to the

20 -~ transconductance amplifier. The following equation isused to generate an input
that takes the system to zero final velocity: -

E 4,=0, M
=1 . -
where the A’s comprise the amplitudes of the current commands at time interval
i, and N comprises the last time interval. The following equation determines the

velocity, v, at each time interval i

i-1
- Cou X 41 @
a1
25 where A comprises the current inputs and C,,,, comprises a disk-drive-dependent
-20-
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command profiling will be degraded. The anmpbunt of degradati on depends on
how ) much the signal is saturated. Therefore, sub-optimal
trajectories often result. As exanpl es, optimal rigid body voltage
commands for a disk drive systemfor 1 and 25 3000 track noves are
shown i n Fi guweesnsashd and 23B, respectively (see section PCT/USO%048100€] oW
for a discussion of rigid vs. flexible systemnpdes). The opti nal

current command that corresponds to this voltage is highly conplex because
it depéeRstany nihe desired ppsiviondstaty of dha fyistem;, s, dadaterminedsi ty, due
to the back EMF of the drive's notor). Any sinple current command
woul d necessarlfy be sub-

- 18- optimal if the debelgner Is to guarantee that the
systemis not to saturate. Section 1 bel ow descri bes h this is
achi eved. Forﬁ"ﬁpt Z;ral' noves, the system sﬁgvul d be
commanded with inputs that take the systemto saturation limts

w t hout exceedi ﬁ.gst hese limts. second di sa van&age of not

choosi ng the furtd&eiags Hmi 9??"?% gwéﬁ@?@? esjte pgimum voltage tha iy being

saturation |im cemmaied usea ctséeﬁre ﬂ@?lywdtbgs)t For @l disk dighel s BRkhdll§ System
dynam cs. Therefore the so ut| on, to |l emis_ signi Ficantl y nore

conpl ex. on thejorder; S 1AV} yVindimies tbrrﬁrté&l%%rhec,folﬁpsw%rwemare i ncl uded
in the problem the solution i ncr eases yet again in conplexity.
Once the proper selection of a f undanent al - 10 limting paraneter is
made, an input that approaches sat,urat ion Wt hout unknow ngly
trying to exceed the limt gnergtect; =1-N, (4) Anot her
approach to ‘handling the. pr es@’hc .}-%ff Hbnt i pdarities, ’ such as -

saturation, along the feedforward path is t o place a shaping nodul e af ter
(D et orva SUBsER  TeSBR e AR e 5L B PO bl L7
shapi ng oper at i oommhand.t The esigge philse response may be determined by outputting a unit '
pulse to the amplifier connected to the chsk drive and measuring the voltage
10 response of the amplifier. The values of R; are chosen by means of a multiple
step process outlined below. '
In this regard, Figure 35 shows a voltage pulse response from a
computer simulation. The smooth curve iS' the continuous voltage response. The
“square step” curve represent the system’ s digital sampling rate (or output rate,
15 see section 7.1 below), DT. The first peak occurs T, after the initial pulse is
issued to the system. The first value of R is determined by measuring this peak
value and setting the first R equal to this peak value. All subsequent values of
R are determined by sampling in DT intervals after this initial peak. The step
curve in the figure shows the actual values for this particular example. In this
20 case, a complex voltage curve is reduced to a relatively small number of sample
points to be used in one of the several solution techniques described herein.
Alternatively, the pulse response R can be computed as a
calibration step in the disk drive or generated at design time. All of the required

information for generating an optimal current command is included in this pulse
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a digital -to-anal og conversion ("DAC') saturation, the output of the

f eedf orward cal cul ations might need to be linmted to plus or- mnus
16,000 counts. If a shaping technique is to maintain the vibration
reduci ng beneflt t he out put should be limted to 16,000 counts
and then shaf@d¥ %5 Still another approBCHU$8#928d] i ng
saturation of a paraneter, while mai nt ai ni ng the vibration
reducti on benefits of the various techni ques presented herein, is

to pre-saturakgonge SegRR forOBlewC edieli lirhity) dive0BEd WWeiow). tTHeS aMpliticd Re
necessary is if the saturating el errent#% out @_de of .the control of the-
designer reasonabll dingar, theprforg o samrarion,of B amplriers sasily masdsted HAM i fier).
In this casegpeigulskSesponse. Also,| HPp@ISs ksponsk %a@%efﬂ:efsu%aapfuﬁcaxoafafear
saturation. Under this condition, the si gnal shou be

pre- sat ur at e@eﬁﬁﬁdtqiiéﬁﬂ@ﬁﬁfbﬁ%fmﬁﬁéc@ﬂgw ation involves det er mning a
mat hemsy i cal expressi %efeﬁéctbmem%m%w&% m‘s&&m Y b &I Wl
saturate during a nove, and saturating the si al ore it is
shaped. above calculation may be notati¢.s Iapisrvoliess ml?segtmm isrealculatgsi ng

oper atf on af Lty 08l 0681 dne potage N ek BaPRALLLARH ek sl T SN e

of putting I|nput
9- because the systenShaphnssa ﬁmtavhlocxpy fram ppebein ectelemativactlnon 9 bel ow.

AII of the s e int tu |on or nonllnear
oper ati on rru {guBng% Iﬁ%ﬁ@gﬁ %@P"[’lﬁe a‘f?é?vﬁs f'\ﬂ/@é’ﬁmwe vahue {“%P and -
| nver s¥® Shapweh%rt]xe pllofted i‘i:@olhmﬁ@ iBxperihengly) fﬂatbnadnh flafc diﬂﬂﬁlt dpmtgm c '

el enents bet eﬁ%@? éﬁ? and yer Sha are.extracted, the dynam c
5 ele te fjus copstapy ys R EE F)?‘“i"? ﬁé‘ﬁﬂdgm HPBPYiREe the
effect of unmmtse&se a constant téiﬁmraoﬁslgteﬁuﬁﬁts equal &> ﬂ&gp@‘gg\qj shodrd 8d onal |y,
the pre-saturation t echni que can I'n_situations in which

saturating eP¥gd i Ge yojtage ﬁlélé%ﬁ‘?%?qs?’ R "t?e‘hbte‘f Wé‘fBﬁest g effect of back @prer and

| nver se Shapg#d allowk®or a more aggressive 3ohmah@®i "9 The Fundanental Limiting
Paranmeter Wiile Cenerating
15 An example computer code written in GAMS that may be used to

solve equations 1 to 4 above for values of A is provided below in Appendlx B.
By solving the set of equations in Appendix B, a time optimal, unshaped current
command can be generated. This set of equations can be solved in many different
ways. For example, the entire set can be solved as a constrained optimization in
20  which the goal is to generate the minimum fime solution. This may also be |
performed without optimization by solving for a feasible solution (the first step
of a Simplex solution, for example) and then reducing thé length, N, of the
solution vector until no answer can be fo{md (a binary search may be used here).
Another method is to determine a function that predicts the length of the solution
25 and then; without any iteration, find a feasible solution. One such prediction
function comprises the switch time equations set forth in Appendix A, described
below. Another approach is to fit a curves to such a solution. In this case, an
exact answer is not needed so long as the curve prediction functions overestimate

the solution lengths and never underestimate the solution lengths.
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Feedf orward Signals In A Different Paraneter In a

disk drive, current is usually conmmanded to a t ransconduct ance
anplifier. The fundanmental limting paranmeter for a disk drive 15 S
voltage. It is, however, possible to generate current commands t hat

mai nt ai n wo99i4ss3sl imt in voltage. This section expl ai nsPERUSHOBIMENer at e
such commands. The first method for generating a
current command.t hat does _not exceed the voltage limtatjons of

the systemis to sol ve altdedlsppowivipo;olys for sncentimpal, unshaped comygand Be conmand

i nput” whi ch, i Relihtigse m,isin%ttiﬁ"?h{ ﬁgfé&% \P&Bﬂnéﬁmﬁhiﬁh%gggﬁxeéﬁ For

transconduct ance anplifier. The fo W ng equation iIs to generate an
i nput exiraple.t Wk ean solMe farycutren(Abbyzsetting fai final valu¢ ofthe fundamental

[err] . he ;A S InS | i . rent
commands at ti r%n i g%r\grg%ter’ Here voq8£fe|0 {‘ha%dlr%g‘ggﬂggf P'é%&?%@f’%@? lfl%rﬁe

i nt erval . 35The flohitsmiviongseewittn chmpent et evoitagee any parameters can bevededci This v, at
each time interval i

Y aFRiopdh i T A s ek et B AR SRS SamePa aPPR VAR § ses a
-20-

di sk-dri ve- depeigeetattd to previous output values by the following relationship:

]
H

R : _
Ve = 22 4G 41 - )R() )
A = £2 : — .
R(1) :
g
10 where R is the voltage pulse response and V,,, is the maximum voltage Vi, on

acceleration (or any condition under which Ai;, >A) and -V, on deceleration (61'
any condition under which A;,; <A;). [Equation 5 assumes that the back EMF
of the drive’s voice coil motor is already included in R(j). The back EMF term
may be added o R(j) as set forth above, if needed. Equation 5 can be further
15 simplified since the R(j) values become insignificant after only a few samples.
- Consequently, an efficient approximation &Plﬂd 'only use a few samples of the
R()) series. If samples are dropped for an efficient approximation, the back EMF
of the drive’s voice coil motor times the n;umber of dropped éamples may.be
added to equation 5 to achieve an even i&ore accurate result if that value is
20 deemed significant, | |
|  Arigd body current command can be generated from equation 5
in a step-by-step fashion, where each response depends only on previous values.
First the system is accelerated. Each current step is computed from equation 5.
Next, the system is decelerated. This deceleration méy be to zero for a constant
25 velocity coast in the middle of the move or it may be a transition to negative

deceleration and then to a stop. Deceleration is computed from equation 5 by
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constant. The final desired position/state of the system Plerr], is
determ ned as foll ows )

[err] The voltage Iimt constraint, V[err], conprises the

maxi mum vol tage that is being commanded (usually the drive supply
vol tage). FoPOR48k drive, this is usually 5 on t h&JFHeMe4st0 10v.
Vl[err] limts the A value by the follow ng equation:

[err] where R err] is the pul se response of the anplifier and
drive system : e PR I I esponse
may be deter rrn&\%re "byggitl%%gg?f’?hgtj%*ﬁﬁ?agp ﬂns’ybgﬁdlﬁgéﬁ?%&?tﬁag xglgrr?aelri fier

connect ed t o Wideditaskd dadaireusingiearebon? Mg a prgativg| vall§don ¥aw). Lastly.esponse of
the anplifiergpel 'asce}egalﬁgﬁfs BinpfRle® fel Ao BAXED 2006 HRRASs %Evé?néﬁ‘“ﬂ i ple

step process outline el ow. I'n tA's regard, Figure
35 shows a vehuaige Jpwitls e pesidyovalue, fonemagain, for V.. conputer sinulation. The

snooth gurve is the coaii u e.re e . __"square step”
curve rgpresent t he sy2§%% %%?%gf%séﬂﬁpﬁr?ﬁg&r%qugg%rar%u epbutnesr aqe, 15 P
see section Whiched aapsitidiTbetWeen fegicmn. pEisdre arecseverall fvays fo sdltecthetehe i niti al
ulse is | ssded to the .system .The first value of R is determ ned
By neasuri ng pmt?lgmf).egfxapedx“ switch t G@“‘é?ﬂdnéé‘i“??%(f pﬁ%wHap'sb[eup\p Huat to this
peak val ue. Abdsosatds edinRids fonthdafansition times; althohphodny @elcefitbnekly sanpling
in DT intervals after_this inptial peak. The step, curye in the
figure shows Rewautglp s %g‘b“?@f’k‘fprf? esppcipllyivseiplgivandaphAnemany flish,i s 20 -
case, 30CoNP|®ives/ @hd ARRNEPHOHR is DRES ety ilePardakAbd 0@ laVrasgkedfl sequmber  of

sanple . points to. be used in one of the several solution techniques
descr.i bed herdistaces. Additionally, using this approachthedinghpositionywillingbbpeRase r esponse
R can be compihgdeRsefci be gy Blubdl ok BHLRRELE defb Viiudindlihe OF
generated at design t@ﬁ‘é‘f“f‘k?’f f the [equ?{r:?qgh{e © iltgforrrpﬁblhon for
gener ati ng artnggdifiosdl censtraiohmugtderised|in ecompyting the dinglvalues.s Rguatios 5 '

-21- '

defines the limit on the current value; therefore, in deceleration, for example, any

15 - value more negative than that valne may be used without exceeding the limit. As
a result, the final values can be chosen so that the sum of the current values
equals zero (no residual veloéi:y). The distance traveled will be incorrect (but
very close). The last step is to scale the waveform linearly by the percemtage
error so that the final value is correct. This operation can even be performed as

20 part of the next step, which is the shaping bpération. The shaper can be scaled
and then convolved with the righd body current command. Another option is to
increase the value of N, thus adding extra p(i:i_ints, and directly solving for the
extra A(i) values such that velocity equals zero .and position equals “final
position”. | _

25 - . There are many variations to the above approach which may yield
fewer computations. Also amy vibration suppression technology can be
subsequently applied to the rigid body current command. Furthermore, V., may |
be changed as the calculation progresses to optimize scaling. For example, with
the knowledge that the current command is to be shap'ed (and thereby reduced in

30 magnitude) a more aggressive value (higher V) can be computed.
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response (except for slew rate limts discussed below). The anplifier is
reasonably linear, therefore, saturation of the anplifier is easily

predicted from t he pul se response. Al so, the pul se response nay be
altered as a function of a measured or estimted paraneter change.
5 wooo4ss3s The effect of the back EMF of the dripermssaisnae coil
not or on the above cal cul ation may be notable. If the voltage

pul se response R is cal cul ated analytically (or froma nodel), the
vol tage is constant and non-zero at steady state because the

system reaches a fi ni t Bhysisabaiplifi¢rs iave futeslaniisnomdleeorase at iwdich the

Fi gure 35, the,pul o] | v I ch cannot
be 10 B’gen o%gthe §| g@sgggpr Jﬁste?cgir})m{egxaggﬁ %%e%?a ?‘%/M&? %‘%Qgt i on and
flex circuit lsytsi rIgshould be noted ghiaf & constraihi on tharase ofickangonf velmige wetheci ty and
cause the drlve 0 . In peOnst ant
termin consﬁzg{r ﬁg‘? a%é% 4%1 ?g ﬁfgﬁ“ﬁ‘%ﬂ T%%We&c%éwfi%mnm added to
t he vol sage puhsenmspwaleoﬂhe@tﬁehabnmammcrrmlelewtz’ate tetdmeast impbriirack EMF
and allows for, a myre a An exanpl e

ive c .
conput er codéVRERE “%H’aqs ﬁ/%e “‘%@‘W&d glgﬁls]f’g rate equation i§ §{mPIE- o quat i ons

1 to 4 above HfpreximbleCan Ahplifidr chipy @y tigde Rel. DIWoIRs RPRRBE XhBvoltage . By
solving the set of equations in pendi x, B; a .tinme optjmal, unshaped
current constraighysgsh dn calqulpting discinpptols theminimug of ithes the ivalttgecan be

sol ved in marpeneiafeier efbm  the Vemge. Fgrgmexamhmlﬁthe Sk € gret can be
sol ved as a constrained optim zationn whi ch the goal is to

gener atlé t he (ﬁidm%m"t(ﬁ@'%]ol)iﬁ Yeh_RamIsmﬁhylthlwcm@ﬂ unit conversiges-f or med

wi t hout optimzation by solving for a feasible solution (the first step

of a Si'nplex solution, for exanple) and thgn reducing the length, N, of the
sol ution vector urﬂll_gggg_mgsﬁmmmst_sf ound (a bi nary search may be used

her e) . Anot he ion t redicts the
| ength of the sol uti On&gg%p,g& cgm%‘g{’% %&{egt{bﬁgﬁ ?e 1R %}fo ngr “find a

f easi bl e sol wompietelPreealsabddn If efdt cekample a’ 5 track séelnhasl beenccremed dgs the
switch time eqguatjons set forth in ?%’%nlx e dec | bed below

Anot hetlgappr Offaree ?Ibo?tf’?ala?ugﬁ?t\fé’gm AR o F]Z?ngl i g fitrack, ose,

exact answer shspeaqﬁoveeadwhﬁda Byosi@plgrsfeidanng:ﬂrew@pmrbydvs;t Thé ndove Gifdeons

overesti mate n | engt hs and never underestjnate the
sol ution | eng‘f’#sbe the same as &at o a track sgetk owever, the computation is sJ m?

The point is that shaped moves can be scaled in amplitude and they will continue
to reduce vibrations and acoustic noise. ; '
20 L
_Mmlwgﬂw
Once a parameter in the system, such as the fundamental limiting
parameter, has been identified, an input to the system in terms of that parameter
can be generated. In order to generate an input which results in reduced system
25 = vibrations, it is first necessary to generate a set of 'simple equations that define
the system. The first step in generating such system equations is to write the
transfer function for a simple model of the system.
Figure 11 shows a third order model for a disk drive system such
as that shown in Figures 10A and 10B. For system 80 shown in Figure 11, a

30 voltage V is input so as to control movement of head 9 to a particular track on
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-22- It is also possible to solve for an
opti mal, unshaped conmand in . real -time which is not in the :
systenis fundanental |imting paraneter. For exanpl e, we can sol ve
for current (A setting a final value of the fundanental

limting par é%’ here voltage (V), as follows (of coursETUR¥W¥Hention
Is not 5 I|mted to use wth current and vol tage, any paraneters can
be used). This approach is based on the fact that the maxi num
current conmihgorkdgitddivhd| T this end, blocks fn SySlem! 89toh@rvlab® WSinfld put val ues
by the follow ng relationship; [err]
10 - whePRTER! i SCONMEIt GWTank & Ato, LIrgee F e SRS clOEINE TVinEY FrEQUeECH e maxi num
vol tage V[er t whi ch
werrt > A croifh feguency o nf LT, ek RbioBR RORMLLERTelE 0 T
under which Ht@ rtra]ck%pk[reeubhd aﬁnmanvean u‘éc]aq:eumemdt b 4 hecatior Iof BVF

of the drive' s .alrea ylnclude in R(j). The back EMF
term $ parHﬁ arb'éacgcfﬂeacfef%g’ﬁﬂ")"dﬁ@ dk’l% i f needed. Equation .

5 can ‘be further 15° To genért®Rsétlof @?i:aﬁbzfsci’@r §)}@ﬁm|i01, theVtigdnsfes fBREOHE
insignificant after o a few sanple Consecl,uent | y, an efficient
appr oxi mat i ohl{dhsredor 'F%f%‘?-? %F“’F@WedsaﬂrﬁFgénsé‘?‘ fugegon H(s) for sysigm §0 serjes. | f
sanpl es are Qrgg@mqufor an efficient approxi mation, the back EI\/F .

of the drive's voice coil notor t| mes the dunber of dr opped sarrpl es may be

ki |
Hs) = — . ®
(5%, + IR, + R,J)s £ R.R, + K,K)s

where K, is the motor torque constant, K is _;e back EMF constant, 1 is the
10 actuator arm radius, k corresponds to track den%ty on a recording medium, 1. is
the inductance of a voice coil in the motor, J, relates to inertia of the motor’s
rotor, R corresponds to an amount of v1scous friction in the motor, and R,l
corresponds to an amount of electncal res1stance in the system. i
Next, H(s) is written as an equwa}ent transfer function in terms of
15 three parameters, namely A, aand b, as follo“f,s

Aab

B S S ae e

)

- i
where A corresponds to a scale factor and a and b correspond to inverse time
_constants. Speciﬁcally, in terms of the parameters in equation 6, A is defined as

follows: i

L : ©
RtRm * Kth .

Variables a and b correspond to two solutions in s, namely s, and s, to the
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added to equation 5 to achieve an even nore accurate result if that val ue
is 20 - deened significant. - A rigid body current
command can be generated fromequation 5 in a step-by-step

fashi on, where each response depends only on previous val ues.

First the sysWOP4853%ccel erated. Each current step is conput edriussam4sno

equation 5. Next, the systemis decel erated. This decel erati on may
be to zero for a constant 25 vel ocity coast in the mddle of the nove
or it my be Z fransition to negative . decel eration and then to a
stop. Decel er 3Uogng eradeshn Ghasarieristimeaeationfenm squsgion 6:

-23- - reversing the sign of V[err]. Under coast
conditions, a second decel gration phase - will be started (again

usi ng equation 5 with &hedat K& vaRud.Xsor RiRer +18, K, L6t | v, (9 ~ when
deceleration is conplete, the transition back to zero current is governed
by equation 5 with a positive value, once again, for V[ferr]. 5

The only unknowns in t heftgsrwsiting) H(s)ginatermon of aliecequivaldnt m2gasfat function whi ch
to transition ' . There. are several .ways.to sg] ve these
pr obl ens. Sha%@g{)\gﬁr O%E\A agﬂ%t?rngg’aggf i[P&00T FXRapsion i{?‘nmﬁ{lé’e emfd MRy be used

as 1 Eagorsabtha easlt pote o shef ysteinhie i baBsurdte Qimt | n;sgamaalﬁdaawh .any
curve fig or Lookup ®). i bl e woul d aliso suffice. This |ookup is
especi alty us&HRIP g’”f’ér‘{ﬂﬂdf HOWSany di sk 10 drives, one current

profile is often currently used and scal edfor a range of seek
di stances. Additi onal usﬂng t hi s gdpproach the jinal position will not be

y
exact and a)Zvvev_l 0Ci Ty i +ggay§rw—. The proli®m of zero
vel ocity neans that d aﬁclgda%oﬁg'f;c nstrarnt Ir’w)ust be used in
computing the_final values. Equation 5 1 ~defines the limt on the -
current val ueEa¢hisriei the expressioacios Fhy(s)om, equationeXhing! then deywiifien as  val ue
nmor e negati vegdilaad: t hat. val ue nay be used without exceeding the limt. As
aresult, the final values can be chosen so that the sumof the current

val ues equal s zero (no resj dual "velocity). The distance travel ed
wi |l be incorrect (but Fi(s) ==
)
4b
F,(s) = :
2(%) (b a6+ 3 (11)
Fs(s) = Aa

(-a + b)s + b)

From equations 11, a time domain response of each term to a unit step (e.g., to

a unit voltage) input can be determined. This time domain response is as follows:

10
F =4
 4b Ab
F = - .
2 a(-b+a e¢%% (-b+a)
oAb
P TE T A (12)
F) = —24__, __ 4a
} b(-b+a) b (-b + a)
= —L * - =bn -
baspy T
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very close). The last step is to scale the waveformlinearly by the

per cent age error so that the final value is correct. This . )
operation can even be perfornmed as 20 part of the next step, which is
the shaping operation. The shaper can be scal ed and then convol ved

with the rigVe9¥éd% current command. Another option is to PCT/US99049IMCT ease
the value of N, thus adding extra points, and directly solving for the
extra A(i) vaI ues such that velocity equal s zero and position equals "final
position". her e ri ons . to_.the above
approach whi cﬁysmﬁ} resPoFstf fo 2 unit unpq‘l;ét'v\%?’ 315% 5 é@ﬁ{ Ey % tt\‘Fl bration
Suppressi on tdnﬁvnd‘lstegyespmse’bequauons w1th respdosmq[mnt ly applied to the rigid
body current comand. Ellt,lrt er nor e %Fg ﬁy be chan%ed as the
cal cul ati on progresses ?lerﬁuitg’ i Steme Ry ¥alugy (st t he
know edge t hatlettreineaUfor EYTt), FIOTERAT ms Eﬁaxﬁﬁm&:lﬂ&ﬂ&ﬂe é}éiﬁéisibﬁ@f&tﬁ’(d educed in
30 magni: Lida.r?dg nor e gglaetsh I ve val ue (hl(%her V[err]) can ”e

conput eds 3(t) reveals™that the expressions for F,(t) and F;(t) vanishoas. “t

Physi cal anpl hfpreeses idinfy f Déds@ thhd e {rpuiaB J?stérﬁtxseze% WHILE s thb Rase

vol tage can change. The pul se response cal cul ated above does not i nclude
such A thg ¢nd. time; of g eove dheseinaist exferredaip agtimeridsd hi Aincethetinputr at e of

change of vol 36 d BmkRE, resp onseso ?%Bﬁd‘ ?ﬁ!aﬁré{te?rnn?@'ﬂgg%cﬁgﬂ %e}{’o the

equation set during nu rlca I on | ne nan as all of
the other conb eHente solyhiors Wenamub@ebwdlsmom)dmwmto the corrvdnen rapi d

For exari e, Sxoder BPYrel" 8@ FCEa F1B SRl BENG BN el e The
vol t age Furthaymorta, asinee thscmput lis" gexb cafilen ttimecr, f, hﬂ:elvametoﬂ F,(t)fwopm ni mum of

ith t he- t f Limt
g)ns'? { ai n'? VO&%&%E 8 at e foy- i a(ngg ﬁ”%’@ﬁ xE IeﬂmeIlet?)z“%\)fﬂlcF“R:a[n e_Linit)

with the cor rmdtzemadcelenﬁme (arionrrent) at the end of the move.

Thus, in the equations for F,(t), F(t) and Fy(t), in a case of zero

15 velocity and acceleration at the end of a move, only the term involving Fy(t)
contributes to the final position. An expression can then be written including the

response of each mode, namely F,(t), Fy(f) and F,(t), at a time conesponding to

an end of the move, namely t.,, for a voltage V, input at 1, and having transitions

att, and t,. To this end, XF,(t,) set forth below defines the contribution of Fl(t)

20 to the position at time o, XFy(tuy) set forth below defines thé contribution of
Fy(t) to the position at time t,y, and XF(t,,) set forth below defines the
contribution of F;(t) to the position at time 1., '

XF\(td) = VoF\Ugug = 1)) = 2VoF (g ~ 1) + 2V (L0 — 1)
XF{t) = VFiltos - 1) = WeFltog = 1) + WP tng - £ (13)
XFy(1,p = VF S(tmd Sl - 2VF(t, — 1) + 2V F\(t,, — 1) |

Thus, the total movement distance at time 1, is expressed as

25
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3.2 Rescaling of Current Inputs The current commands

generated in the previous section are ' conpletely scaleable. If for
exanple, a 5 track seek has been created by 15 generating an opti nmal
current conmmand and subsequently shaping it, a 4 track, shaped
nove can be murkw/4B3sssi nply rescaling the i nput by 4/5. The PIIVEsi04p20

will be the sane as that of a 4 track seek, however, the conputation is _
si npl e. The point is that shaped noves can be scaled in anplitude
and they will continue to reduce vibrations and acoustic noise. 20

4.0 Partial Fraction Expansi Equatj on SQystem Model
Once_a parameter in the syst ‘mghé agenSh'é)%Mﬁent al 1imitidy®

parameter, has been identified, an input to the systemin terns of that

par anet er can be generated. In order to generate an input which
results in red Y. s Vi } et wdedenf Jof &b ry to

generate a setXgﬁgge?ﬁ%ﬁg@e%‘ggﬁ%sﬁ?n%lE(g{g&%?’lﬂﬁgﬁ) vdnish ' ds ?hé‘@gﬁg% The

first step in ipénity db iangse thahtheyispueis exfoal.e.omt thesend @f armoe. t fibus, in

transfer function.for,a sinple nodel h St . .
H oo 11 Shoviatsiond 13 ol 88 lefm HRERine ko Rt e fina) ppsirion g5, gime
as that shown apprdatigs irfinit} OAhis@suliSfn tHedblloyisg eiredSébnsiainequations ghate 11, a

30 voltage Vis | sqo as to .caontr®dl novenent of head 9.to a
parti cul gr tra Rstol?F sat{sge%l }n or(c)ier ?or a th(frd ord?r system to reach Ets des%red ﬁna? -25.

a recordi ng meghsitin O sibkiaBiARImiddhAICkEe] Wity SbaBuBly CRRY Gelocivplahdge V into

a current i, convert current i into torque [err], convert torque
[err] into fre¥GeA@tioterr], convert frequency [err] into velocity
v, convert velocity v from neters-per-second - into

S 3 Re Fngffo® Nd into a location of a 5

ET__SHC?? as a magnetic di Sk'(lS)

tracks- per-second, and convert tg&r
2 4
Hg(tmd) =0, -

particular track on a recording

where Finalpos denotes the end (or “final”) position of the system. These
equations correspond to rigid mode motion constraints since they achieve a final

10 position in the third order model with substantially zero velocity and acceleration.
_ A digital model of the response of a disk drive system to a unit

irﬁpulse may be derived based on the fdrjégoing. Figure 24 shows a digital

voltage input waveform. The waveform oE ‘Figure 24 can be conceptualized as

o a series of pulses as shown in Figure 25. Each of these pulses can be represented
15 - asa pa'ir of impulses, as shown in Fiéure 26. A first digital constraint is formed
by realizing that the system’s final position, Finalpos, is proportional to the area
enclosed by the voltage wavgform, i.e., the integral of the voltage waveform.

The area of the voltage waveform can Be determined by inspection of the

waveform shown in Figure 24, Specifically, the area is determined as follows
- N
Finalpos = Y, V,AAt, (16
=1
20
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To generate a set of equations for system 80, the transfer function

H(s) therefor nust first be determ ned. The transfer function H(s) for
system 80 is as foll ows: [err] wher e
Klerr] is the notor torque constant, Klerr] is the back EMF constant, 1 is
the 10 WOOULMSET arm radi us, k corresponds to track derRGIYUS3H04310
recording nmedium Iferr] is t he inductance of a voice coil in the
notor, J[err] relates to inertia of the notor' rotor, Rlerr]
corresponds t mgunt of wvi scous fri t|o N, mot or and err]

cor responds t“’g‘“gn \2 ufITESPOngF dR (3 ° ancehﬁ?gaf‘}‘ﬁa @Wt%f

Nexts H(s) |§uwahttf,@fﬁt§¢so@na1pgmval ent transfer function in terns of 15
three paraneters, nanely A, a.and b, _as follows

[err] wher elB¢ ERaIRIED A Sliif! SORSrAE FRckeoforme vsnge b
correspond t gmp¥es#Amblitl form of the Qarhgeawaefoép%ﬁm q&'#gm' Bglerms of
the paraneters in equation 6, Ais defined
[err] 5 Specifically; jasiotes abeysd the cmprlé«sgmnaeoof Wee gystam jcamsbei n s,
nggr_al y slerr ]det%ﬂﬂm?d B{r Exllﬂngttﬂe tdt?l‘?vat:ves of step response equations. For F,(t) and

F;(t) above, the impulse response equations are as follows:

.
—at

( z()) = e.?‘ .
= Fz oL w . : .
o an
OB 4 | |
, I
= F3 . (

In accordance with constraint equations 12, the response of the series of impulses
10 of the voltage summation form of the voltage waveform, evaluated at time t,,
is set to zero in order to form the second and third digital constraints, as follows:

+
e

- N . . - H
0=YV(F T, -T+4)-F(T,,-T)
i=1 ' .
N )
=EVI Ab (e-a(rmd-rl*.m _:e'a(de-Tl)) : -
0= Z: V,(Fy (T, - T, + &) - F{(T,, - T)) '
- _

- Vx. Aa (e T % 89 _;e-b(r,,,-r,)).
i=1 a-~-b

Thus, partial fraction expansion equations corresponding to a digital model of the

response of a disk drive system to a unit impulse comprise:
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foll owi ng quadratic characteristic equation fromequation 6:

[err] After witing H(s) in ternms of the equival ent
transfer function Herr](s), a nodal analysis or a partial fraction
expansion is then perfornmed on H err](s) so that each pole of the
systemis in wodemsssate term A partial fraction 5 ex pBeEUEN/0493¢
Herr](s) is fol l-ows: [err] Each term of
t he expressiion for Herr](s) in equation 10 can then be witten as
fol | ows: [err] From equati ons
11, a time domain res onegf ermtoaunit step (e.g., to a
un|t Vol tage) input cg gdeg%cr#ned This time domain response is as
follows: 10 err

O—EV Ab[( J(T_,,,-T.A:) -a(Tm‘—T)) (19)

a

N
E A (T, - T + Al -b(T,, -
0='|V'a-ab(e A l))’.

where Finalpos, A, a, b and t4 are as pre.vmusly defined, V; are voltage mputs.
to the system, T; are the times at which V;’ are input, and At is a time interval at
which V, are input. ! '
_ _Equations 19 can be used to solve for system mputs V; which result
5 in substanually zero velocity and accelefation at the end of a move. These
equations can be solved in a number of \Zys For example, the equations can
be solved using a linear programming imethod either on their own or in
conjunction with a variety of other constramts Examples of such constraints |
include vibration constraints and physical constraints such as power-consumption
10 or heat buildup, etc. Also, the continuous form of the equations can beSolved.' |
for voltage switch times, as described in more detail below.
y
5.0_Geperating “Good Moves” .
The techniques set forth in séctions 3 and 4 above determine inputs
15 . toa system that utilize substanﬁally the fugll capabilities of the system actuators
and that reduce system vibrations (both- mechanical and -acoustic). Several
techniques can be used, either alone or in conjunction with the techniques
presented above, to generate (or ephance) system inputs to reduce system
vibrations even further.
20 For the purposes of the subject application, a “good move” is
defined as a movement of a system component along a trajectory from an initial
position to a nominal final position, such that, at the time the component reaches

its nominal final position, the component is vibrating at or below an acceptable

-31-
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-27- System response to a unit inpulse can also be

obtai ned by differentiating the above "step response" equations -
with respect to tine. To sol ve equations 12 for
a systeminput, values nust be determned for Flerr

(),
Flerr](t) andY®P¥4535(t). Exanination of the expressions for"‘Fﬂ"Jﬁ’P)P‘”’%
F2(t) and F3(t) reveals that the expressions for F2(t) and F3(t) vanish as
"t approaches infinity in a case that the input to the system
is zero, whi dével,pobsitdy subgezt to one or more pectdettindneinabnstraifes. oln thermomext
(hereinafter referred,to.as tioe "tlerr]"). Since.the input . S
zero-at time YE[CREPYEr ?I&EJ%Y%E@’SO‘P”&%?DFB’ aéﬁ%?“l’—ag(t% d’a‘éecsavagfrfaépestlfsne t[err].
Accor di ngly, nominal final positiénOthe @iead 8 resdly \te pérfirmea fed8Melie bpdstiontbat Wi || nove
the systemto the correct 10 . locatlpn i.nha rest state, F2(t) and
F3(t) shoul d T6erdiag medjume 4, 20qd PPYRS Als@ opg in which acoustic nejieexeisd e, ~ si nce

the inpgt is &emvelsdRlor beldWw dnthcedpbiBleviBitestRIDT IdoRirad (4 Yol A% is,
changing at tine t[err]. The above two conditions are equivalent to zero

vel ocity for examplen g maxe & Keiehthe FeRROSAAL isgHbrating 8 3n ngpceptade lavel of t he
L) (1) and"BRo P s i oS | Gl Gk (1)
accel erat i on compures dskddrives.athisomeans gt \at theetinaes then drive's| headh geaRhesrits] (t)
nominal final position, the head is vibrating j‘at a level which is too high to
10 perform a read/write operation accurately. A bad move is also one in which the
| acoustic noise excited by the move is above an"acceptable threshold.
. A powerful result of the approach outlined herein is that a rigid
body command may be calculated by one of @ number of techniques including
equations 19 or the current mode technique of ses:tion 3.1. Next, other dynaxriics,
15 such as flexible modes, acoustic modes or:‘ other dynamic effects can be
subsequently corrected by the various methods set forth below. For disk drives,
the process comprises, ‘€.g., determining, over a pbpulation of drives and for each
move length (or range of move lengths), which frequencies can be heard and
which effect settling time. Then, moves rfgay be generated that limit the
20 amplitude of those frequencies or some subset thereof. Frequencies that only
appear in a subset of the drives may also be i?cluded or turned-on selectively.
The effects of the selected frequencies can be reduced by applying any of the
techniques set forth below. : -

25 . 5.1 Vibration Limiting and SensitivigE:Constraints
This technique for generating a good move incorporates physical

constraints into a system model. One such model comprises partial fraction
expansion equations 19 derived above. To generate a good move in accordance
with this technique, the first step is to choose one or more physical constraints.

30 Examples of physical constraints include constraints that limit vibration (both

-32-



contributes to the final position. An expression can then be witten

I ncl udi ng the response of each node, nanely F[err](t),

and F3(t), at a tine corresponding to
t[err], for a voltage V[err] input at t[err] and having transitions

To this end, XF[err](t[err]) set fort Rrciaissaupsasfi nes
to the position at tinme tf[err],

at t[err] anvotobassns .
the contribution of Flerr](t) 20

XF[err](t[err]) set forth bel ow defines the contribution of

Lo the oSt iR lcal dolihish by cdtlithitd @Eiﬁ%&éi{iﬁw b %éﬁﬁer&oﬁrﬂﬁ&’?s!- ow

to t"he position at tine t[err]

defines the

an end of the nove,

Flerr](t)
nanel y

F2(t)

XFlerr](t[err]) = V[ €Eonsainsrio} {rsfrsitiviity to pafageref variatpygp gan pepdded] (t[err] -

t[err]) + 2V[ernr]F tlerr] - s
V[err]Flerr] % ? Ebg’sy%[‘% re%‘%aghes]r ‘;1]59“}%%"235'5-} ﬁ)re rﬁ);ﬁqlf,edrern]vat_wef [oé(lri_l{ﬁe;ga[—éﬁt [err])
2V[ er r] F[ er r |fafi@f &dpansidr] &gustjons can bel fiken with respect to a particIaf garajneterer r ] )

Vlerr]FLerr](T[Lerr] - .t -, 2Vl er.r] F[.ar. . - .
i B ot Sk T lchufid o errib bl

2Vl err] Pl err )3 ey qdded _
di stance at t;,® st [Paterd NbS5.839265 Seed o Singlose et al. on June 10, 1997, the
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XE
XF[ err] (t[ er reontents Xpf ayhigh ta{ee,hpzjeyy incorporated by refer ﬁ; 1'&1 o(t eers{xll'zec;r )

)

* application as if set forth herein in full, and in U.S. Patent No. 4,916,635, issued

10 .

15

to Singer et al. on April 10, 1990, the contents of which are also hereBy

incorporated by reference into the subject applicétion as if set forth herein in full.

Additionally, a sampling technique can be used to set a series of constraints for.

different values of a given parameter so as to limit the solution for a variation in
that parameter. For example, using this techniq{ue, 10% insensitivity at 1000 Hz
can be achieved by setting constraints at 900 Hz, 620 Hz, etc. ui)_to at least 1100
Hz. One variation of this technique is set forth in U.S. Patent No. 5,638,267.

In accordance with the invention, constraints can be chosen so as

to reduce system vibrations by substantially 100% or to limit reduction in syst
vibrations to a percentage which is less than 100%, say, between 50% to 70%.

* Which constraints are used to reduce system vibrations by such amounts can be

20

30

determined experimentally or by running a computer simulation for the System. .

Choosing constraints that reduce system vibrations by less than 100% (e.g., a

rahge of 50% to 70%) is particularly useful in cases where excessive vibrations

do not occur in the system and in cases where large reductions in vibrations,

including noise-inducing vibrations, are not required. In these cases, since the

constraints are more relaxed, the resulting system input is shorter in duration. .

As a result, the system moves faster than it would otherwise. In general, there
is a trade-off between move time and the use of stringent constraints. That is,
while the use of more stringent constraints may further reduce vibrations, move
time is slowed as a result of their use.

Vibration constraint equations may also need to be scaled in order
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As noted above, the expressions for F2(t) and F[err](t) vanish as "t"

appr oaches infinity in a case that the input is zero, i.e., -at the
end of a nmove. Thus, in equations 13, only the terminvol ving
Flerr](t) contributes to the final position as tine appr oaches

infinity. THVQ9%#S5# ts in the followi ng three constraint efVUs3e9tthat 5
must be satisfied in order for a third order systemto reach its desired
final position in substantially mnimal tinme, with substantially
zero vel oci tey adlileve desired vibrafi6f @¢dRttadnis OrSpecifically, in terms of the foregoing

XFlerr rr = Fi_nal
XF% ; r } g t % 2rrp%cgel of q)cliiskader%ssystem. equations for vibration e.Tgl)imde are relative. This

XFlerr] (t[eri]ecans® the rigid mode cykiibss bRt RAE ettt A&iBBddr "final ")
position of the system These e%%atlons correspond to rigid node
i

Noti on const§aEwtiAng (deserihed baloy BERstiopd. - 1 3fpll ser of equatiogs &ii¢.; Bethi n t he
third erder | | I I I on.

A di gi Cal ooty Nl g ShAbis Tkl GRIR et B R S

i npul se may fasticreeXponsibninpplisd theneto,he ¢asfigientnef thevibgationltenrroweuld di gi t al

vol tage i npu V. Thgwasef ' 4 ;__gz,;“ ual i zed as
a series of %ﬂ%e@gggo%%vhgol n Ie:isg’ﬁ"r@éﬂ)éz%‘.ﬁl“%ﬁ”% d esgg%ag%{glggﬁgan- be

repr esent ed lasr combinedassing theitechnifjuésnesdribed heam, sheonstative séaliggien®6. A first
digital consirai

Codit Ton. CEr P dir e el Given ghove. pngf i pFGerE i be'Fateh dfeolifB. S5 {10%

vol t agk® wavehaherase ofzero iviteations,cgy sehlimy is tnbebssady.t For ampu@EOease, one The
area of the voltage vef orm can be determ ned by inspection of the

wavef or m sho%rFeY ﬁ?aggﬁ@e%ﬁ@%ﬁ’e W‘gah’ F’“ﬁ“ﬂ’g 'a%é‘ég' AR PEd as

f glgl ows selected and a resulting sequence applied to the gystem. - The resulting [V@firhtions 20

can then be measured and the vibration constrai:ft equations multiplied by a ratio
of a predicted vibrational level divided by an actual measured vibrational level.

15 By way of example, consider the fourth order transfer function
shown below in equation 20. The transfer function corresponds to the position:
response of a simple mass-spring-mass system to a force input.

W

Hs) = < s (20)
- Ss2 5?4 2zws + W
The first term of the 'tran'sfer function, namely
C -
sz
corresponds to the rigid bbdy motion, while the second terrn, namely
2 .
= : @2)
20 5% + 2zws + @
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where "V[err]t" corresponds to an area of a pul se "i". Negative values of V

subtract fromthe overall sum f The remaining two
digital constraints can be forned using the i mpul se summation form
of the voltage waveform shown in Figure 26. 5 Specifically, as noted
above, the | WRP9E536esponse of the system can be dREEPHROALA0 by

taking the derivatives of step response equations. For F2(t) and

Flerr](t) above, the inpulse response equations are as foll ows:

[err] corresponds to a vibr@680 ibde GatVihdamped abtnadl freqlenest f@Nnandl2, the
response of the series of inpulses 10 of the vol tage summation form of
the vol tage VRPBISIARO e al W&F%é‘a%&fertf“ﬁgwtn[?@rlf ]expanded in a paridal JEActiony zero in

order to formihems aaRMshgelrbeltbinisthestii®i t al constraints, as fol |l ows:
[err]

- - 2
Hes) = 2zC+_C_+C(m+4zm+Zzs)_ (23)
©s 57 w(s? + 2z0s + @)
The third term from equation-23, namely,
. ) 2 "
C(w+4zw+2:s)’ 24)
c_.>(.s'2 + 2z08 + )
_ '!
3 corresponds to the transfer function of the vibratory mode, and should be

compared to the second order vibratory term included in the original transfer
function. Using inverse Laplace transformation, the time domain impulse
response of the vibratory mode is determined as

-Ce ™ sinh(w -1 + 27 D,
Y ST :
2Cz% "™ sinh(w m D, | 25)
-1 +z2
2Cze ™ cosh(w ‘/?1_+? H

w

Using suitable trigonometric identities, the time domain response of the
10 vibratory mode in equations 25 can be simplified as follows:

~Ce ™isin(o, t) 2Cz% e “sin(w,f)  2Cze *cos(w,!)
+

, (26)
®, w, @

or, after collecting terms, to:
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Thus, partial fraction expansi on equations corresponding to a digital nodel

of the response of a disk drive systemto a unit inpulse conprise: .
15 - 30-

[err] where Finalpos, A a, b and t[err] are as
previously cedpamsesds V[err] are voltage inputs t O PCITAISSY&IDIOM)
T[err] are the tines at which V[err] are input, and [err]t is a tine

i nterval at which V[err] are input.

Equations 19 can be used to solve for systeminputs V[err] which result 5
in substantially zero vel oci ty&.%g ecel eration at the end of a nove. These
equations can be solvegJ-arg 5%'“%3/5 Bﬁ“’dérarrpl e, theagguations can
be sol ved using a linear progranm ng, met hod, eit her "on their own or in
conjunction with a variety of other constra| nts. Exanpl es of such
constraints

where “©,” is the damped natural frequency

w, = wyl -22. (28)
The ini‘puls'e response expression derived abo_gie can be used directly to form a
quantified constraint equation; i.e. the magnitude of the constraint equation can
be set to be less than or equal to an actual vibration level in pesition.
5 : It should be noted that the gene;a! form of eqﬁation 27 is a phase
shifted sine wave of frequency w4 The sine wave is further subject to a decaymg

exponential envelope with time constant '_ -

—. (29)

Equation 27 can be rewritten again, including the phase shift ¢ and scale factor

C,, as follows:
C,e sin(w,t + $) . - (30)

10 ~ This form of equation 27 should be compared with the expression
for the impulse reSpoﬂse of an isolated second order system (as defined by the
second term of the original transfer function H(s)

) 31

52 + 2zws + o*

-36-



i nclude vibration constraints and physical constraints such as power

consunption 10 or heat buildup, etc. Also, the continuous formof the
equati ons can be sol ved for voltage switch tines, as described in
nore detail bel ow 5.0 Cenerating "Good Myves"

The techni queX09##s58Hrth in sections 3 and 4 above det er nmi nePGTAFIVAING
to a systemthat utilize substantially the full capabilities of the system

actuators and that reduce systemvibrations (both mechanical and
acoustic). Saowndklow: t echni ques can be used, either alone or in
conjunction with the techni ques : present ed above, to generate (or
enhance) systeminputs to reduce system "vi brations even further.
20 For the purposes of the subject application, "good
nove" is defined as a,nnv%pe t of a system conponent along a
trajectory froman initial Pl htdM-to a nominal fird position,
such that, at the tinme the conp6nent reaches its nomnal fina
position, the conponent is vibrating at or bel ow an acceptabl e

- 31- | evel , possibly subject to one or nore

pr edet er m nedgigQngd ﬁﬁ'oﬂﬁysconéeﬁneﬁh@m?ﬂiét itude of the resbalGGBrRLSE phalesk dri ves,
this nmeans that, as soon as the drive's reaches its nom na

final positi oshift tehis Neudmnomemwnﬂdh@exprwmdor dedisoleied seeppdraaddron to a
recordi g ned) Yy, 4% 9900 TS il of WadheMbala ARSI Lall Gl XLt ed

by 5 s at or ow an a contrast, a
"bad nove" isw/wy is replace(f(by exarrmamneaermlé a0 andhi g cirh @e con@aRRAt | S
vibrating at an unaccepta . when the conponent reaches its

noni nal fi nal Xpementlly by @ quh_@ct&%tpgggm@}fsystem to an impyYsEigPEy agf BRmr i ves,
this means thatneRinehDP itk M) ledmatidgV e?eﬁ@@gf VP mﬁ%nafctémpm ing g ghnggr nal

final position, the head 1S vibrating atleve ichis
follows i
2 .
0, = _;’E , (33)
10 where T is the period, (iii) estimating the decay envelope to determine zw, and

(w) estimating actual amplitude to determine -C, .
' After constraints have been choSen based on the foregoing cntena
a trajectory is digitized and is then solved forieach trajectory command value in
time subject to the chosen constraints. Digi"cization of the trajeétory results in
15 simpler, and often linear, equations that can be solved readily for the complete
system trajectory. The invention, however, is not limited to solving the system
equations in this manner. That is, any knowin technique for solving the system
equations can be employed in the context of the present invention. The
digitization rate used is a factor that contributes to the successful implementation

20 of the invention. This issue is discussed in section 7.1 below.
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10 performa read/wite operation accurately. A bad nove is al so one

I n which the acoustic noise excited by the nove is above an .
accept abl e threshol d. A powerful result of the
approach outlined herein is that a rigid body conmand may be
cal cul at ed byW®A¥4335 a nunber of techniques including PCT/USS30&%10 ons 19

or the current node technique of section 3.1. Next, other dynamcs, 15
such as flexible nodes, acoustic nodes or other dynam'c effects can be
subsequently corresbeg Bysiapg™ari ous methods set forth below For disk
drives, the process conprises, e.g., determning, over a
popul-ation of drives ankhisfteghniqes: r generating goodomayes mghiput(&hapmgmgad of nove
| engt hs), whi Whiych effect settling
time. Then, nge%xbﬁ%gﬁg? giZ%lgI?gt 63)1{3 aq? mdoff fapat Saping™" Compiises | de of
those frequenedmyslving s metigubsles syswen emp’ut iFodeuenetes dnkahted 8y syem

appear i1 a s f S0 .be incl ude r turped-on

sel ecti ngl y. VibPéilon. %@pg Ygfs§enb¥npp{§eln%lg et F‘F‘g&@@ﬁ%i edlh be
reduced by apfrpyi Stopiagh’ methotihiare set forth in detalt G Ui Sy PaenSNds. 538 26D @hOW. 25
5.1 Vibration, ljimting .and Sensitivi Constraints

Thi's techni quélgflg;ﬁgg ‘glé‘a]hwﬁd %?%ﬁi ﬁ%\??—feqe?ﬁ?cﬁbﬂ‘ff‘r ates physi cal i .
constraints into a systigaicoriae w@&&s&é&ﬁfh qi® 48l inhiR WPk spdsin RAEL h@d fraction
expansi on equations 19 .derived above. geﬂerate a good nove I n accordance

with this tecKHgscompan o5 3 ¥glodyejs ﬁhép"fidn GFfisD eprofece o degiseceoppysi cal - -
1(::(ﬁntst Ir almz S. g& %xample @éﬁﬂﬁﬂt Qfay Ve I%W%hﬁﬁ%hquéén'b@lbﬂ&%é Rphiigfh gpnstraints
at limt vibration
-32- - _impulse sequence %b Fedyresinwanigd yiboationd in) the sybtenyrisdlndingitts f or
i nsensi ti Vi tynbapRdGIEE! Rltedhiivefl G or RSt raints
for insensitivity to par ar%%t er e?tarl At T ones %enShS%ed %ggoany one or more
of the filtering techmques presented herein, or usmg any other known command

profiling techniques. I
1

15

5.3 Filtering
In addition to Input Shaping™, as noted above, any type of
conventional shapmg method can be used to generate an input that results in a
good move. For example, it is also possible to generate a good move by filtering
20 a trajectory with infinite impulse response (*IIR™) or finite impulse response
(“FIR™) filters, including filters where there aé'e zeros near poles of the system,

i

such as those described below. o1

3.4 Least Squares Solution to Frequency Sampling

25 A conventional least squares appx;*oach can also be used to generate
an input that results in a good move for a computer disk drive system. An
example of such an approach is provided in U.S. Patent No. 5,638,267. This

approach may also be used to limit high mode excitations.
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to the system equations in several ways. For exanple, derivatives of the

partial . fraction expansi on equations can be taken with respect to a
particul ar paraneter 5 and then added to the constraint equations.
This technique is set forth in detail in US. Patent No.

5, 638, 267, i s¥Q8Y4BH Si nghose et al. on June 10, 1997, the PCTSI04910
contents of which are hereby incorporated by reference into the subject

application as if set forth herein in full, and in U S. Patent No.
4,916, 635, issued 3.5 Selective ngffer et al. on April 10, 1990, the contents

f which I h f h
gubj e.l:'f aggfi 2a§?one;§%&%§?pwgrt Iﬁ%ﬁ%?a:? Ed]f‘%/?arnem&‘r’a%g%ge I &tagln%l gnal ly,
a sanpling tesdsmecass cmswé»er Uekngl ofeh [fput ShhRE™OE dEEHIRA Feditddl B theT
di fferent val ues of npéaramater so as_to limt thé solution for a

variation in Perod °fthe‘t é‘?" g Fefueed- Ablowekemypncies. L& iepe perigds.dBeini que,

10% i nsemsi ti wictesedin sé&qgne"é'éused by an Inpuf Sp&y® ey Giths Q)iuaﬁeﬁe}deﬂﬂge
constraints at _900 Hz, 920 etc. up to at | east 1100 15

variation of Phie toabsesk Gme- F%hl%ﬁtoffpamcwax piguificancpin eelationdo cgmggvgr 267.
| d h
o Foduce oye ok aflves! Tl R chifuer Bk WEGERDIACHEIRAS BB o 1,

to reduce systemvibrations by
system can @F@rradqeoﬁchomhanqgeqfc@ntdage sym°lmungsnllss&cidsm 1684 say,

bet ween 50% t reduce system
vi brati ons bygsu i 52201 Smoggmox%! Egﬁ&l%ﬁ% ?B&Pﬂ% 2 2? BRAESS 1y or by
runni ngl® conpuhse-milseulnpiti Shapér&’ willalsylsivein period of 5 msChCIth&s ng ceenstraints

05k o T0vs - BRIt GRS e ek BRI dianss prapeent | e’

do not occur timetwit! isgredse by 306 if theCERHEISS eisl ap nga foedit@bi@ns in

vi brati ons, _ [ nﬁl udi ng %)l §e i nduc] rati ons, are not required.
In these cases, since tfle"2¥ UEERARS it rﬂgsad?{?@aé?ﬁ‘ise“? PRl eFPpUt he
resul ting sysSkapigMbstlectivelys NP Of)dsﬁbldl%@uké)ﬁbtanmoves result A% uAwh@sdl t. the

system npves faster than it woul d otherwi se; In general, there IS
a tradelbff bXIOFRERs. vERAL ist $9mE HONES AFecinharentlys sood, merping thabiey prodnes. That

i s, roMHVES févP QibkitiBns fand e SoVdsNBE Mnefe 'M,n{gtx fiLf her
reduce vi br ations, 9m)ve o . ?rre |Ss sl- oﬁe ﬁg‘g&g resu %tf eir use.
30 produce excessivg; brationsn Bbr@@lﬂ%mm comsfrainti espuationsyfonlasgivereed t o be

scal ed in ordgfove, whether that candidate move is good or bad can be predlcted in advance 33~
That is, a move can be evaluated to determmq whether the move excites graIer
20 than a predetermined level of vibrarions in the -§ystem. Input Shaping™ can then |
only be applied to moves that excite greateg' than the predetermined level of
vibrations. Thus, only those moves exciting greater than the predetermined level
of vibrations, e.g., the bottom 30% of the mf)vw, need be Shaped ™,
By virtue of the foregoing, the present invention provides the
25 . advantages flowing from using Input Shaping;m with less of an increase in seek
time than would otherwise be achievable. Moreover, in accordance with the
invention, a level of Input Shaping™, or the numbers and types of constraints,
may be altered depending upon how good or how bad a move is, i.e., depending
upon the level of vibr:ations that the move excites. For example, if a move only

30 requires minimal Input Shaping™, lengths of impulse sequences used to Imput
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to achieve desired vibration reductions. Specifically, in terns of the

f or egoi ng model of a disk drive system equations for vibration
anplitude are relative. This i s because the rigid node equations do
not take intg t flexible body equations (des % win
section 6.3). O%E ?ull set of equations (i.e., both 5 Cl;é-l% @ﬁé‘g

flexi bl e body equations) were derived for the system and then a partial
fraction exp_ggsi an g}gl ied thereto, the coefficients of the vibrational
terms woul d >08p¢ ey Pedcslon em However, since the equations were

derived separately andg the context'oiifcﬁxhp&@xn@ikﬁeﬁvédsfdigi $i& FrefiRdyases
descri bed herein, the relatlve scaling is not known for t he

equati ons gi VESESHBMEasuzs of 1A GOpInSH WA ROYS cagbesyaluated hy sxaminipg 10 I n
the case of ﬁgfeﬂmﬁh&f@tdoﬁa&aen@ef&mpﬁtrw ter efﬁﬁfnYeres'tzorAﬂ%Flgfeher case,

one several scaling methods may be used. For exanp
arbitraty gaPh sughyauperposition lssﬂloélet@dtharﬂialﬁl ot Figure 113, doquhicic greappl i ed t o

the system Hageh&7bt fntedd: 120031, U3 i i which afoga%ollt'/%gd H)%vgﬁﬁ'ésﬂ%ﬁd and the

vi bration cons?u raint ‘equations nulti a predict ed
vi br ati onal IiSele*@ledcﬁlvﬁi%kawnemdmsboidISlmasmémhtwhabmwmemldxstaaml 15

By way of ex &, r er tran er function :
shown’ bel ow ?’r@ielqur on 0%4 lﬁq?gu%cr%gnw:’ 5?%5%?8&&0"?% t he
position On_ther ethpohamd, omoversdnndigames Secﬁxtrtngngrvma fadGétRM b a force

torm of”  he HEIHEFLP FigHe R Cispiigine. For el mbvemen: isances, e!© 'S

(21) | amountCe¥ videution Gediction heuirkdiiel daeﬁmnémby Irhﬁo bhg second
term nanely , -. : r] _
move’s goodness level to the good/bad threshold. ‘The magmmde of the Input -
Shaper™ required for each movement distance is; determmed based on this ratio.
Specifically, the magnitude of anf[nput Shaper™ response can be
15 equated to a desired reduction in vibrations (“miag”) to derive an expression for
a modified Input Shaper™. The expressxon for the period, T, of a modified two-
pulse Shaper™ is as follows :

_ arccos (2mag® - 1)

o 2

It is noted that the above expression is closed form and, therefore, is suitable for
on-line, real-time implementation. For unity magmtude Shapers™ (mag=1) in

20 wmch no vibration reduction occurs the foregoing expression yields

tT=0, (35
and the two pulses are co-incident at time t=0. For zero magnitude Shapers™
(mag=0) in which 100% vibration reduction occurs, the foregoing expression

yields
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nat ur al

| frequency "[err]" and
function 20 is expanded in a partial fraction

corresponds to a vibratory node w th undanped

three terns result: [err]
term from eqwatsmmssaL3, nanel vy, PCT/U$98/049]10 5

corresponds to the transfer function of the vibratory node,

danping ratio "z". Wen transfer
form the follow ng

The third

and shoul d be

conpared to the second order vibratory termincluded in the original

transfer

domai n i nmpul se

10

15

20

function. Using inverse Laplace transformation, the tine

=1, (36)

[ 2f

or Y% period. At intermediate values of mag, the expression yields intermediate

values of the Shaper™ period 1. For example, when mag=0.5,

e o=

1
s

G7n -

response of the vibratory node is determ ned as

_At this point, it is noted that although two and three impulse Input’ -

Shapers™ are described above, the invention can use Input Shapers ™laving

~more than three impulses as well as to shapers designed using other techniques.

It is also noted that although the invention has been described with respect to

Input Shaping™, any shaping technique may be used. For example, moves that
are considered bad moves could be selectively shaped using an FIR filter, an IIR

filter, any shaper, or even jﬁst extended in some arbitrary way to achieve the

- goals of the present invention. In addition, constraints, such as vibration limiting

constraints or the like, may be selectively added to the system equations based on
whether a move has been identifiéd as good or bad, and the resulting set of

equations can be solved for a complete move trajectory. The moves also may be

solved off-line and tabulated to achieve the same benefit.

3.6 Voltage Control By Forcing Switch Times
 Disk drives operate in a current command mode, meaning that their
operation is controlled by current commands. Since saturation is in voltage,
conventionally there is no way to determine if a particular current command will
saturate the system (notwithstanding section 3.1 above).  Accordingly,
commanding the system in current can fail to produce a desired movement. The

invention addresses this problem by commanding a current that is guaranteed to
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[err] Using suitable trigononetric identities, the

ti me domain response of the 10 vi bratory node in equations 25 can - be
sinplified as foll ows: [err] or, after collecting
terms, to: - 35-

[err] WO 99/45535 PCT/US99/04910

saturate a voltage input to the system. In this way, the invention is able to
command voltage in either direction. That is, it is possible to provide current
commands to the system, but actually to be commanding voltages switches.
In more detail, many disk drive systems utilize a closed-loop
5 current control system to control current through a voice coil motor. A closed-
loop controller in such a system makes it possible to specify a current command
that, when applied to the motor, results in a constant torque. Specifically, the
- closed-loop controller adjusts the voltage throngh the motor to maintain a desired
current level. However, there are limitations to such a controller. Specifically,
10 the maximum voltage available to the controller is limited by the power supply
_used in-the disk drive. Thus, if the voltage required to achieve a particulai
current is above the power supply’s maximum voltage, the controller will satu:;'éte _
at the maximum voltage and the desired current will not be achieved.
While the foregoing may be p_érceiyed as a drawback, it can
15 actually be an advantage, since the saturation can be used to operate the current
controller in an alternative mode in which power supply voltage is simply applied
to the motor’s terminals. That is, the controller is operated as an open-loop
voltage switching system, instead of as a closed-loop current control system. As
. a result, it is possible to create an alternative formulation for control strategies
20  and motion profiles. This technique of using current control to command voltage
has the additional benefit that voltage commands can be used during disk drive
seek; however, a normal current command mode is still available for tracking
without changing any system hardware.
Use of the open-loop voltage control technique described above
25 . may require a series of precisely-timed commands to achieve vibration
suppression effects. Section 7.1 below presents a.variety of techniques for
implementing such precisely-timed commands. If the commands are not in the
fundamental limiting parameter of the system, then section 3.1 may also be used
to generate such commands. If the commands are.in the fundamental limiting

30 parameter, then the techniques of sections 4 and 5 can be used.
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where "[err]" is the danped natural frequency

[err] _ The inpul se response expression derived above can be used
directly to forma guantified constraint equation; i.e. the
magni t ude of the constraint equation can be set to be less than or
equal to an aoesdssasi bration level in position. 5 " pCT/US99/04$10S houl d
be noted that the general formof equation 27 is a phase shifted
sine wave of frequency [err]. The sine wave is further subject to a

decayi ng exponerihitdsd regard ethe fenduhérinal tiiithg Gaidd{eRN is often not used

[err] Equat.ion 27 .can .be rewitten ain, includin he phase
shift [err] anOE’E%“@ ‘#%fg{t?f? d1.1e 0 hardvef%?qxﬁst,ra g?’?‘&*%\g@%ﬂg contgol}er .
[err] 10  in adisk drive systeml B desigfiédToplcueniahotQRItdee, Shamhsispercagpar ed w-th
t he expression . far. the inmpulse response of an_isolated second order
system (as def3SA&d Bffisk geive, by modilyipg the dravers gmplifice, /s gessile Orushst er
functi o H(s) voltage commands during one made of operation, e.g., drive sebi€bgetations, and
" to switch to current' commands during another mode of operation, e.g., drive
tracking operations. Thus, for example, the techniques of section 3.1 can be used
during a tracking operation and the techniques of sections 4 and 5 can be used
_ -during a seck operation. o '
10 i
5.7 Other Techniques |
In addition to the foregding techniques, other techniques may also

be used to generate (or enhance) an input to pr(jduce a good move. For example,

r
1

it is possible to adjust any of the above techmiques using real-time identification
15 of any system parameters. Speciﬁcaﬂy, a syagm parameter, such as temperature
or resistance, may be identified, and that parameter addressed when generating
a good move. Additionally, symmetric and mjulti-step (i.e., Posicast) inputs can
be used to generate a good move. As set forth in section 11 below, transient
porﬁons of the input or feedforward signal 'ai the be§inging, middle and/or end
20 of a move may also be varied in order to reduce vibrations resulting from the
move. Additional constraints may also be addéd to the system in order to control
vibrations. For example, these constraints% can be symmetric and can be a
function of time or position and/or can relate to thermal limits, current limits,
duty cycle, and/or disk drive ZV constraints. Moreover, it is noted that since
25 . each transition of an input 'corresponds to a complete move in and of itself, any
of the above techniques for generating a g-ood move set forth above can be
performed in real-time, and the Shaping™ and filtering methods described above
can be performed only on the rapid transient portions of the move. See section
11 below.
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- 36- shown bel ow

[err] Since we are only concerned with the nagnitude of the
resi dual vibration, phase shift [err] is of no inportance, and the’
expression for the isolated second order 5 system can be used in the
fornmul ati on BIO943[si fied constraints if the scale factor pcTUs9/04910
[err]/[err] is replaced by CJerr]. Paranmeters Cerr], z[err] and [err]
can be determ ned experinmentally by (i) subjecting the actual
systemto an inpul se iTipBhapeasTt ahd filers described abmar:é@iaiﬁrﬂilydﬁte’d,in(l i)

Corr] o Ay 8 ouler BRUBR AR BER. e B b rossane docay

envel ope to dies syistein) e Hofvever) thedifiebntion canalso(bé/ﬁnpﬂﬁﬁdnfeﬂtlhﬁgmﬂﬁﬂ@ﬁc anpl i tude
to determ ne er constral nts have been

chosen based® %F%“ﬁ%ebﬁr smbefsingeithes inpy Sh"-‘l’erﬁI or diregt £qlaoss tQFtems di giti zed
and is $hen epkyRfaindeqRB6R i Afulsl REX HREMESIAINEK, UBe idvention can be

implemented in a neural network controller that can be constructed by imbedding
either an Input Shaper™ or direct solutions to systems of constraint equations into
a neural network. Both the fuzzy controller and the neural network PV controller
can be designed to handle non-linear system parameter variations which enter into

10 equations for a system.

6.0 Controlling Trajectory as a Function of Time
This aspect of the invention is direéted to a control technique for -

reducing unwanted vibrations in a dynamic system by controlling a trajectory
15 which is specified as a function of time. More:speciﬁcally, in this aspect of the
invention, an input that corresponds to a good move is used as feedforward °
trajectory for the syét.' Any of the above techniques for genémﬁng inputs
corresponding to a good move may be used to modify imputs in the following *
control system. However, for the sake of brevity, only Input Shaping™ will be
20 described in detail. Moreover, although the invention can be used to control any
dynamic system, a description will be providéd_ only for a computer disk drive

system, again for the sake of brevity.

6.1 _Optimization
25 - ‘One 'approacix to generating an input that will result in a fast
response in a computer disk drive is to perform an optimization using partial
fraction expansion equations 19. To perform the optimization, these equations
are augmented by including a set of constraints to address vibrations in various
modes of the system. In addition, constraints may be added for vibrations in

30 modes that are near a predicted vibrational mode and for real world conditions,
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time subject to the chosen constraints. Digitization of the trajectory

results in 15 sinpler, and often |linear, equations that can be sol ved
readily for the conplete systemtrajectory. The invention,
however, is not limted to solving the system equations in this

manner . That W®994553§ known techni que for sol ving the systemPCT/US99/04910
equations can be enployed in the context of the present invention. The
digitization rate used is a factor that contributes to the successful

i npl enent at i osuci2@s voltage limifs. t A digitalfernpulaion of Hiesproklsmesan shegi twonededad | n
section 7.1 bel ow. - 37-
5.2 Lnput Shalidid} kg al of the constraints linear, thereby simplifying their solution JThe oo 2t i ng
good fTDvels usggmhnwntmﬁha@ b seddekd using the techrh@e&lﬂa&éxﬁfﬂ hﬁiect&ﬂ?ﬂ Xal ents. )
One exanple of Input S r convol ving a function wt
a systeminput in order V% gn i%tﬁ‘?ghm%%dﬁgﬂﬁpeﬁ°mg%9tﬂuﬁ?% ons.
Exanpl eg of sygérfed heveial Rathee,| dafl @pitizitRattechil Sle\/@h}t Bsed SFRE kkdnfiple,

| nput Shaping[err] nmethods are set faorth .in detail in U S Patent Nos.

5, 638, 267 andother methods for ymplemeniing, ptimization which 3R b6 LEtdkiR 99PUREHBY ence

above. with the present invention m&u&%ﬁflﬁgj‘&ﬁ@pu’t’ﬂnﬁﬂ aﬁ@ use éte&ﬂaétﬁ‘lﬁxeaxan | nput

to a system such as a vol tage command a velocity, 1s shaped in
order to prodsddngcodessorn el disk driva controller. Itwmmmﬁgcnﬁﬂealm may be

| nput Shaped] I e which
reduces unwan?{r%l ésgﬁq{ggs?}{{jgwpkg‘ﬁg&gtgg%ﬁ ml&rﬁé dlAﬁgP&#%ﬁggng& flexible -
nodes. Wter na&hm:eﬂ gquatiéns wnmntmr&sMBehathaxphdsM@r ZVD oorstraintsnmy e

of the fil t.erl ng}bkechnl %%@@Ei?gﬁ&g. QE g'dmp‘g_r usi ng any ot her kngwn _

comand
1
6.2 A Related Approach 5, _
The partial fraction expansion mcdel of a dxsk dnve system shown

15 above can also be used in conjunction with Input Shapmg“" in order to generate
system inputs. For example, in an article entitled “Fast Servo Bang-Bang Seek
Control” by Hai T. Ho, ©1997, IEEE, the contents of which are hereby
incorporated by reference into the subject application, it was demonstrated that

- near the end of a move, the instantaneous state of a system- can be measured.

20 Inputs to the system can then be calculated'éo as to bring the system to its final
location with 11m1ted v1brat10ns The flaw i in this technique, as presented in the
article, is that exact solutions to the disk dnve system equations could not be
obtained because a second order system model was assumed. Since a disk drive
system is more accurately modeled as a third order system, this technique could

25 result in inputs which did not sufficiently limit vibrations or which resulted in the
system reaching a nominal final position without coming to rest. By use of the
partial fraction expansion model presented in section 4, a more precise solution
to the system equations can be obtained, thereby resulting in relatively fewer
vibrations when the system reaches its final location. Moreover, insensitivity

30 constraints can be added to the foregoing equations by a variety of techniques,
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5.3 Filtering In addition to Input Shaping[err], as

not ed above, any type of conventional shaping nmethod can be-used -
to generate an input that results in a good nove. For exanple, it
is al so possible to generate a good nove by filtering 20 a trajectory

with infini tWOPH#EISse response ("IIR') or finite inpul se r BCPARD4910
("FIR") filters, including filters where there are zeros near poles of the

system . such as those described bel ow. 5.4 Least
Squar es Sol ug-Be Ry sanmiing asaiiscyssedainseatipr)6.7% by taking derivatives (as discussgd

conventi onal ;;l¢as I 2916.854) 08 hyCither e s 18
an input that ggsg tswl%ngg goo rarlcové foranﬁ@%rrput e?g %s?ik dr?ve system An
exanpl e of sseiutioanofithpequatinnd andpstd\fewerdresulting, ibratlenisent No. 5, 638, 267. Thi s

approach may al so be used to Iimt high node excitations.

- 38- 5.5 Sel ective Shaping[err]

| nput Shapi ng[ errd.3 R:igidtmdimgsiblamdodet&oﬁlm e can increase seek tinme in

sone cases. However, the.|ength  of hape li-ulS directly.related to
t he peri od of PHE 3P i A VR e ufé&ﬁg“@ TN B encies,
i.e., long peeipadil fraidtion eﬁpansmn mddﬁbdf&aaﬁanlﬁswﬁépaiatem.‘.e @edbiepdlidiy an | nput
Shaper can be_a substantial perc seek tinme.
This is of pgpﬁddﬁngpr@iegquﬁcé%@ge 'in%frfg?bﬁn? oﬁx%mé?ﬂ?p‘lé@?dg di sk

drives. That adsoiatédwiR AIHEKkrivei r¥ealiitbiASsimilR 18 kithied YrdeP WstehE QUENCY
vibrat IIOOns F\(t), F;(t) and F;(t) from equations 12, plus additional terms associated with
oscillating or wbranonal modes, e.g., F ), F,(t), etc. (not shown). The present -
invention separates these terms into two sets. (The first set, which defines the
rigid mode of the system, includes the third order[ ; system modal terms, i.e., F,(1),
F(t) and F;(t). The second set, which deﬁnes the ﬂexible modes of the system,
15 includes the other modal terms, i.e., F.(t), F,(t) etc. The partial fraction -
expansion equations in section 4 can be solved for inputs which drive the system
so as to satisfy rigid body motion constraints F,(t), F,(t) and F(t) and thereby-*-
achieve a final position with substantially zero velocity and acceleration: -
However, vibrations resulting from the other modes, namely F.(t) F4(t), etc., can -
20 still be problematic. ' ' ' :
More specifically, the partial fraction expansion equations cannot
be solved for an input which reduces wbxauons in the flexible modes without
addmg addmonal constraints for each addmonal mode. However, adding
additional constraints increases the complexity of obtaining the solution.
25 . Additionally, if curve fit or empirical solutions are to be obtained, the solution
is increasingly more complicated for each additional constraint that is imposed.
Therefore, . in order to reduce vibrations in the flexible modes without
substantially increasing thé complexity of obtaining a solution, the present

invention first solves the rigid mode equations in order to determine system

30 inputs. Next, the determined system inputs are shaped using an Input Shaper™
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can occur due to conpliance of the drive's nounting in its enclosure. For

exanple,.a 200 Hz nmounting resonance will have a period of 5 nms. In this
case, 10 a three-pul se I nput Shaper will also have a period of 5 ns.
Thus, if the conput er di sk drive has an average seek tinme of 10
ms, the dri WO08%/¢583r age seek time will increase bGP he

| nput Shaper[err] is applied to all noves. In view
of the foregoing, it is advantageous to apply | nput Shapi ng

sel ecti vel y. designed fos tedflexibls modss Of theesyptem. JFdr oxprpnls, the Jnput W%Tr#owant ed 15

vi brations. thel Eosi Qﬁsé@&?% By B df FBaRINApdRAt they
produce m§ belr%?‘&tﬁl vely _f_e\(ve@‘iI b‘r:)!it&:mgns, lg%aﬁsagnelz?@.\'/es are inherently
bad, neani ng that theyThe partitioningefolh(.cF£) ead Fj(Veintei the gigidomede Byd eval uat i ng
constraint equati rs L VeR0: : r.et hat i dat e nove
I's good or ba Calr’i?agegt%r%@i%%e%%b}\e g‘saﬁscggpevmmﬁﬁhogt&?g&gwmve can be
eval uat®d t opaieitien nhensyswiret mexdeled enciesie Fhecinvamsionrie abelima®d to such t han a
predeterm ned l.evel o | brations. in the system |nput Shapin an then
only be appl 98 4‘8%@%3“?%‘3‘5’ P&‘Eﬁﬁ”. Be e’g?‘}elﬁs EhaA% ﬁg’e ‘?’Qﬁeulpggrﬁ%ed | evel

of ¥y sidn@ bhden Sonslderiion @B welltdd Gatoustoties faotorst iFog egsamplecht i$ han t he
predet er m ne

d | evel . of vibrations, e.qg., the bottom 3Q% of the
noves, need Qgss%&&erwe a .seconJ order system mgut %asgg of 3 FYJ“@“E)P“Qﬁle&abr egoi ng, .
the present kRuRE sHNFRY ad BEO ih AR 2fd mode and BB HCRASSEIH) OR|(f)Jedcl OM USi ng
I nput Shaping[err] wth | ess of an increase in seek ) tinme than

woul d 8 her wilts te Jrodesthat atesadresssed gy ing loppt Shaping ¢ c Suetn s fermpation (yaald

i nvention, aykeyelarfiuld HRWintagR 3R 1 tHO LRE Nner® T, () Corepipak So aNgslenpes of

constraints, - may be "altered d_epeeﬁdi ﬁ%) upon how c(Ejooglsor ow bad a

nove- i s, i. e clectfic)dimgicagstant, since Input Phaping Tec used to/¢dsrest vaistionhat t he

nove excites. r s L o nly 30 requires mni mal | nput
in ﬁ%gg%%{)ﬂft&mh{ e B0nSEanl _

Shapi ng[err], I mpul se sequences jused to | nput
- 39- .

-

_ _ Shape the nove may be reduced. _
In t helgont ext of GQO@Htterfﬂa%é( drives, fon a given frequency of
In the rigid mode of a system, problems may arise because various
components of the system are moving relative to one another. For example, in
the case of a computer disk drive, vibrations may be induced in the system
because the motor’s rotor is moving out of phase with an endpoint, such as the
20 Tead/write head. This will cause problems during feedback if a rigid body model
is assumed. That is, if the endpoint alone is use'!d as feedback, the deflection that
is observed will be fed back and cause corrections that are not required and thus
'may be detrimental to system performance. To reduce such errors, the present
invention estimates the center of mass of the system and uses the estimated center
25 . of mass, rather than an endpoint, as the system’s feedback. One way to estimate
| the center of mass of the system is to calculate a state estimator using modern
control techniques. A wide range of correction factors, such as a quasi-static
correction factor similar to that described below, can be applied to improve the

estimate of the center of mass coordinate,
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I nterest, a neasure of the goodness of a nove can be eval uated by exam ning
a superposition of conponents of an input at the frequency of
interest. An exanple 5 of such a superposition is shown in the graph
of Figure 12, in which the frequency of interest is 200 Hz, and in
whi ch a good WR®&s#Had nove t hreshol d i s | abel ed 81 PCB{USSH®@AIONI NQ
threshold 81, it is evident that npvenent distances within a range
around 1800 tracks and 7000 tracks are inherently good noves. On

t he ot her hand, novenehhe ¢tniet eimess cpardippicicagmated pbove Grill motiteflectathe ar e 10
identified i | £Of t ances,

the . Wé%%%f%& ggrrgo?dﬁzos?gﬁﬁ%tep%oieq% I'r @x?tg?glgeiﬁeél%b‘ég by takl ng
a ratio of a behavior of thapysiers agodgrdsseuplasy Fbmt most ledl yibmgibta (indlidieghol d. The
magni t ude of L Apalt Shaper Lred for .e nt distance
Is determ nec?%@%ts&e% fgno § & r%lto?vo% fiord GEdé qfee ack %Samgoéﬁ%al ly, the
magni t ule of heretdfopebicerSpessiblel err] response can be 15 equated to a
desired reduction in vibrations ("nag") to derive an expression for

a nodified I nput Shaper[err]. The expression for the period, [err], of a

nmodi fi ed two- 6.5 Q!ggLﬂtﬁﬁ Chepgsf err] is as follows

[err] It 1s noted that the abgve expression is closed form and,

therefore, is suitabl eOpge other hand, if egrpqint fgedbackofather than LepRrofumAsat i on. For
uni ty magni t yebataRessl Mthd sysitBg wbﬁtldnfl'eaﬂmg uts WHhE Rydidn Véueh @ | ON

reduction occurs the foregoi ng expressi on yt el ds
[err] 20 p, those generated in acco ce with the yg;lmques set forth hegpig, carecaus® pul ses

are co-inci dep Pnat O'th, gﬁltﬂé%ﬁgﬂt SihEhE
(mag=0) in Whl c 100% w%r ation rezﬁhg?lliagn occur a(gg'f{gr@ggm ng expr essi.on
yi el ds case of a disk drive) does not vibrate. Rather, the component deflei®s during the

move. The deflection is in one direction during acceleration phases and in

another direction during deceleration phases; The feedback signal to the

15 controller is measured based on this deflection. As a result, if the system
controller uses this feedback signal to compare to a trajectory, the controller will -
detect an error even if none exists. To corfect this problem, a quasi-static -
correction factor may be added to, or subtracted from, the feedback signal:

_ depending on the amplitude and the direction o;f acceleration.
20 I
6.6 _Closed-loop Control b
By adopting a control strategy in iﬂhich a trajectory is specified as
a function of time, a closed-loop system fonnulatiion can be made. As shown, for
example, in Figure 11, feedback loops may be closed around any combination of

25 .  system states. In the case of a disk drive, thes states include voltage, current,
acceleration, velocity, and position. An input which corresponds to a good move
can then be generated based on the closed-loop formulation. This “good” input,
which, in the case of a computer disk drive, may be a voltage input, is used to |

generate feedforward signals to some or all of the closed-loops.
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(36) or [err] period. At internedi ate values of mag, the

expression yields internediate val ues of the Shaper period [err].
For exanpl e, when mag=0. 5,
(37) [err]

At this poi nWO%9455338 noted that although two and three i npukGRAUSINP4900
Shapers[err] are described above, the invention can use |nput Shapers
[err]having 5 nore than three inpulses as well as to shapers

desi gned usi ng ot her t &etdfdrgyaxsistrajectories for each of theglawmeress wdbet dsed aml t hough
the invention e | e ' D P

Shapi.ng[ err] ,a g%éf‘gﬁgﬂéi %’Siﬁ%Feécﬁe%gﬁémﬁoﬁmaé%%ge%t(é?e%ﬂaecl?graseaxa ] e%&r’g'\/es t hat
are consi der eTheachniqecior gmatating decdforeart i tiafdcoried app e based@naithéd R fil ter,
an IR . filter, any shaper, or_ev Lust extended, i n. so arbitrary
Wy o achi evEmplkgmion O the SYen o e paRial rakdo exiRsBRONE! S5 KO ¢ 1 on,
constraisnts, muebtiGiS4.viwheat deéraling’d géoddinput, it may beCaesizdblatondomnpute 4 he | i ke,
may be sel ectively added to the sgestem equati ons bagrgag on ., . whet her
a move has be®AYT 4¥RTMS et lgss yplgge e >Veh BRYSGak Y 19 5i Jirgitedeby of

equati ons canrlfty§q ¥@Mlable! ThiCRBRARE theMMifed it Riels9itm Will&wypes al so may
be solved off-line and tabul ated to achievé the sane benefit. 15
5.6 Vol tage CHREsRIY ®yTespanding 4o Higi oo mAvAp sAnother approach to generating a - sk

dri ves- oper at gooh gt .Fggragg&hgggm&@e Q&d@haég% Yiftal Nihbik R€lihited by

operation is Control ent “conman I'nce saturation is in
vol t agel0 reality) andrig esstmesad¢ valuastfor teipbysical system paraipetens visedeinithe a

particul ar CURLB&D! 1f MQ ﬂﬂl Ivl)ltage would only be used if tht_: parameters were the

worst case possible. At all other nominal case‘s, a lower voltage would be used.

In the closed-loop control model, the feedforward terms for each
'loop could be replaced by only one feedfon?.rard (or input) to the outer loop,
15 ~ where this one feedforward term is computez_l as a combination of each of the
other feedforward terms. Also, feedforward inputs for the system could be scaled
differently for each system parameter. For éxémple, different gains could be
used for each of velocity, position, acceleration, current, and voltage feedforward
terms. The selection of gains adds zeros to eégh feedforward term. Since Input
- 20 . Shaping™ is a me'tho& of placing zeros in éértain locations using a constraint
based technique, it is understood that the gains éelected for the feedforward terms
can be chosen to add zeros which serve_toj augment Input Shaping™. This
technique woul& lower the reqﬁireinents on any Input Shaper™ used, or enable

fewer constraints to be used in the derivation of complete trajectories.
25 - | Shown in Figure 27 is a block diagram of a simple system, namely
system 82, that will be used to demonstrate how a collection of feedforward
. signals can be used to effect zeros in a transfer function. In system 82, the
variable to be controlled is the output position x, there is a feedforward input FF,
and there are three command inputs, namely position input x,, velocity input v,

30 and acceleration input a;. There is also full state feedback of pdsition X, velocity
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20 saturate the system (notw thstanding section 3.1 above).

Accordingly, commandi ng the systemin current can fail to produce .
a desired novenent. The i nventi on addresses this probl em by
commandi ng a current that is guaranteed to

-41- WO 99/45535 saturate a voltage input to the syetEUS90416 hi S
way, the invention is able to command voltage in either direction.
That is, it is possible to provide current commands to the system
but actual | y t.andeccelovatiemali figthe dderhgase, heiftedfoeward input FF will cause the I n

getall; S | d- |
Coneeer Sy SR Eiclodf LRSI, W, G sitr o R g o

| oop cont r ol | tegjectony dmeshomsglsmeﬂem&eajectbrypﬂﬁ:alethtMSm,eed);f vy aveurrent

conmmand t ha L i ta t esults in a_.constant
torque. Speci 3% I'?S ""t’l\g@e lm(;jlgghedebyc 58%? gg ‘ig'nf‘} EFIERA SRFEEYS t he
vol t age5t hr ougpurs. h¥f disibysits tdpadrmu wadraamseﬂ&szd&@dhe system will I "k | evel .
However, there are limtations to such a controll er. .Specifically, 10

t he maxi mum ?f%“‘%ﬁ/%‘?‘?’&%‘} PY R Butd Bl With 1Fger 0sition €181 by t he power
suppl y used i frnd EtnrRin@knghtd, % v, Thd's, ahciﬁxmsed‘f&%ﬁﬂﬁg G red to
e

achi eve a particul ar current i s aboVe the power sup s axi num
vol t age, - t he EdRtodened by aggther processrand are simply inputgto the systamxi chml tage and

the desired %E&ﬁlﬁan\‘i"xﬁﬂutsr}@tvdl%ﬁd% Eﬁiﬁﬁfzimatxcally relate](_l denvatlves Wil e the
foregoing may be percei'ved as a drawback, Tt 5as uaﬂy be an

advant 38e, sireladonskip issindicates in she blegk diagram ehbwmmd’pgmat% bwrappb'ulgrthmt
controller i o i volt a S SI nply
applfod - "ioP ARk iR L IR R PR s B REFRLY TS
operated as dmowpdat ftdgophysically impossible|to agplemment tidnzeng coryespending maheead of as a
cl osed- Ioop b ste .a result, it ossible to
create an al ?ér ng‘%}%vfezwu%f“‘g CSB%%])?}%MSPSF the,ipppt Stenals voand 3 ard and

mot i on profi Iagmall'y’hlmvammmhqume of thﬁsf‘ﬁgnataﬁdheiiltFlgﬁlatZSDis 4 aoaeém@ANd vol t age
has thqsaddltlonal efit. that. voltage cong Pi can be used during disk

drive comase M‘Qﬁ intyition, pot A TREAR BAPEAYode is still
avail able for tr aCkI NQBy applying block diagram algebra to the block diagram shown in

Figure 28, scaled versions of all the inputs (x,, V,, a, and FF) can be shown o -

enter the closed-loop system at a single point, as shown in Figure 29. The:

combination of the three parallel inputs (to';.the nominal closed-loop system)

20 shown in Figure 29 can be reduced further using block diagram algebra as shown

in Figure 30. The numerator of the block shown in Figure 30 is a third order

zero. For this system, the zeros associated with the combination of feedforward

terms exactly match (and cancel) the poles of the nominal closed-loop System.

Thus these zeros serve to cancel the dynamics of the modeled system. The

25 . location of the zeros can be adjusted by including weighting factors W,, W, and

W; on each of the terms vy, a, and FF, respectively. Following through with the
analogous block diagram reduction yields the result shown in Figure 31.

By allowing additional freedom in the placement of the zeros (by

adjusting weights W,, W, and W), the zeros can be placed to effect a first order

30 cancellation of the (un-modeled, but measured) poles of the system, e.g. poles
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wi t hout changi ng any system hardwar e. Use of the
open-1 oop voltage control techni que described above 25 may require a
series of precisely-timed commands to achi eve vibration

suppression effects. Section 7.1 below presents a variety of _techni ques for
i npl enent i ng¥QB¥455H eci sel y-ti med commands. |f the commandsPEVESSABP P n t he
fundanmental limting parameter of the system then section 3.1 may al so be
used to gen,era_tbe such conmands. , | f the commands a i.n the

f undament al  RSSPRiAtFhitgpibration or ﬁé’F’éH’é‘Y%ﬁﬁﬁd Eypamiq KEPAsEh Pﬁﬁ@b‘fpuéect_i ons 4
and 5 can begiis&d can be viewed as “all zero™ filters, the zeros associated with the weighted - 42-

In t-his regard, the fundanental |imting paraneter_is often not used

to command t Fredfspiard ippat can e usestoikplase 6bAugNeRs e actiop of the zeres efithe ki ng
controller innut 4 di disi t | SradEs f t, not
vol t age, comlila%\ 3?‘“ %hﬁp?he This, Elhyees%ggeﬁfﬁ‘s gredﬁl?kggﬁg\};e@%ﬁaﬁ%tg?fyi ng the
drive' s5 anpl feefforward inpits ajessss ingmber of 2gses mast be suppligd |by dbgeshepemandls duri ng

one node of Welg! ' rat. i .. .to switch
to current cg%@gigﬁdhhreglﬁ%%%%{ohégmﬁgggh 0 'og{e'ér gﬁ%un?ﬂlg .aS‘f'“‘,“‘a&F ih\}we

tracki ng opeimtthonfact THatisthe fzerosexsngidted wite the cheiglped Seafforsact iapen 3. 1 can
be used . during, a.tracking,operation an he techni ques of -sections
4 and 5-can BBPIGRER® wﬂhoutgm%eu_{;qsﬁg.eg, E’ﬁé?éﬂsgéﬁp’ﬁon 10 :

5.7 G her Techni ques = In addition to the foregoing
t echni ques, ot her 1;7e j ques., may .al so - be used to generate (or '
enhancgéj.an i nput6 g nove. For exanpl e, it is
possibl e to adjust anyiofs ilRe pakable thesddicOribGaintsS kd)Ghé attial | FRtion .

i dentification 15 - .of any system paranmeters. Specifically, a.system

par amet er , . s GEPAOSIOD: @YAHQU4t of Bection 4 In order fo- pravidender relativelie Tamidnt i i ed,
and that par qRERInAGHIhEASIE dnodB YRR BE sy3%m. For example, $0R HolEdie -
Additionally, symetric and nul ti-step (i.€. , Posicast) inpdts can
to constraints relating to insensitivity to variations in system parameters. To
15 do this, one or more constraint equations in the continuous form of eciuations 19
may be differentiated with respect to the system parameter and the resultant set
to zero. This ensures that the solutions to the equations are insensitive -to
variations in that parameter. A similar result can be obtained by solving the
equations to which insensitivity is required mx;ltiple times with different values
20 for the system parameter. For example, the se(;_:ond of the above partial fraction
expansion equations 19 can be repeatedly solv?ad with different torque constant
values in order to assure that the solution thereto works well for a range of torque
constant values. Such an equation must be given some degree of freedom by not
requiring that the solution be exactly zero for all values of torque constant.

25 .
' 6.8 Switch Times
As noted above, the continuous form of the partial fraction
expansion equations can also be solved for voltage switch times which reduce
vibrations in the system. A voltage switch time corresponds to a transition time
30 between full 'positive and full negative voltage inputs to the system. In solving
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be used to generate a good nove. As set forth in section 11 bel ow,

t ransi ent portions of the input or feedforward signal at the i
begi nni ng, m ddl e and/ or end 20 of a nove may al so be varied in order
to reduce vibrations resulting fromthe nove. Additi onal

constraints WRP%4F3H be added to the systemin order to COrRATAIS99/04910
vi brations. For exanple, these constraints can be symmetric and can be a
function of tr{nmteh or position _and/or can relate to thermal limts, current

limts, effu BWItchy M, i N0qPtBFT epnstaints atFdnciydeds ther sysiem ean Wbr eover, it

i's noted thatmgdeR@qis#3 the three pRARDN fhERRTxpArRidn quaﬁﬂng f@éﬁow‘ﬁod%?ﬂonds to a
conplete nove in and_of itself, any of the above techniques for

generating a S§B98 4nddsingghe cominuons yessiomeofthese isguations, it is pogséd torseixt i n
real -time, angr & PRRPBLA 4R, 'dan f’f%l‘]ﬁ | g SRR YSIgescr i bed above
rans

can be performed only on the rapi | Eit portions of the nove. See
section 11 beEamgtions 19 are nonlinear in their continuous form. However,

- 43- : o T haper s|.er, d. f.ilters

descri bed abotP/ camrlge glrméj?uel?%dbﬁoy i gelendwfﬂr?' Qﬁaﬁe lgacggwwatﬂegm{"d

conput er - execomphtationglmowers sSistecahs firsa eqhatise isUinedt, e frsPEQERSES@A Hen '
the system Vel . | L avention can.al so be i.nplemented in a fuzzy |ogic
control | er byljgb ﬁ%’ge&dflwggee?‘gﬁe?qugf?nfrﬂgflmélﬁﬁ851“33? SV WEE¥RSNs t o :
systems 5  The solfios casthembabbtaiediby petforiiingan fimpRVide@Pbit Rb@Gdn. Sinilarly,
the i n\{Snt i o an &e . . bg%eﬁrren%ed in a . neural network controller
that can be conbtd {Feh BEF2USPSi 3h go obtam-a solugipp (i@ MaaRnE P5EFisiahaper [ err |

or direct solAddifdifally,0he HeHREEuSE f6OME ikttt cRBLEIHA £6hQ sim le a
neural network. Both the fuzzy controller-and the neural net wo’r) PV

control | er ~ Curve m@-&ﬁ“ﬁ‘é’ Besnsingthe spred of thecaleplation proeess.s Jsis alsdpar anet er -
variations Wpyogsible'th @enerdit Soldtfbns to thes€Eh@fidt3 by deBhing sWtEh @fes as a

function of movement distance and then fitting ihe data with an empirical formula

15 to achieve a solution that is sufficient for use'in a digital controller.

To this end, an additional step that is pefformed in order to use the
continuous switch time solution in a digital controller is to round-off the switch
times to a nearest digital time spacing. However, because significant errors can:
be generated by rounding-off the switch times, another approach is often used.

20 The switch times are rounded upward and th'e voltage levels in each region are
adjusted to achieve a solution to the same equations’. Alternatively, voltage le‘}els
in only a portion of the solution are adjusted in order to achieve the same result.
For example,' only a few digital outputs are adjusted 1o corréct for the round-off.

' The pseudo-code shown in Appendix A illustrates (i) the calculation

25 j of continuous switch times, (ii) a metho& of rounding the continuous switch times
to discrete time intervals, and (iif) recalculation of the voltage levels to satisfy the

original constraint equations including discrete switch times. In the first section

of the pseudo-code, the physical system parameters (V... K, K., I, k, R, R,

and J;) are used to compute transfer function parameters (A, a, b). While in

30 theory this step is not required (a formulation in the original system physical
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6.0 Controlling Trajectory as a Function of Tinme
Thi.s aspect of the invention is directed to a control technique for
reduci ng unwanted vibrations in a dynam c systemby controlling a

trajectory 15 which is specified as a function of tine. Mire
speci fical | yWo9948836 s aspect of the i nvention, an PREHSIYIE0
corresponds to a good nove is used as feedforward trajectory for

l'.

corr evpond nd e 3508 B0 HEe BU RS foplscE A ckriere PBMRER 82 1 o1 1 owi ng
control syst aforetsoiublkefor réabnmtehmmtanbnbrew ty, only Input Shaping[err]

wll-.be 20 descr | bed et ail I\/breover al t hough the jnvention can
be used to control anyh‘ﬁ"1 tj‘“’m‘“ 13 APPERdix 4, H’és"l?g‘?"b‘f‘?‘g’r?"ﬁﬂ | be

provi ded onl ydxgxmsﬁmﬁw}eaﬁu&nﬁkmkénﬁmomge level of ¥ath@NthedBRlebtdp®r t he sake
of brevity. 1 Optimzation 25 One

approacR to gen@edifieddn frder ﬁwﬁn%fmlee Gamsraipteaqyations,, Mogifistion of the
response in g {eduited BécatiVel of hd Spebific RGHIuRAiBh el bm&éét&t&a it'S! g

part i al action expansion equations 19. To performthe

opti ni zat i on, voltages elf dip roblemsis reformulated, 6. iadiseretnt impulsg responsecdfomy a set of

constraints t o Riaf e -system
I n addi ti on, é(g)on 3%&}; Eaﬂﬁ(?%gg{?%% a% nggﬁasqs fo.pm)des t hat
are near a prmﬂwemende)vlotheatmonaﬂlemﬂdmcdﬁaﬁom of ¢lsel valiagé evaveofogtint arons,

such as voltage Iismts. A digital fornulation of
the prc}lgl em c%%mplﬁm be nodel ed sqg as to nmake all of the
constraints linear, thereby sinplifying their solution. The
digitization rate may be seﬁct ed using t he techni ques presented in section
7.1. Finalpos = vention ijs not limted to methods for
perform ng optim zation t

i‘=l

-a(T“ - 1;, + A1) -e -é(T- - T,)) (38)

=1

N ;
Aa (T, -T, +A) BTy - T,
0 = g Vl—a ., _b (e ond ¢ - e od l))

The pseudo-code shown in Appendix A can be used to compute the
digital switch times (rounded from coutinuous), and the impulse response form
of the constraint equations used only for the ;inal adjustment of voltage levels.
A voltage variable for the reformulated voitage adjustment problem can be

15 formed by selecting an individual V;, or altemaftively selecting a dependent set of
Vi(e.g. V;=V,=V,=V,.). The three constraint equations form a linear set of
three equations in the three variables and can be solved using any method suitable
for linear equations. If more than three variébles are chosen, then the solution _
will not be uniquely determined and oppdrtm;ity exists for additional criteria to

20 be used to select from among the possible solutions.
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5 descri bed herein. Rather, any optim zation technique may be used.

For exanpl e, other methods for inplenmenting optimzation which can
be used in conjunction with the present invention include off-Iline
conput ati on and use of efficient |inear sol ving codes on the disk

drive control kyeg/skd3s5i S al so possible to generate a series peTusesnssib
solutions off-line and to fit curves to the solutions. Appendi x C shows a

set 10 of linear equations witten in GAMS that can be solved for ZVD
constraints on 6.9 Shaped™ SWitdine N Whi ch voltage is the commanded. i nput.
6.2 A Rel ated Approac The partial fraction

expansi on nodel of a diAJORHNE & Hrsydirateupangdang pripipie UBEPPEMAb be used
i CONj UNCt i OBy fich okRHls FaRI AIHREE ihickd sEGHETIIECp USABLAE Gk crive __SYSEm

i nputs. For exarrp In an articleentitled "Fast Servd Bang-Bang Seek
Control" by H&om;rnsemsen[eeof fullemppitive @EE fuli-pegadenyaliages cashmendsc Hneueh her eby

I ncorporated hy f ] gnonst r at ed
t hat § ¢ caE? t@%%&%g @&g@% (ril’glt mglpmghngfneous {s"%‘ % 0 a system
can be neasur @dcauzé) optimal switqhutimes dort the swnsmmaaxkn@mmtbe likalyc thant ed so as

to bring the s fa4 nal, . nvmthllmted |brat|ons
The flaw in t H?{‘gaﬁegfc‘ﬂl?{ﬁt&ﬁg,wﬂ!ige %)’?cg%de‘ﬁ Sihf Vof‘-ﬁ ommands are aPPYs ﬁo I's that
exact sol uti Omﬁstdnﬂ Séwerauteeﬂfuqieéfoere@usmgmn@qmed 5y3tem vibtitidnncdn then be

obt ai ned becaus& eéecrcl;nd ord q\J/stem ‘was .assuned,, Si nce a disk

drive gr r‘Fﬁ?‘BP 5‘06 PaRet n‘Ba‘E“’éﬂ‘"&saé"'{‘W‘Pﬁ BAYEFE syst em

this teghni quanawéaqiy 25ub i]ect tb egatidusi Ebribﬁ‘ﬂh'tfss sidl G ¢ibfhtioAt condrhing] ent |y
limt vibratigns or which resulted in the system reaching a

nomi nal final 56ROV APOSFAIRE AT %rﬁ“ﬁ’&e&%f‘f‘@??‘ed ynagag op physial system
partial fract icgffianaafond dhuRiAER Al ge ns&:eﬁ&mwcl&mﬁma% IsQitlH eci se

sol ution to the system equations dan be obtai ned er eby

resul ting in riseapsingAny tecpjgpe descrived hereip; 3¢ adipsimg thihskitghdmes Biresh r eaches
its final |ocaiiog [amweaa%ovemaﬁerﬁbtcbma«’msﬂ constraints can be
added to the foregoing equations by a varidty of "techni ques,

- 45- 15 Another effective techmque foricommanding a disk dr_we 10 move

is to combine the benefits of a bang-bang time-optimal command with the benefits
of Input Shaping™. To this end, switch times for an input to a rigid system are
determined analytically, and then an Input Shaper™ is applied to the input in
order to shape it so that unwanted vibrations rc{‘sultmg therefrom are substantially
20 suppressed. This technique has at least two‘i,advantages. First, it is relatively
easy 1o implement from a computational poi:nt of view because the problem is
separated into two problems, namely gencratiné a good input for a simple system
and separately generating a good Shaper™ to ﬁandle flexible, and possibly some
rigid, modes. Second, solutions obtained by separately Shapmg ™ the input are
25 - more insensitive to system parameter variatiobs.

Shaping of the input may be performed in a manner described
above using, e.g., an Input ShaperTM, a filter, etc. Accordingly, a detailed
description of shaping the input is omitted here for the sake of brevity. With
regard to generating a good input, since voltage levels for the input are already

30 known (i.e., the voltage levels are either full positive and full negative), the only-
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e.g., by sanpling (as discussed in section 6.7), by taking derivatives (as

di scussed- in US Patent No. 4,916,635), or any other approach,

t hereby | eading to robust solutions of the equations and still
fewer resulting vibrations. 5 6.3 Rigid and Fl exi bl e Mobde
Probl em WO 99745535 Anot her approach whi ch usesPGTp9/04910
Shapi ng[err] in conjunction with the partial fraction expansion
nodel of section 4 is to separate the probleminto a rigid node

probl em and X2FiPRIRS Hi2k neRIGN By BBFTEHICIENS SMiRR ites Jpr dheduolage ivput.

associ at ed WiSwcB tihes keatlbk \GetefrBM&R Lsing grﬁ&iaﬁlﬁ%mre,{p%& Bblid frer system
e.g.r 10 Flerr](t), E[err;n(t) and 'F[err](t) fromequations 12, plus
addi ti onal t éy¥emasishas squations 1% in which F\(1), 5@} andals(th gomesponchioastéponal nodes,
e.g., Flerr] rar : gmg, Ih §

i nvention seggs})g%sg:{sﬁt déﬁsttg}’]fm ‘ré#gcaic%%gdf\?\)g se 'g?a' ?ﬁg aﬁ??@tords%ﬁc’d\?\%i ch

defi nes3t he such as this, thiegtransitiotebebseen ffidl positive and fuliciegatée arbecquired.d or der

syst em nodal i [ er, t) .. Flerr é‘{}%‘ nd err](t). The
second set, |8E 55#’?%%’?5@#4 gé‘B‘Z’i for e fpsitiony Fﬁlét]e fchﬁ foﬁéws‘

i ncl udes the ot her nodHbing equationsi 14¢ reprédueced heldw as Fp,err] (t), etc. The :
partial fraction expansi on equations in section 4 can be sol ved

for.inputs which Lve _t ystem _ -SQ a atisfy rigid body

nmoti on constr ai ng:g{qﬂ[dgr'ri%gﬁd'é rr;{;ﬁl“ﬂﬁa ’3[ ’é?q}j; n(‘;da‘n Bt her eby

achi eve a final pbslid Gn'ofel 5dBsT Mbd 'y et FNdllanit §) and(3qcel er at i on.
However, -vi brat i 8Rgtesubifilhg frdm CHg,05hersme@85F, (mareky ,Flerr] (t),
Flerr](t), etc., can 20 still be problematic.

More. specifically, the partial fraction expansi on equati ons cannot

be sol ved forandSORSHRE eqpaiiens Loe Frprqdced; bstaxt asofs i n the fl exi bl e nodes

wi t hout addi ng addi tional constrdints for each additional node.
However, addi ng addi tm(}g‘!') gq;r,ﬁ,g,tlzgagi nts increases the conplexity

‘

of obtaining the solution. 25 . -Addi tionally, if curve fjt or
Flirold o

enpirical solutions are to be ¢ .. the solution

i ncreasingly nore conplicated b3 tedchOaddi ti onal constraint that is

i nposed. Therefore, in order to reduce vibrations in the flexible
nodes w t hout, . . Lally . ncreasi.ng the compl exity,of
obt ai ning a tsltostﬁcls%lHl,e %P ﬁglg%r%e@%%tm =€ Xnknown%a?ﬂ%%’n?’?ﬁ%tlffzra?? Yol fes t he
rigid Adde echatge of yaiiablesy der t o det erm ne system 30 i nputs. Next,
t he determ ned systeminputs are shaped using an | nput Shaper

46- : : a ' : .

e =ty =ty |
el =Ly =t . - (41)
ely =ty = b,

further simplifies the solution for the switch times. In this case, et, corresponds

to an elapsed time from onset of a first step until the end of the move, et,

corresponds to the elapsed time from onset of the second step until the end of the

move, and et; corresponds to the elapsed time from onset of the third step until
15 the end of the move.

In view of the foregoing, equations 39 reduce to the following:



designed for the flexible nodes of the system For exanple, the Input
Shaper|[err] may be desi gned based on frequency and danping ratios -
of F[err](t), etc. above. The partitioning of
Flerr](t), F err;('ta) and F3(t) into the rigid node and &err (t),
Flerr](t), e {44138 the flexible node is merely an exanpl ePEFUBHREMy to 5
partition the systemi s nodel ed nodes. The invention is not limted to such
definitions. In fact, the partitioning of nodes can vary dependi ng upon the
system under consi deration as well as various other factors. For exanpl e,

it is possi bl Bngligosi&r Yofelet) setlofideor HeVoafaddem i nput based on a
syst em nodel that 0 rc¥ides) on2 K FRper f]Z(VT,E,(a;)d Flerr]((#2) in the
rigid node and that includes= Fﬁn(pg t,) E4:(1ta}?z(e Vgp(e:,)_ in the nodes that
are addressed using Input Shaping err] Stich a formil ati on woul d

be of particular advantage in the case where F3(t) corresponds to a

systeni s Since equbsais forcE (1) ! Fif® and)iﬁ’gt)zmmairsdtpmnﬁalpennsSbnaapmm)c[abr r] could

Egngf Sﬁt to cor Eu%%}l toV%c a gv'e%cr;]%ngfnscfgﬁ?(gﬂ(t,@? )kg,gtsj%né 3@3(? Esexgo read: qy time In

the rigid rmdaa«amibma Hywéver]ceftdi® Bilificatiogs caﬁbmadzaaanealuuadnsqmsrder
conmponents of the . systemare noying relative to one another. dbtrg exanpl e,

in t 'Hé’r‘&vé%eea“dfer 3live BRpeHcat 503?19% 3y s to AJlop, them g ke §AYed®T i nduced i n

the systsem transition u&@&fflttgﬁnd s i PéaPfimd. Mér@fsﬁécﬁicm#l the derafiorPéf |ase with
an endpoint, such as read/iwrite his w |l cause problens

during feedba®d;fterof theiiBpusJay? Whisdeqrdet system doey gotyesy, siggificaplytfors, i f t he
endpoi nt - al on&utﬁely dlgggag%vgseeq'lﬂ%i‘oretﬂ? 166 s ! e thB@step duration is! S

observed -wi | | and cause carrections that . are not required and

t hus nqw mglepeaéqnt phreaties of etp ohncprdinglsy tharsecond Fguation (fse such
errors, the S(f &can be solve 'f&v&nhé Eekriﬂl& ax{dh& C?‘H&%lué”; SS Of the
syst em and uses® 1t Ped T & ? rat

endpoi k0, as otbtemscym dns maﬂmdbac:kzse @momn@mtoast emtt'ealue The firstt he center

oSS O Eaial R SO ER e B R e L TR
quasi - st ati ¢ XFj(tyy)), wheesafterahd :mm efjaatibois seived foaler;aaatModeSetrj Mae bel ow,
gggr 3iengf gl ! e\gal&eooblta edof\ére ett, r115 also a close approxtim%%eof Qt]; e;[czpc? glent 'ﬂxe %r t TBSS
equation is then used to calculate an approximation for et; based on e
15 * approximate values of et, and et;. If moxje accuracy is desired, another pass may
be made through the equations. That is, -';he appfoximatioi:s calculated for et, and
et, can be substituted back into the for'egdiiing equations, and the process repeated
for several iterations, where each iteratiqg)n provides an increase in accuracy. In
practice, four iterations through the equaéons resulted in 16 digit accuracy for et,,
20 et and ef;. Once these values are determined, values for the transition times t;,
t, and t_, can be calculated using the eciuations shown above.
The iterative solution presented above for determining switch times
will converge faster for better initial guesses of et; and et,. On short moves

especially, convergence can be slow if initial guesses for et, and et, are not good.

N
W

Accordingly, there exists a need for a way to provide a good initial guess. One

such technique is to tabulate solutions for a range of short moves. Such a table
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-47- The center of nmass coordi nate
estimated. above wll not reflect the . vibrations of the rotor nor

t hose of the endpoint. Consequently, the rigid body behavi or of

t he system can be decoupled fromnost all vibrations (including

acoustics) i wmssdss3sto all ow for nore accurate feedback contocwluspdmmmohas 5
her et of ore been possi bl e. 6.5 Quasi-Static Correction

On the other hand, if endpoint feedback, rather than center-of-nmass

f eedback, i s masebe thentused 30/ 9P@in 2 ot guésane.gedicionking-up @t guespot he system
such as 10 . e - d, k.. L: i S set
forth herei n,mtg r?iagg%séﬂ é%&@&?’aﬁ%gggrﬁésjﬁgg%g lé%fsopgf%&aﬁ% hal}ss'?gr?he
conponent at mhéwes,eadpoitial guessag detetrmed baseld ion thehomrve. For exampksé& maf a di sk
drive) does int vj br at 3 Rat he{3 Ibhgqagon]ponent defl ects durin he
move. The defl°SRt4eERTIPEY | HPEAESH e n" Gl cefse?d?‘?’iﬁ’ﬁ‘mg ¥es and in
anot her 5di r eghé¢refsintufundgordefl tlose distamoe. plases. for dtker fseelbdigles shwbal to the
15 contyoll er i.s measured based on this deflection. As a result, if
the system determined ipgSimijar pangeros ¢ hi s f eedback signal to conpare to a

trajectory, the controltherforesbing techniques fo¥Cde@fhindil SWitdl tifé€Rad benone

exists. To correct this roblem a guasi-static ) correction. factor
may be added $Bandest todnHedeAETERFIFY SR BaRgust ENERRIK disagFRa| For example, dependi ng
on the anpli tigelR;aRd dhiifpe M baelih@itedlin #eCBlbAldndRitiaPPuess for a switch 6.6
Cl osed- | oop Control - By adopting a control. strategy’

. 2y . A .
in whidf a trimeyales gan be dyirsaiinadehgsason both movement diswses and resislndre, a
cl osed-10op syst em Qi ald QRrfd %Td‘?éjgsed‘i&? m?!‘&‘éﬂnerft&:%:em' am EXanple,
e Cl ose

in Figure 11,” Teedback | Qops “may around any conbi nati on of
~initial ‘guess. In such cases, the initial guess can be determined based on a -

. multidimensional table which incindes these pigameters, or computed using an

empirically generated fumction. Switch times mn:also be generated by taking into ..

15  account system parameszrs in addition to thoseﬂ;'set forth above. In such cases,
conservative parameters may be used so that the actual system will move faster
than the theoretical model on which the switch times are based. That is, in this
case, the feedback will scale back the output voltage and the system will almost
never be commanded past samraﬁo:_x. ; _

20 As an alternative to the above ap;?roaches which rely on an initial

~ guess, short move solutions can be determinejd based on the partial fraction
expansion equations. Specifically, the exponex{tial terms of the partial fraction
expansion equations can be expressad in series férm. The equations can then be
solved for the short move solutions to the switch time problem.

25 A hardware implementation of tgxis embodiment of the invention
may be dictated by the design of many disk drive controllers. Specifically, in
such disk drive controllers, the update rate of a processor in the controller is not
fast enough to output voltages at precise desired time intervals. Accordingly, a
hardware solution may te implemented, in which each next switch time is loaded

30 into a hardware counter chip and a high frequency clock counts intervals until the
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25 system states. In the case of a disk drive, these states include

vol tage, current, accel eration, velocity, and position. An Lnput
whi ch corresponds to a good nove can then be generated based on
the cl osed-1oop fornulation. This "good" input, whi ch, in the case

of a conput ewoddrgds3siri ve, may be a voltage input, is used POTAS99/04910
generate feedforward signals to sone or all of the closed-I| oops.

- 48- Feedforward trajectories for each
of the parandesited sivitchh masedchdeved. At such time,f the dhupnwed the tcoumreractdp der i ved

froma trajector ct ed The techni que for
generating f 5%%%‘3’@9? qgalg?)rvfﬂge S yprrg}{) tB%g’é]& dgﬁe HtFer a

sinpl e sinulation of tshm moﬂieemtamatmaaopm forgdingf makbd dor eet&aﬁﬁhg)n nmodel set
forth 5 section 4, \Wen gener 0oQd i put y be
desirable t osﬂﬁ’ﬁlptﬂ?eé for 2 system inpu Pfé’vﬁig‘i l'fhg n%l P?‘P\"éstm‘} (V@F‘P’éé% (or

what eveg phy%omab 9§ﬁrdnﬁi¥éde“€@atiﬂcﬂhhﬁd)ﬂﬁmal Commands Fo?dlméaV)SydtéinﬁVa' | abl e.
This increases the chances that the systemw |l stay on

trajectory ccﬁl‘?des"ﬁomﬂ'g 3¢ ol Phe2nso 48 W\?ﬁ’on‘;@&‘ﬁ)tm}@ﬁ’n p"}j’PB‘é?é‘Hnt@e@ener ating a
good input i %oﬁ&rﬁﬁrﬁ“r}‘@re@vﬂﬁl J:tc%%ntﬁ Qf mkaty %eipgﬁbéfﬁﬁ%e Yigfehpbl € 1S

limted by 1 reality) and to assune safe values for the physical
syst em par amcerpﬁrai@ew Teferense into the subjectppplication 3 if mersfogdefulk ul | vol t age
woul d only be used if the paraneters were.the ' wor st case possi bl e.

At all other nom nal cases, a |ower voltage would be used.

I n t hel®l oseds 0 nd isf eedf or war d terms for each

| oop coul d be repl ace 0 8 g ™~ out er

| oop, 15 - where t%l%l“’tegnrggx‘fc < OFE ?Sﬁ"h@ r%és CIIfJFI‘(i::con‘ol nati on

of each of tlaea function of tmhﬁvolfeédémnmmg an mpumhxclAlmld) ,getiemdhchr d inputs
for the system could

e scal ed .. different each stem
paraneter. F&1%¥Exa Iags," %ﬂt%f g‘?pé(ﬁ’t s jrRw '(%YUF’ BtEmIXCJ using aH’éé’?ﬁ/efor each of
vel oci ty, poséchhiques, ag¢le lagrlaputoShapingft, efikeringn dtey ol lnagddificee df ahosar d

15 techniques, the present invention also provides a technique for shaping inputs

having frequencies near or beyond the nyquist frequency. Shapers™ used to
perform this shaping are referred to herein as “NBN” Shapers™. e
Systems that use discrete time or digital control face a fundamental -
limitation due to the effects of sampling. That is, the sampling theorem states
20 - that any frequencies greater than the sampling frequency (or Nyquist frequency)
will be aliased to other frequencies. Therefore system feedback control cannot
suppress vibrations that are at a frequency greater than the Nyquisi frequency.
Because Inpﬁt Shaping™ is a feedfbrward technique, it does not have this same
limitation. Imput Shapers™ can be designed to suppress vibrational frequencies
25 that are near, or even well above, the Nyquist frequency. This section will
demonstrate how to design Input Shapers™ which limit vibrational frequencies
that are near or above the Nyquist frequency.
As background, disk drives systems with embedded servo
information have a maximum position update rate that is determined by the

30 density of the servo information and the drive's rotation speed. To demonstrate
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terms. The sel ection of gains adds zeros to each feedforward term Since

| nput 20 - Shaping is a nethod of placing zeros in certain |ocations
usi ng a constraint based technique, it is understood that the
gains selected for the feedforward terns can be chosen to add
zeros whi ch Y&%4°$d augment I nput Shaping[err]. This PCT/USB/MA10que

woul d | ower the requirenents on any |Input Shaper[err] used, or enable
fewer constraints to be used in the derivation of conplete trajectories. 25
Shown i n Fi g gliffifultys inasditiog Iﬁorohnaglparrsmpeﬁ“siMampw&ﬁ\&rﬁs presamed.

system 82, t%@shm\mol éh% gfggll r(r)?lnorsqtséa}% Féﬂfg %e]ﬁgl | ecti org Tg{'lgf eedf orward

signal s can be uséd TER 1 ystem 82,

t he andathe dibels fisst resonmm tnide! et 2 K}Izhenlzlﬂ-p@én@@ﬁtléd &ist¥or there is a
feedforward | and there are tnree command inputs, nanely

position inp nﬁ%#@‘f’]‘al CYEIP o S PIETRI 2 CATERytational pgoblem.  Thahis, sRlEQ er at i on
| nput [ err ] m&dsxeﬂsebxisspealsa@o fcydlé arst didre afceﬁﬂﬁ)}aﬁlsre%nm& k®Be Fo]véﬁel oci t y

-49- acceleration a. In the ideal case,
f eedf orwar d §2hgumigimug pp ‘Gh{%‘%n tgqestraints, among gihetshm Aecordinglpithe deS| r ed

trajectory gﬁroblﬁm @ bvitiopseneat at e space. If the actual ~
trajectory does not match the desired trajectory, then error terns {x[err]

- X), (v[err] - v) However, mqse| tiagcpne cxgle\spn be mdrtmbmlvmforedsylstymgal ns
Klerr], Kler n uts. If the

i nput s v[erri'nbmg[ ghr),r% gm%%hare ai | %gg]%im%ear/ngﬂ t?%é’mbi e %’?sl still
"tracktO solvable, a soéunoem bé ohyainesimSohdions phtained aemhusublmechﬁsleeh Wit h

I t in > x[err],
arger posi

v[err] and HFQJ]mF a[H:J:c'i1 P &Y ef¥ibeation | Tedpsg vipeptions manacceptéglﬁ f)‘rggduced by -
anot her pr ocAdditiamdlyacaeful apéngion mpust be badtthenssnsiti\&m coli@Me because t he
command i np vlerr and rie mat hematjcally reI ated as
derivati Ves“ﬁ?ﬁé%oﬁ T%s l{leo eéﬁ Ny HHS‘ FRaveniigRalsalyions, sfice fe¥Yeck di agr am

shown in Fi gﬂ:yn:hes% Wibradgrparyi aligwed) € occur before cah@ifaAe Ahfal@fiHd @t | ON

oper at %eatedly to the x err} | nput- signal. It is well

known lShat |rlh15| PRA3CIL 1519 4SS 2P QPBYL PhfegdfoRvardspmmand rathay isdifferety espondi ng

to the from the servo rate. This technique is presented in sccuon 7.1 below.
The basic principle of the NBN shaper can be understood by
examini_ng the design of a three pulse shaper for a continuous system with zero
- damping. If we assume that the system is continuous, the shaper impulses can
20 occur- at exact times. When the damping ratio is zero, the amplitudes of the
impulses for a three pulse shaper are [.25 .50 .25]; the first pulse cccurs at time

zero, the second pulse at one half period of vibration, and the third pulse at one

period of vibration. Figure 32 shows a plot of the impulses of the three pulse
shaper along with a sine wave representative of the undamped vibration. The
25 combined plot shows the phasing of the impulses relative to the sine wave. In the
continuous case, the pulses occur at the times shown in Figure 32. In the digital_.
case, the pulses are constrained o occur at integer multiples of the sample period,
i.e. at the sample times. If the sample period is much shorter than the vibration
period, then each of the shaper pulses can be split between the nearest sample

30 times to achieve the same effect.
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"s" operator w thout a corresponding pole. Since the input signals v[err]
and aferr] are actual ly derivatives, the use of the "s" notation
in Figure 28 is a notational 15 convenl ence facilitating | ntuition,
not a means of inplenmentation. By appl yi ng bl ock
di agr am al gelodwisess he bl ock di agram shown in Fi gl*&ﬁu%@m (pal ed
versions of all the inputs (x[err], v[err], a[err] and FF) can own to
enter the cl osed-1oop systemat a single point, as shown in Figure 29. The
conbi nati on of the thcl.se\&ar.al Ite I nQut s (l}zgfoth m nal cl osed-| oop
system) 20 shown “h "R e rf"B’éc eLﬁ"‘f"r?é‘F’ TERIFSSESDI ock

di agr am al gethe dovast frdqaamady that can be mmplmﬁxgmgﬁaxs%teﬂhﬁmamra@t qnu®f the block
shown in Flgue30|sath zero. For this system t he

zeros associ SPRHORPECHTING é‘ S‘Jﬂ‘ﬂ%ﬁ‘%l‘? jBtt ak the dhegrarsaldimit of what inpyter g
exact |y nat céan( BeprotBBEDY a ldidtaP §fsRen Vithédd Q1A ranaaxles&ds Q8 %éo dc,%lgleSyst em

Thus these zeros serve to cancel the d&am cs of the nodele tem The 25

| ocati oh of PHBSPer Hae waye praioddj Trea aannis Peinis IPaiPsTipdyie iexgetly ke idaalt or s
Werr], V\[erg A8, s ) rr] and FF,
respectively. a&O? S{Mantgmf r?%ﬁéﬁapgp ﬁ%hl?e 3 s £$fo%f}§eeﬁ1 hal @PECK di agram
reducti on yi &aeisg fone tires pylse shapsrrwhene tiegligita! sumple rate (4 KHz) results in By

al | owi ng add Q‘ﬁ%* he, t )

adj usting vve?%h ét? ?éagg{%[‘llggﬁ "anghgg%{%%q, g{ﬁeﬁggfbgémgafg qégl%' aced to
effect a fir& Kilzder TB@, the thremmpulst |shipeonis edsilyhienflememaided adenubmat - neasur-ed)
pol es fH t hefrg&ﬁenmgs]at?heqN%cEOl $2

- 50- ™fed with vibration or other unwanted dynam c
response.. Since FIR i ipistwell known thabh&bestion Geith requeneyvad eess' af thezer 0"

filters, t he.zer.0s assoCi ed | t.h the.-weighted . feedforward 1 nput
can be used NEIH gp’iaﬁfc':@nﬂ?t Wk‘tiq’t gﬁ\é}@f%ﬁteﬁf withput aliasing, snd that

FIR i nput Shfhﬁeforeaiﬂbs&ﬂwloo‘pldiﬁﬁl PR 48t Gfstel CanfotARE icRidedoop REnYSY ght ed 5
f eedf orward |n]guﬁ a |l esser nunmber of zeros nust be supplied by the shaper,
teglpiuiss,

and Je raticpuaty I’fé”%"r?&p%‘r high  (expnd cVpaHist ?Fﬁirffﬁ‘t“en%e overal |
time agh/ant ag@weve?S the open-loop (fRedfbi@vard)Cinabina! tedtifué SafiSpelgRfieh dbed Wi th the

wei ghted feedforward are
J attenuate vibration at frequency well beyond the Nyquist rate. Shown in Figure

34 is the pulse spacing for a three pulse shaper and a sine wave representative of-’
vibration. The combined plot shows the timing of the shaper pulses relative to*

_ " the phasing of the sine wave. The ﬁ'equency of vibration is again 2 KHz, the

20 ' sample rate for this example is 1.333 KHz, “and the associated Nyquist rate is

1.333KHz/2 = 0.666KHz. The frequency of vibration is well in excess of the

Nyquist rate (2KHz/0.666KHz = 3) for this case.

Examination of the phasing of the sine wave relative to the timing

of the shaper pulses reveals the same relation fdr the sub-Nyquist rate example

25 asforthe Nyquist rate example. That is, the first shaper pulse occurs at 0°, the

second shaper pulse occurs at 180° and at each 360° thereafter, and the third

shaper pulse occurs at 360° and at each 360° thereafter. Since the sine wave

phase repeats each 360°, the superposition of responses yields the same result in

both cases. It should be noted that the sub-Nyquist rate shaper will be more

30 sensitive to errors in the vibration frequency estimate. The increased sensitivity
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i npl emented without a tine cost (i.e., wthout a penalty). 10

6. 7.Addi tional Constraints _ It is also possible to
add constraints to the partial fraction expansi on equati ons of
section 4 in order to provide for relatively rapid novenent s of

the rigid nod¥OPp¥56I5%on of the system For exanple, it is poESFHISE/04910

to add constraints relating to insensitivity to variations in system
paranmeters. To 15 do this, one or nore constraint equations in the
cont i nuous f oisrueto taefaat thares mére periods of vitrmionletapsd bédreeanfulset.cldrgar t h r espect
to the system paraneter and the resulfant s§t . to zero. This
ensur-es that PHES IHPRASE gﬁ’éalgB’ePﬁg% IR HilbaqehhRS ti ve to

variations in that paraneter. A simlar result can be obtai ned by sol ving

t he equations to which insensitivity is required nultiple tines
with different valdsbsEffest of the Rateof Gommand Outputar aet er. For exanpl e, the

second af the above parf fdre i€ Ehddeh for issuing dighMRBRRAAHs RAMALyLAs 19 can be
repeatedly solved with different torque constant val ues i n order

to assure thais exemsly impasant heraieoshpiidicee whsen fikat makearigeseofortde que |
constant val “Eﬁtxmﬁﬁ'%gséé!? ﬁaﬂy dsRidredUSh s?xﬂggésgse his ?5}? i@ﬁﬂﬁ)ﬁ&l}@fﬁrp& eedom by

not equiri at”the sol ution be eXact zero val ues of
t or que const arae of2he control system. Howeve, SorSliskt drives,i thiisgate must usually be

As noted abovg,,th t] u .m.of_ the:partial fractiaqn
expansi on equgllgy%ngecﬁ'gsg %\f?éh% eétfn{sgé n&elénpf’%ered, g%l %d‘ée sovai ?né??g??néesw%i ch
reduce 10 informationsfbr congroll. NEdr Isgstenssit avltichAhe highag frequemtyc bf tibratiogor r esponds

to atransition, tinme 30, . ) et@eqn full ,Qlositive and full neqative
vol tage input ® PO SEEESSSA s Spnsieraly, leysy fhar the servo rate, the servo rate s -~
-51- “adequate for use asfa@r outpi Sfte S \WdrCdystbigesch asf thoe €inbi@ére@ GRSt rai nts

are I ncl uded, sé[ctqgn : S(%&Tag ?r?ostbgisk drives), the raée must be higher. |
) | One approach’ is to send output commands to the system at a
15 multiple of the servo rate. In this formulation, the output to the physical system
might be performed at two, three, or more times the rate of the servo. In our
example system, the servo rate is SKHz. The highest mode to be suppressed is
2KHz. If the output to the system is performed at triple the servo rate (15KHz),
there are over seven digital outputs per vibration cycle; therefore, the shaping
20 formulations become simple. Several possibl; architectures can be considered.
Two possibilities are presented below. .

_ In the first example, there _is: a separate output path from the
controlling computer chip to the hardware for feedforward purposes. An example
of this is a disk- drive in which a voltage command can be fed forward directly

25 to the amplifier while current commands are output by the closed-loop servo. In
order to actually implement this, the following steps must be performed. At the
servo rate (SKHz), these steps comprise reading the sensors, executing the servo
“calculations, computing the servo output, and outputting this value to the servo
output channel. At the higher rate (15KHz), these steps comprise computing or

30 looking-up the next trajectory value, executing the shaping method (if the
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nodel ed using the three partial fraction expansion equations 19 shown above

I n section 4. Using the continuous version of these equations, it
i s possible to solve for three transition tines, nanely tferr],
t[err] and t[err], as set forth below. 5 Equati ons 19
are nonl i neawoi9/sédei r conti nuous form However, bEPYsHAMIPE

mani pul ated to nmake themeasily solvable in a controller with limted
conput ati onal power. Since the first equation is linear, the first equation
can be - t] Myl de! ' ' yng. { Wo
equations w t“ﬂ"%‘i%%ﬁjg‘ﬁl%{ﬁ’%tg‘?dy &ﬂ%?%ﬁgﬁt&g%gﬁ@gﬁa ‘ieﬁéé’ghbgn%bt ai ned by
per f or m ng a osipuping te feedforygird terint torthe fagdfori4id output cl@nhel. a few iterations

2, necued 10 obtaln gl UL Ao B AP gt

€ i atmon can be ai ned froma
si npl e controllixgrcomptitert chig touke hardwirer Amenmmaki ofghisliea diskddvein t he
cal cul ation progess. It .is also ossible to generate solutions to
Chese. chuati Sriocthg Sirmt if g it ereppsibly 1B HiRedtlelo B ST CRGLTY ot

movenent di stafdCeseand thd) &sdforiird ngrmhelndarder Wi dcfuallp impleiene tiis, fe nul a 15
to achieve a solution that is sufficient for in a digital controller.

U
To this end, falowiagseposPedpird: nat theseryg rate (Rfdz); Hest HERS ©FPIESE t he

conti NUOUS SWeddel3 thé §BsoPe lekdchi@iy he savdlédikulagibnsC e6thpidink @fie éetvd Sup@und- of f the
switch times to a nearest digital time spaci ng. However, because

si gni fi cant &pf svingchis value for use by ghe sreten bl By teohigher Age d13KHAe swi t ch
tines, ygnoth esgﬁgss%ﬁ.pﬁgesco& hefy d#366kingA the pext ugﬁaomﬁeaé:' ekédiRRg ar e

e
rounded upwar the“vol tage lI'evel s I'n"each region are adj ust ed
to achi eve a tBolshapingnmedod i therrorregtioat fos rmmwamed dypaeics & pot aleebdyage |'evel s

in only a porj ' . i : PR ' t i.eve the same
result. Iﬁélg&daé rtﬁ egﬂ%g'#rg),t’ agﬁlag&gg ewﬂﬁf‘g’g’t&a‘f‘eg‘fis gﬁ‘}"s@%@éma"ﬁ Jjusted to
correct for ttemm toothederwd output computed above. ¢ The pseudo-code shown

in Appendix Aillustrates (i) th I iton 25 ... .. of contipuous -
switch times, (ii) a n@fi‘%%“%f“a}‘gﬁ%%?‘?\ggﬁ%&géﬁ‘f”%‘ﬁ%&%hesfvﬁ°-Pﬁ‘gt‘ui‘?res

to di sasete tabow twotapprosdhes orearel vatidtions v thatecapprohicien @netsheh varlatiege | evel s
to satisfy the . '

original constrajnt .equati i nc] udi nq.di screte
i toh t1 s Wpcanpigiqus og BeardofiieS Rk ltpts ot e sB0RorbiAEd o 1 e
phési E:al isg’Stmmgl@dﬁéfcﬁ'V[Mdﬁveiﬂfr%?]fotheKﬁﬂdfh‘xﬂe islconstructsfi €6 Mar - R g; r],
an Jlerr are use (0] (0] ute tran e unctj on araneters ,.a,
Wi | i 50 ouiputs G bt speRi s . M Tredlor e, PRt Co Pt FRFANSN i i he
0r5|29| nal - systfpadifotdhsif from the servo loop. In one such implementation, the voltages
T 20 to the disk drive might be updated by a circuit at a high clock rate (e.g., 2 MHz).

By loading a counter register with the time of the next voltage output, the

hardware circuit can count down until the appropriate time and output the next

voltage value. This enables an optimized trajectory to be computed using any of

the techniques herein (or by any other process), and to be output at a rate

25 sufficiently high so that the system can be commanded to move in an optimized
(or near optimized) fashion without effecting the servo rate.

An additional variation on the approaches presented herein is to use

one of the shaped switched formulations so that only full scale voltages (or any

other parameter) are output. For example, it is possible to use unity magnitude

30 Shapers™ to take a switching voltage command signal designed only for a rigid
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paranmeters could be used), the resulting equations are nmuch nore conpact
and- . nore suitable for real-tinme inplenentation.

In the formul ati on shown in Appendi x A, the acconmopbdati on of

digital swt i NeS requires that the entire voltage | evel of each of
three steps %V%sg’“ﬁ%be nodified in order to satisfy the con8tTApt{04N10
equations. Mdification of the entire step resulted because of the
specific fornulation in ternms_of three steps in . voltage. If the
probl emis r&pdy syftem.cand te modifynthaisyishing volirgt commend signal softaatrthe
correspondi ngwﬁtehi{?%%h@le chinffahd S HRVAS Ly RO A PR LbrkdogPepiied bel ow as
38 for cohvenience), other; nore flexible nodifications of the

vol t age wave approaslnepabley the circuipde diegme a simple counter driven switch that

[err] . : The pseudo-code shown in Appendi x A
can be used tcgan(,gg?rplotﬂ?]étp'tuhaéameset vme. digital switch tinmes (rounded from
conti nubus), and the i Apfultiss vaBation iste ufaminterrupt-drivenaipptoach inowlsiclr ai nt

equations used only for the final, adjustnment of.volts | evel 5. A
vol t age vari abre ' %\}tptﬁp{glu?seqr&sﬁﬁdglfcgén@%q PG EPLH; &8 %ﬁt(“sﬂ}a&&%%ﬂf can be 15
formed by seligeirt Bgnpuer itdeBisies)althe\dpproptiate dine.alAl S wahé yLthy iRedrgrf i ng a '
dependent set of ) V[er{# (,e.‘a, [,errll@/é%r rJl:V er”{zgggrr] .~ The

three const r APAPPEQRAIIS UL (BF KoLRZE SHiK R:iy y tec mro_l r@eP 8{uations in
the three vardimbli®hiceanSingl@or Rt MR ateSinites ARY bEBiAQS istbrnipd Al BSP ) :
for linear equatjons. |f pore than three vayiables are chosen, then the

solutidf  or microgpperolishin e diski diive1 Sttlansiuer Yasitign & BB RSERHAS exi st s
for additionajevfeei s&hi & 4 frogfammable 108R #5010 i RbRAla {iRHMCEERAR t he

possi bl e sol uti-ons. . L :
which, in turn, generates a series of precxsel)i-tuned commands to the current

loop. The DSP or microcontroller can be programmed in an asynchronous

control loop that maintains a list of switch times and required transitions.

15
8.0 PV Approach .
A PV table comprises a trajectory curve which defines the veldcity
of a system component, such as head 76, in terms of that component’s position,
i.e., the distance that the component has yet3 to go in order to reach i§s final
20 position. To use a PV table, an actual position’of the component is compared to
its desired position. The difference between thesfe two values is then used to look
up a velocity in the PV table for the componexfnt. Many disk drive systems rely
on a PV table to determine their inputs. Thése inputs, howéver, can result in
unwanted vibrations in the system. The techniques presented below can be used
25  to reduce and/or limit such vibrations. _ .
_ This aspect of the invention is a'methoc-l of generating a trajectory
for inclusion in a PV table which is used in controlling movement of a component
in a dynamic system. The method generates a trajectory in accordance with a
technique for reducing unwanted dynamics of the component, i.e., generating a

30 good move. The trajectory is then stored in the PV table, and the component is
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6.9 Shaped Swi tching According to the well - known
bang- bang principle, tine-optimal system commands for a
voltage-limted systemlike a conputer disk drive conprise a

series of fumWowesssive and full -negative voltage comands.pdrnussedsch
a case, the voltage |levels are known, but their optinmal swtch tines are
not . Because optimal switch times for the system are unknown, it

is likely that un excited when the

vol t ages com’rcé)ﬂﬁgnegrtg rﬁ“ﬁ’ﬁﬁ éhetdtﬁ éCQor? éog)e%sm\%e %vgﬁ%l"s‘everal t echni ques for
reduci ng unwant ed syst &ninvielieail] Dged asove ist'generhred for the systempwsirfgoanged.  For
exarrple it is possible tq determne.a sw.tchi S ence 10

anal ytically %fug‘F éE‘Ehn{deﬁlg?sF% M‘F&‘B%? rbave. sggff‘é‘%ﬂ% g’FastyFtSW Bonst raint s,
i nsensi tiVvityme®@na! § 85ddl’S inp@is ggﬂied%rtﬁlﬁiyste& AHAVEY ¥yeemtkyeadtio t®thephysi cal
system constraints. tional, tec ues thag‘b an be used include

det er mi Ai ng s§AE dIput Is stored in a PV, fakle psa FRjeciory ?re f AT ST PYEEherei n and

adj usti ng t hegawirtdvks dah 'EE?e—éaEt i8Rl PV table for a s siehlnﬂle}éb?rtpﬂfﬁdlﬁg’itvﬁﬁn novement s
into con5|derat|on 15 not her fective teChnique for
commandi ng a @i ERucrynanted sygiera dynamics whilg staying sithis #&Vt f?éfn]é’éh@f | t s of a
bang- bang ti illﬂg EHT@dEds e h b
Shaping[err]. ¥ ’{lﬁl Eﬁ’g SW tt {hllérrrbgs‘?%?%g @n’ﬁ?ﬁes 0 a ?ﬁf syst em are
det er mi ned anusing thwtebhmqvanmdt tthenera:n of gpad mm;m bestofediia. aasplp¢S| ofd to the

I nput i ape it so that' unwanted vibrations resulting
t her ef rom ar epararget?rﬁzq | al @bﬁg suppre§sed Thi s techni que has at
least two advantages. First, it is relatively

9.0 PV Feedback Approach
In prior art disk drive systems, the velocity determined from a PV

table is merely fed forward into the'system',g as shown, for example, in the
15 conventional disk drive system diagram depicted in Figure 13. This could lead
to unwanted system vibrations. This aspect of the invention, however, shapes the
velocity before it is provided to the system and in addition, performs inverse
- shaping in the system’s feedback loop, thereby correcting the feedback so as not
to co-opt the operation of the PV table. " :i
20 ' Figure 14 shows an example of N ' system diagram for a disk drive
that is controlled in accordance with this aspect zof the invention. The disk drive
includes PV table 84, shaper 86, and inverse sﬁaper 87. Shaper 86 is placed in
the feedforward loop following PV table 84 so as to shape the velocity output
therefrom. Inverse shaper 87, which comprises the inverse of shaper 86, is
25 placed in the feedback loop. The relationshiﬁ between inverse shape 87 and

shaper 86, in either the time domain or the frequency domain, is as follows:
if shaper = A/B, then shaper* = B/A.
30 The combination of shaper 86 and inverse shaper 87 reduce unwanted system
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easy to inplenent froma conputational point of view because the problemis
separated into two problens, nanely generating a good input for a sinple
system and separately generating a good Shaper[err] to handl e
flexible, and possibly some rigid, nodes. Second, solutions

obt ai ned by swpsysessely Shaping[err] the input are 25 IPITEUSHNERBITS | L1 Ve
to system paraneter variations. Shapi ng of the input
may be perforned in a nanner descri bed above usi ng e.g., an Input
Shaper[err], &ypamicersuchtas vigdensapingfiad 762 Specaficallyl, shaper 86 alterade i pt i on of
shaping the i gl g, 19% stBRr 8 ds @6 rddlée ﬁ%ﬁoﬁg eﬁ? Wk%fcsulYﬂlh

regard to generat| ng good” I nput, since vol tage or tRe I nput are
al ready 30  systenkmowsmept, aedmv:mshﬂpm@gc@enamm @Stareeloeplsﬂabht)fftolwhapom tive
and full negat,

54. { %ﬁg pn&hﬁo ﬁggrﬂon o% g:lc shapehatﬁ n éhee dfO{warg oop.., har%er 8 axéc% e switch
times fof the mntrseagnpernﬁlltare not limited to tSwilnpnh Shapers™cand ineerske Tmpuni ned

using a parti frq,gt' on. e pa LO m)dﬂ of st such as
equati ons 19, i ?‘f? Bﬁf‘é‘f °(st§92§r(§3%[a8?r5]ﬁ3)6§¥ ﬁ‘?@ﬁond to
step p@ﬁwmﬂﬁerﬁecshapwﬂﬁcamh taty) PolezeRAGhamRIBlof, IRAlEy st em  For
a third order m)del such as_thi three_transitions between full

positive and fFJRIﬁIWé-gtéPﬁegé:oa‘i‘@W%&ﬂﬁflé’&F tLﬂter or the like. gyt ch tines, nanmely

t[err], t[err] and t[erpigurefsqs dnheistsbansuhw@ﬁpab&wd@ﬁﬁ@ﬁ&@ﬂﬂoﬁﬁuéol|0WS
Usi hg ‘equati ons 14, Er oduced bel ow as

XFlerr] @[ err]of aﬁhi\?f’é( § P ped mvense ehapgr (“ISSD@WSP?CQVCIZVFW mpiag Am ﬁl'} err] -
t + 2V F t =
[err]) [ ef[.l fel Fih "4 %& hﬁrﬁhi)ut % fffcllli__y[ rela uznsrgr rb]etween m?%};?&ralxé [err])

V[err]Flerr](t]err] - tl|err err| err
2V[err]F[err](QuEwl9rc}fISm§é$ jue as foll@wy : ' XF[err](t[err]) =
Vierr]F[err](t[err] - t[err]) - 2V[err]F[eF,r](t[err] - tlerr]) +
2V[err]F[err](t[err] - t[err]) ! and constraint equations 15,
reproduced bel ow as 40, M S
y.=!_EOAFn—i .
) (43)
Yo 1
Xy = 7 'A_'EAF;:-!
0 0 i=1.

Figures 17 and 18, show relauonshxps between inputs and outputs
ofa shaper and an inverse shaper (“IS™"), respectively, which are formed using
15 a tapped continuous delay line filter. Specifically, relatmnsh:ps between mputs

and outputs of IS and IS are as follows

N
W) = Ax(D) + EAar(r -T)
: (44)

X0 = ——y(r) - —E Ax(t- T,)

4pim

Figures 19 and 20, show relationships between fmputs and outputs
of a shaper (“IS”) and an inverse shaper (“IS"), respectively, which are formed
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XF[err](t[err]) = Final pos

XF[err](t[err]) =0 ’ (40)

XF[err](t[err]) = 0, it is possible to solve for thethree
unknown transition tinmes t[err], t[err] and t[err]. A 10 change of
vari abl es, v oorassas pPCT/USOY/RSIbEr r] =
tlerr] - t[err‘], et[err] =

tlerr] - t[err] (41)

et[err] = t|[ amnsing- ant[[léﬁm}r Specifically, relationfhipsf heewees iingpits 4ridesitpuineofIS| ut i on f or
t he svmtchtlmﬁi lInt case, et[err] corresponds to an

el apsed time §n ?v a first step until the end of the nove, et[err]
corresponds to the eI apsed tinme fromonset of the second step until the end

of the nove, and et3 gorresponds to the el apsed tinme from onset
of the third step until 15

g; end df j nove.
In view of the foregoing, gﬁuale 9 rﬁgg;n "o the foll owi QES

- 55- I
xn = I‘Z B]Vn—; EA(rn-i

~ To summarize, this aspect of the invention is directed 1o a method

) and corresponding apparatus for using a PV table to control a component, such
5 as head 76, in a dynamic system, such as disk drive 10. The invention generates
a position variable for the component and determines a velocity command for the
~ component using the PV table, where the velocity command is determined based _

on the position vanable. . The velocny command is then shaped using an Input

Shaper™ or the like in order to generate a shaped velocity éommand, whereafter

10 the component is controlled to move based on the shaped velocity command. In
| the invention, a preset position of the component is compared to a measured
position of the component in order to determine the position variable, and inverse

shaping is performed on the mmsured posmon prior to companng the measured

- position to the preset position.

15
] 10.0 N-Dimensional PV Table
The present invention also prevides an enhanced PV table which
may, or may not, be used in connection with the foregoing feedback approach and |
the foregoing techniques for generating good moves. As background, the same
20 PV table may not produce accurate results for different distance moves, among

other things. To address this problem, conventional disk drive systems typically
include one, two or maybe even three _PV tables, i.e., one table for short moves,
one table for medium-distance moves, and one table for long moves. Which table

is selected depends upon the distance of the desired move. Since only three
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Final pos = V[err]F[err](et[err]) - 2V[err]F[err](et[err]) +
2Vierr]Flerr](et[err]) ' 0 =
Vlerr]F[err](et[err]) - 2V[err] F[err](et[err]) + 2V[err] F[err](et[err])
(42) V[err]F[err](et[errL%

V[ err] F[ err] (R 19455%F) + 2V[err]F[err](et[err]) 99éﬁﬂﬁt|ons
for Flerr](t), Flerr](t) and Flerr](t) contain exponential terns,

nuneri cal solution to the above equations for XF[err] (t[err])
XFLer 1] (t[ o rdler (oS oI dei 7 bl richechh 4581 ik system may nor Rih! abl e.
However, certain sinplifications can made e equatrons 1 n order
to provi de anity fizal destipation aswpickhyl assisrlmdr on, and thus to allow themto be
solved for 5 t Nt r t n

real -time. More speci frrrggsqr%%egﬂtqﬁ&e‘)e ur ak);rog%{e%)fa %%1&; Jppl%ggl Lﬁ%ﬁ té step of
the input to genttiergh Hrdimcnsmpalt V> aApeY wble iv awhjchsvedprity iie arfodoyioh arf

o 2SO R T iR B R i i, 3R, PRI Re by bl b o T % O

Accordi ngly, dhbten&ecresldaneél,uﬁmp@ranﬁrfepretc This approXE{ efféc}t{vtebepfdﬁéescan be

sol ved for et err usi n uesses for etf[err d r The, val ue of et3
10 obt dr‘ﬁ°‘f elt SREAtrefingesthy TEqYss aYﬁ ’(95( 5197¢ Glo5¢lE exact
val.ue. The fi fe’@fesent physical linGatiahs 6Mthé fdik aﬁE{eefbf bdtstagiidlly) dll inpvéta@d to

elimnate et[err] fromthe third equation (fo XF[ err] t[err])
wher eaf t er t hdistakges.q Mergaverofhis §Pl’§64°9e‘8akfeérm%? [SeRst [thansthg copypatio

et[err]io The formulation, esﬁééihl‘kSeandEE Gisla%ﬁvé @fea SHART didk dr?ve%ly§t9m§aﬁ| e
approxi mation of its exact “val ue. first uation I's then used

to cal cul at'e enderipmaRrerand arromnn@rraﬁ & ]apma@édlschqmdeo g in pature.
t t h
appr oxi mat & Vajgifsh Blfe pﬁ%«ﬁ)é ﬁi[%%?tg)hg?lay e IPVCrafiE BEVidE Wat i 'I\[ ﬁé >ANother

pass may the equations.
appr oxi mat i onef dimensibes, dor thersake pesimplicityd the examples presidedcheteibarefenbst i t ut ed

back into the oj the process repeated : for
several iter altlgrugl?fg) \Aﬁlgeregﬁgg%% I i%yg{b?eon provides an increase in accuracy.

I n 15 practi ce, I ouder totdeterrhine trajedidmies fiorha PViaabde) sadyinami modall ted in 16
digit accurac or etlerrl, rr err Once.t hese
Calues are aobtHR weten bk o Sreamiped, - A lalpledf efbhust ope, 5 i

t[err] and t[ factbn emnm eqadtiond 1. eA sgmmmptm@hmuahlfmmﬁ loprimeainave.

The iterative u sent ove for determ nin h times

will converge $§bt l ﬂ°g ?ﬁ? gldlséatﬁ‘é%% ergeﬁ‘fr?‘@i\rgf”grﬂ? ®ererr]. o
short noves model. For ex@@pﬁpmldystemqweﬁagasaﬁﬁst@ra sBflesSofQvitch tinibist | al -
guesses_for et]er r,!&a and etferr] Accor di ngl y, there

exi sts & needfbroliagralsvely oF 6\)4‘ gt ée@{%‘a’ me"?}i‘aﬁF lgtriss s Thepigput, in

suc Ihet echni qugonjicidd Wit SsRrSRbEEL! 8H8ed B sirulhl WHodeSred BiBtidn GPHES: Such a

system.” Any form of the model that yields both a position and a velocity output
is suitable. As an example, the third order voltage-to-position transfer function

.8, _b {46)
s+a s+b

H(s) =

U N

25
could be transformed and manipulated so that position and velocity are available

as outputs. Using the commutative property of multiplication, the transfer
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may be then used to obtain a good guess, e.g., by |ooking-up a guess or by
interpolation. Alternatively, a curve can be fit to solutions for a range
of short noves, and initial guesses determ ned based on the curve.
For exanple, it has been determ ned experinentally that a first
switch tine V8%$3¥¥hotonically 5 i ncreasi ng functi on RET/HEIG4910

di stance. Curves for other switch tinmes can be determned in a
simlar manner. The foregoing techni ques for

determ ni ng gidddcdn! Y Bark e nd then broken%?pflgféﬁida t‘ﬂoél@dﬁhé;{?ﬁ Rihamet ers:
other than just novenent di Stance. For exa resi stance
change is toveitage imputiansiopasisiontrad yelogity ewiputsips follpws:al guess for a switch 10
ti me value can be determ ned based on both novenent distance and

resi st ance. Any nunber of system gararret ers can be used in this
manner to determ ne an Voltage - 4 rnit+al~ Velogitych cases, the initial
guess can be determ ned based gg asta | tidi mensional 4Ml e which
includes these paranet evVdocigr~ GORPBbSLbrISi Ng an enpirically

generated function. Switeh time$ can al so be generated by taking into 15
account system paraneters in addition to thoseset forth above. In such.

cases, conservative paraneters may be used so that the actual
system wi || nove-f ast efhe above 'blockaiag\ﬁmt'hﬁm&m@eaeéth@aiasmﬂ@boraﬁmm ch the
switch tines are based. That is, in this case thefeedback wi |l

scal e back t AEMBHeH bat Xidds the ¥elarity W%%F@HWWSICP“%PHE@& e voliage never be’

conmandsd pagfpyfatine %téé}ﬂuonzﬁ performed forward in time. IF%otifhedohRofdid ve to the
on an initial guess, short nove

above approaches which Tte .
sol uti ons caﬁlpb‘e(eéeﬂé?qﬁ“h‘éé“@&%é@ tbwetvnsaas pyelsh pnd ﬂadmdshare simple,
expansi on eqygh 4RAS anaBRRE! sfohﬁi%h'o‘f'met%ﬁcan eRf dunidt dBﬁ%H'%ﬁ Rtioh{1GanPar ti al

fraction expansi on equati on e expresse series form The
equat i ons cakhe tuseshapen alternative apprdaciedo digulation. sHhsr velenity e aud posifiamis t o 't he

switch tinme I ation of

this enbodi rrgﬁlt?m ? %ﬁéﬁ}uﬁl\t}% otHen tabulsted to foré ‘g’g vg%%?t{ Tl etgpgyr@ﬂé desi gn of

many dil&k drive cont rdrﬂeepmsexﬁpmexfuonatdaylesnhree approachessmc BVdiable dri ve

controllers, the u e rate of .a proces in.the controll not

Fast " enougn EERSHR ey F g 1ol <BE BE iHas KotSerCl hpuiapy

Accor di ngly, table -- in the abbver block diagramh ishepermwguklcbel madredﬁan@ﬂing itie:whi ch- each

next swtch tiﬁre is | oaged info a habrdware coynter Iaig_.i_and a high
g(? an

0
frequency cl SERA&ETHRs gerfﬂﬁ‘iv%ﬂ Unshaped, inpyfcan be integrated forward

-57- output of the integration can be shaped and stored in a table. Third, a vibration- -

15 reducing trajectory can be computed using a coifgsu'aiht-based approach, this input -
can be integrated forward, and the output theréof stored in a table. Prior to the
derivation of the partial fraction expansion éq&?tions shown above, there was no
way to generate an input that was guaranteed to get the system to its final
destination; therefore forward integration was not a viable approach. Reverse

20 integration from a final condition was commonly used.

Using the generated input, system outputs are then determined over
time so as to generate values of position as a function of time and velocity as a
function of time. These values are then re-cast as velocity as a function of
position. To generate a three-dimensional PV table, the above process is repeated

25 for the third variable in order to generate velocity as a function of both position
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desired switch tinme is achieved. At such tine, the output of the counter
chip ’ changes and the new voltage value is output to the disk drive
system Still another alternative to the forgoing
nmet hod for d r9/;4 Lhg switch times for a systeminput is provided
in US. Provisronal Application No. 5 60/ 076, 951, ent iAATAS%HWat i ng
Ti me- Opti mal Commands For Linear Systens", filed on March 5, 1998
and its corresponding national application filed concurrently

herewi th. Thend titieind ariablet TS erocsd nap ch 6 tdpesic BF Sddhen8DVariables.

I ncorporated by referenge into the sub e§t application as if set forth in
full.= 10 7.0 Shgﬂﬁ?%%”é?ef lmﬁ%%‘?f{ PV &y FAliEF darge amounts of

AS noted abov enenfihilshit, LA MHrARS mhafl idhvg hrdchid SR YirdufhsBRAS] e
as a function of tine involve deternmi ning an input which w generate a
good DFg§oRt inyeation PEOViiss seveesb Haxs intwilich torapproxinaye brerationefai ned usi ng
any ot heg three-dintaSiBR G4E ; | erl] iltering, etc.
In addition to F ese 15&il ﬁ‘%ﬁ%ﬁ%iﬁ%é‘é?%‘ﬁ%ﬁ%@% il’:grfveé‘ﬁ{n}’ hdl so

provi des a t ediightencgenerates agering)of P utagectories for varihmunowgmentedistenred,es near or
beyond t he nyqQui .« Shapers used to - . perform.this shaping
are referred '([; %Hrﬁsfa F%e%eﬁ%é@ %ﬁﬁ\r %E)%FSSF@F?T.‘CS corresponding 1o a dhited .

Systens that mwyemlersdistnes whikeignorinh gl biaér texguetoriel. Tacs e tfivadarset al

limtation du g the effects.of . sampling. :That is, the sanpling.theorem
states 20 %fheﬁﬁ?eswcﬁpgﬁﬁeﬁgfﬁg%%gf QPS‘QQ%Y’F?‘FHN iebstthen f€equency
(or Nyqif st f desitednotement distance andl ke spQedlid ebneliddoacedrpglyf r equenci es.
Therefore system feedback control cannot press vibrations that

su
are at-a frequency greaBYRETH¥REY IhEPPRYBS £ %@ﬂmf?nal PV table is tBecause
| nput  Shapi ng pefortn b@Ofi@ing@dnhd JeBedwijslidsties it 2 BYTHIE Oduch Q%&oéé‘éh% ane

|

limtation. |nput Shapers can be designed to suppress vibrationa
frequenci es 230 the PV tabjeof Ejgure 2d 5, With regatdoty Figure 2hbi6isonoted-tbathjmythe st

frequency. Thirgid @€ bbineMdidk drives, an acnﬂlgt{i%gﬂeﬁ&ﬁt? ﬁ&ﬁch@t 5 5hGihel NPU

Shapers_which I'imt vibrational frequen are near or above
the Nyglf st fibtadiYcipble. Instead, a velocity command, comprising a target velocity plus

an additional term relating to the actuator arm’s effort to stay on track, is

included in the PV table. With regard to curve fitting, since the curves shown
in Figure 21 are substantially regular, it is possible to parameterize the curves and
to generate a function which can be ﬁsed to'generate a single PV trajectory to
20 control the systém. . L R
Figure 22 shows examples of parameterized curves which were
generated from the curves shown in Figure 21. For the example shown in Figure
22, an estimate of curves between the lowest (3000) and the Lighest {(100) curve
could be obtained by taking a weighted average of the lowest and 'highest curves
25 °  based on movement distance. Consequently, in this example, an entire series of
curves can be estimated by taking a weighted averagé of only two curves and
using original movement distance to adjust the weights in the weighted average.
Another way to approximate a three-dimensional PV table is to generate a custom
PV table for each movement distance in real-time. This can be done using the

30 system equations 19 for a computer disk drive set forth in section 4 above.
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As background, disk drives systens with enbedded servo I nformation
have a maxi num position update rate that is determned by the 30
density of the servo information and the drive's rotation speed. To

denonstrate - 58-

the difficul ty OPUIEH vi ng for an I nput Shaper, an exanpl e dPFI/ES3944510

pr esent ed. Assum ng that the servo information on such a disk
drive is updated at 5 KHz, : and the drive's first resonant node is

at 2 KHz, only 2 + ser I . . h vibgati.gnal cycle.
y Ser ¥0isGYsh p%?mﬁ kS &notifﬁ'] gtselixeg,of Ct)rmegt%ges ma po b? y

This presents a conput ati onal I'em nknowns
exi st per serb@eftymlmeaan‘dncxmapé syaatem rmnynetmrvarinmnstsueli a$ vatimiope isol ved .
(at a mnimu ”uc st.ﬁ ai.nt.s others;. Accordi ngly, the
problemis ovSF -Conselt:ral z &k i done & est ating syste ers % than one
cycle can be mstch idn pzogms hﬂrde&rmmtaemether the system!pamﬁeterﬁuaﬁmaﬂéuil ng the
nunber f unkg_owns iil‘ﬂ‘ i, the pr obl em bec sol vabl e, a solution

can be obt ai N8 BIGHYSTHREG SYHIPD); RATAMSLTS, %Eﬁ%ﬂesﬂ’ééﬁ%\é 13hle gre then t ake

more than onemeyifled bafed\WnhingideRimined kRS Barh eV drRfidns! WhaRaRGGRO abl e
| evel . Additjonally, careful attention nust be paid to

i nsensi tivit ymodihet I"&leﬁPge € 4tpsed in the PV tablsppdny spethadnf estimnatingike | ess

sensi tive thagyseah \pyaRkeRRA ma§ Obd! s $n Thite&idn gs of
vi bration ar egyal I ov@d to occzr bef ore cancefl a?ﬁ%nme Kresexft gx%rgf“ve to 15

this approachifF4dipg 2 genvertiond pessmetep estimatans Eeneramipico asradisk deive hedat i s

di ff ted
oty fon, 1 o dgedbkefienaRty o ffing Wighr WESLIRIS:S 5 S8R £1

shaper can betqmﬁ@ntsttwlsiynce to determingxwthdtirer thy mMMehmthangedaMr ee pul se
shaper for a danping. If we assune
&%Hl&h’é?éj@eﬂ§é’§ %ﬁ)ﬂ: ﬁter;egessar%pul ses

that the system1s contlnuous aper can 20 occur at
exact tines. \Wien the dMorpispegifically,ciniasdiskedrive syvem, adwping taufileispaef oft 1€

P55 101 Bokb g oS i UREEORLR, o e bt Foie; acion,

and t heldt hi r deqrdspendatio Gss@ing a step command in voltage to accelerate movement as

rapidly as possible. During this acceleration phase, the actual current flowing -

through a voice coil motor used to convert electrical energy to mechanical energy’’
can be measured. Knowing this, it is possible to perform an energy balance
calculation to determipe _energy losses in the system due to resistance. The
20 éhergy lost due to resistance equals the energy input to the disk drive minus
‘kinetic energy of the voice coil uiotor minus energy stored in the voice coil
inductor. This determination is made assumirig that the inertia of the voice coil

motor and the inductance of the voice coil are known or can be determined.

In real-time, the following steps are pérformed in order to estimate

25 resistance: (i) for each time step, measure‘the actual current and the actual
voltage applied to the drive’s voice coil motor, (ii) integrate power in the drive
(determined by multiplying voltage by current) over time to determine the total
energy input to the system, (iii) calculate the instantaneous kinetic energy of the

voice coil motor, (iv) calculate the instantaneous energy in the motor inductance,

30 (v) calculate the integral of drive current squared over time, (vi) determine the
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period of vibration. Figure 32 shows a plot of the inpulses of the three

pul se g shaper along with a sine wave representative of the undanped -
vi bration. The 25 conbi ned pl ot shows the phasing of the inpul ses
relative to Wb,gé gg wave. In the conti nuous case, the pul ses

occur at the time3 3hown in Figure 32. In the digital PCT/USa%@i914 he

pul ses are constrained to occur at integer nultiples of the sanple period,
i.e. at the sanple tinmes. If the sanple period is nuch shorter than the
vibration  esimared Rﬁgth&gb tsmcﬁﬁcﬁf f thd Bers begsplit

bet ween the nearest sanple e =’ ﬁrres to agﬁﬁt«g\?géj gt&segl%%y %flect.
-59- - the energy in thp[;n@gp4§g@l§d by the integral of the current over time. Thus,

PCT/ US99/ 049 a.te i S.equ to one
hal f the sa lﬁqm ea?h mtel%a mn‘p?negsem?ated rws{gﬂ‘% g\'gﬂ% ? “ea(!fa@% t hat can

be sanpl ed byTtas ciinghtrabe sy d tenpditd tho IRV ableas. Thus, vi bration

occurri at the ui ate S st _at t theoretical |imt of what
i nput i cawyge S%‘i %%WW%“%%F%”W% fABuke Bedde  and

results in tvestisasmptier spstem param&ftrsnt Fopeample)) ehe\RVISwWRET dq@stion a8 bgarrpl e
poi nts per perl [ exactlﬁl t he i deal spacing for a three pulse -

d
shaper. Fi gur#® ?%‘HE’&E OfM™F the digital pul se spacing for a
three pul se shaper where the digital sanple rate (4 KHz) results in
the Nyquist rate (sanple rate/2 = 2 KHz) bei hg equal to the vibration
frequency (2 KHz). Thus, the thre,e pul se shaper is easily
i npl enmented to attenuate 10 ff equBhci'es at the Nyquist rate.
It is well known that vibration with frgguency in excess of th&é8)
Nyqui st rate cannot be sanpled-by a didital systemw thout aliasing, and
t hat therefore a cl osed-1o0o0p digital sanpled data system cannot
use. cl osed-1 oop contr ol t echni quesf to attenuate vibration at high
(beyond NyquiBtis equatiyn éanchpisolved .in fé5l-time, andHawdbeaolved beercpwholk @nve

Vi brat19n ai ¥ raqoeniybERRhg ek dhe SRR 842 o shown in Figure

34 is the pul se spaci nThé aforegoingr eehrithes efos hgaRratiaf APV bRe V@Y Be

represent at I Vc%lc?liated off-line, thereby making i possible to parameterize or curve-fit PV

tables as a function of system parameters as well as movement distance.
Consequently, it is then possible to retrieve, a PV table based on movement
15 " distance and system parameters. Moreover, it is noted that an N-dimensional PV
table can be used outside of the context of:; the vibration ‘reduction. methods
describeqd herein, and that a non-dimensional P}/’ table can be used in commection
with all aspects of the present invention. A noil-dimensional PV table comprises
a PV table in which the independent variable on the X-axis of the PV table has
20 been scaled using a predetermined scaling factor. Such a factor may be, for

example, a maximum number of tracks moved, or the like.

11.0 Shape on Transient (“SHOT™

Conventional implementations of the PV approach to controlling
25 a disk drive encompass variations of the following steps: (i) ramping the current

command to saturation (various techniques are used for this); (ii) commanding
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vi bration. The conbi ned plot shows the timng of the shaper pulses relative

to t he phasing of the sine wave. The frequency of vibration.is
again 2 KHz, the 20 sanple rate for this exanple is 1.333 KHz, and
the associated Nyquist rate is 1.333KHz/ 2 = 0. 666KHz. The
frequency of WPBY¥#58%n is well in_excess of the Ny praTRiSos/@b R
(2KHz/ 0. 666KHz = 3) for this case. o Exam nati on of
the phasing of the sine wave relative to the timng oflthSSShaper
ul ses reveal £ A f L - ui.st_.rate exanple

gs for the I\chqr]‘tljllI g @%@u@@é%ﬁxl&&mﬁﬁg |°S?O%P@8Msﬁs?§fﬁe§hiﬁ)ﬁ?a‘mﬂ[@@goccur s at

O[err], the tofull, saturgtetdacelerstierpentil the [Pecunecs cosst; Qinfoaadh@tth@th 360[ eLr]
thereafter, a Gthird . haper.. pul se occurs. at 360 and at eac
360 thereaft e?’ &V%pﬁtgethet({{‘eveésl %%cht\%%%n% d%snngmnpﬂ}fs&_ FEPBY 108 adsmpinag0, t he
super posi t i on coftralies pobeeesthy ispdtels ohhack.arhe rpe@ahhderaﬂ&e _olf |Vibl§ation’ lBQtTthC ases.
It should be noted. that the.sub- ISt rate shaper w e nore
sensiti V% to &FFRisaliad aoustic, Ercé‘f’;%gx’y Fl?eeﬂgi‘?‘i‘c%ﬁ“é‘gf’%t‘%ﬂ begimingakeased
sensitivity middle of the PV move. Consequentdy, Input Shaping™ (or any other vibiaHon-

nore periods of vibration €l apse between pul ses,

Is due to the fact that a ] ]

| ar ger fe‘ﬁéﬁnﬁé?cgmﬂ@&ﬁ%ée #arded to ety thesecpartipns of the @aqémg) wil | ]
accunul at e. A vende 6f bsthuidnb: 4 g, | It put
The rate that i s chosen fng‘r” siecslsetjli %g dfﬁit% a%,{c%%‘_rgggs ?{)ast gggglst(lm

is extrenely TPRYSShans’ thacurgens command) i saterniiare il pemmendk@d, swusedf or t he

articuhgr sy ' i ol 1. G | S, 5. sinply the
e vo N SV SR WAl Rttn RN Bhtion 1 sATE 0 e SHiR~ X FadsBiolc” L hi o
rate must ususd Fujl, iseturated deceleratignyengit thpcRW wsEye G croksed;y @¢tfollew itenBVi nposed . by

b ! perRESLRE R s o Bl s 86, GBS B el 17
consi der abl y comeoller abritghthe sgstern onataek. tSim;eStEdf uansitng td Saturation are
~ both just steps, the shaped transitions becomei shaped steps (or staircasés). :

15 Shaping can be rendered less effective if the imput results in
saturation and the command generator is unaware of the saturation. There are .
several methods for dealing with this situation. It is possible to command the.
system int(_) saturation using estimates of when saturation should occur based on
previous moves. For example, by estimating the maximum voltage and the coil

20 resistance (or the quotient of maximum ;rolf:a'ge/co'il resistance) the maximum
current in saturation can be obtained. Once thé: system is shaped into saturation,

the saturation current can be calculated by measuring the acceleration and the
velocity, since current is related to acceleration by a constant and the effective
voltage is the saturation voltage minus the back EMF constant times the velocity.

25 - : . Based on these calculations, it'is possible to compute the actual
saturation level. It is then important to command only enough of an input to keep
the system in saturation and not exceed this level By too great of a value. If this
value is exceeded by a considerable amount, the shaping that is applied when the
command is reversed to slow the system down will be “chopped-off” at the

30 beginning. For example, if an output command of 5 volts from a DAC will
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adequate for use as an output rate. For systens such as those considered in
section 7.0 (such as nost disk drives), the rate nmust be higher.

One approach is to send output conmands to the systemat a 15

mul tiple of the servo rate. In this formulation, the output_to the ghysmal

syst em WO4BAt be perforned at two, three, or nore t PREYSIMENR i e of
the servo. In our exanpl e system the servo rate is 5KHz. The
hi ghest node to be suppressed is 2KHz. 1f the out put to the system

i s perforned gt il Grfele af Eflﬂ'é} fna§1§ad W) the current veg‘|e Sr%eﬁfae over

seven digital outputs per vibration | e; therefore, hapi ng 20

f or mul at i ons commandeofs Yq.liﬁ @ouls&mn@ﬁsxragb&ss Duting thegrrnsidion to decelesatione

consi der ed. r

I the 1 rst i sgror i AR BESRER, e SR UREARE U VotlGe U ., 5.5
controlling (yoltptas ahe ¢inét (pattoof the shapiogupracessoryef dmdimplvfmrdwqﬂurqmmﬁes. An
exanpl e f Lhis is.a disk |ve i mhic a vol tage command can be
fed for\sfvard (ff’tfl@&et%r y'h.ff)e ore, the e?%'mt(ﬁe %Pr’f?ﬁF ?/é(:i | e current conmmands are
out put by the cl osed- | wafle s SHOTI tBchnique is well Gsited fdrOamﬁiguml thy BVipl enent

this, the follow ng, steps nust he perfqormed. At _th rvo rate
(5KHz), t hes @PRIPaNs it By pp JFaps, }t%b é}% s“@ﬁé’b‘?d%"d‘éfx"é’gﬁ?ar“ﬂﬁl tzhgméervo

cal cul at i ons,gri¢® fPMbvenfat chesapnifcat irdtsitiond ithe WbRkiahd R thelVyStetat ue to the
servo out put channel . At the highér rate (15KHz), .these steps

conpri se comfutandigats forspHOT. The)ysencnesd sﬂ‘-‘é Hee shened ansjtions instead A ue,
execut 19 t hguadkaPhEmiped Baskiddos. 111 key to this p?roach is that while sudden

-61- correction for upwanted dynamcs is not already
i ncl uded i n ttepasitipny é('l}lsar\@fatl@ﬁdaﬂd noise, andygmpetht tmi@lttoﬁé dfteadtoMs@ar d- t erm
to the feedf { {dhs second
exanpl e, the%ﬁ?iﬁg%%y&g% 31(% oslﬁtsglﬁltlanpsgﬁfn transm?lhs& shaped Hc&ont rolling
conput er chi panbe cmttmddmmmu anNﬂVd)Qirvﬂiraﬂoms apdhnaisd. s This amakks theivse in 5

whi ch a curr ety 5, GOk Ml BRNREALE hebrbN & oh 3R ML B8 Rt 2

current is
15 is lengthened by the minimum amount. SHOT can also be used for transitions

caused by sudden gain changes as well as command changes. In this application,
the gain is altered in a shaped manner from one level to another using any one

~ of the shaping techniques described herein or from the literature.

20 12.0_Conclusion
At this point, it is reiterated that ?ll aspects of the present invention
can be implemented in hardware, softwar% or a combination of thereof.
Moreover, although the invention has been described in the context of computer
disk drives, it may apply equally to other types of data storage devices (of which
25 °  acomputer disk drive is one), including, but not limited to, optical drives, tape
drives, dual-actuated disk drives, and holographic storage devices which read

from, and write to, data storage media other than magnetic disks.
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also used in the feedforward term In order to actually inplenent this, the
followi ng steps are performed. At the servo rate (5KHz), these steps .
conpri se readi ng the sensors, executing the servo cal cul ations,
conputing the servo output, and saving this value for use by the
section bel owo%usBhe hi gher rate (15KHz), 10 t hese st epeT/USYINLEIIGE
conputing or |ooking up the next trajectory val ue, executing t he
shaping nethod (if the correction for unwanted dynam cs is not already
included in the trajectory), and adding the feedforward termto the

f eedf orward t ShenPresent ineenter has §eseribed winhtreweetie particular

There ar e Mot ehleafbotifthisd 4t Rt B8 Smtkitioby Blat Hein kAR Bhot fifnidd?

above two approac es or are varl ations ese approac One such

vari ation to the abousdescried temhodimentsrand anodificationsrtherete, andbabvarjpus s from t he
f eedf orward t I t r,0l r ve or any
ot her machi ne%5 e(sioa}]x%tn%ol%@a%ons ﬁ?}hgf%adg by%agm&tog%lgyc%ﬁﬁ%l&scélédul ed in
time, the feexittmondepdrtingtfyom thecspirit rand seops @fi theadppgynded claims. asynchronously
fromthe servo |l oop. In one such inplenentation, the voltages 20 to
the disk drive mght be updated by a circuit at a high clock rate (e.g., 2
VHz) . - By | oading a counter register with the tinme of the next

vol tage output, the hardware cireuit can count down until the
appropriate tinme and output the next - vol tage val ue. This enabl es
an optim zed trajectory to-be conput-ed u5|ng any of t he techni ques
herein (or by any other process), and to be output at a rate 25
sufficiently high so that the system can be comanded to nove in an

optimzed . . ) (or near optim zed) fashion without effecting the servo
rate. : An additional"variation on the approaches"
present ed hereln is to use one of: the shaped swi t ched

formul ations so that only full scal e voltages (or any ' ot her
paraneter) are output. For exanple, it is possible to use unity nmagnitude
30 Shapers[err] to take a switching voltage command si gnal desi gned
only for arigid -62-
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body system and to nodify the switching voltage conmand signal so that the
swi-t chi ng vol tage conmand signal noves the systemwth little vibration.

Thi s approach enables the circuit to becone a sinple counter
driven switch that _ changes its output at a preset gl /04910
A further valCR%is to use an interrupt-driven approach in whic

times to output values are scheduled and an interrupt is generated (using
state of the art conputer techniques) at the appropriate tine. At

the tine of the interrupt, - B ropriate output (or voltage
switch) is provided by the control m%r ot her device. Single
or rultiple hardware tiners nay be used to interrupt a DSP 10 or

m crocontrol ler_in the di ive. Still another variation is to use a
separate % BE&W\/&&O%&%Qé@ ogrammabl e logic array, that is

i ssued a single conmand which, in turn, generates a series of
precisel -tinmed commands to the current | oop. The DSP or

m cr ocoft r ol | &reogprienisalp fasgirahmind HrRe eanstanty gc b fpmpplysical system  control | oop

t hat mai ntai ng a.dh&ts0f switch tinmes and required transitions. 15
8.0 PV Appr oacr‘}ﬁr s A PV table conprises a trajectory

curve which defines the velocity of a system conponent, such as
head 76, in tgrog, of § migpn'g Sitdon, - _ i.e., the distance
that the corrp‘g(;n_emril/tm‘}‘n‘as%tét(ﬁ?o gogi %Qor 2r'1t'og’r'each its final 20

position. To use a PV table, an actwual position of the conponent is

T

val e s {nghh e At Fdf > % by Bondl'E b 1 B BRI o7 i e

conmponent. Many dissjmdr R¢®2 SYaISOR ¥ Bt ¥ Kb * Ie * Jm))Qm2;a2 PV table to determ ne

their inputs. These_inputs, however,é can result_in . unwanted

vi brations i nP% e ¥imilemtlsARmaBenT itesale 2eREg2 nd HRe Cmpeleused 25

to reduce and/or |4 sty SREH ~ kAl § @G- * Kb * Ie * Jm)) / 2; : Thi s aspect
of the invention is a nmethod of generating a trajectory for

inclusion in a PV table which is used in controlling novenent of a
conpongut = iy andynam c system The nethod generates a trajectory
in accofdance W Pﬁxg&’%ﬂ techni que for reduci ng unwanted dynam cs of

t he conponentb = min(-plgelkrati ng a 30 ~good nove. The trajectory is
then stored in the PV table, and the conponent is ’
-63-

% make initial guesses for step durations .

20- o etl = 1;

e = .003; 4
et3 = 1;

% set maximum iteration count

- 25
Nmax = 1000;
for j = 1:Nmax _
% save old values of step time intervals
30 et3old = et3;
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controlled to nove along the trajectory stored in the PV table.

In nore detail, a good nove is generated for the system using any .
of the techni ques described in section 5 above. Specifically, the systemis
nodel ed, a "good" input is applied to the system and the systen s reaction
tothe 5 woow@ed input is stored in a PV table as a trapGEwUsIg9ilr t he

system In this manner, good noves can be re-cast into a PV table
for a system thereby providing a way to reduce unwanted system
dynam cs while staying within a PV fornul ati on. Taking this

approach one stepdddt=her; a series of good noves can be generated

using this technlq and the series of good noves can be stored in a
series of 10 € °§%r terized PV tabl es. 9.0 PV Feedback

Appr oach In prior art disk drive systens, the
velocity determned froma, PV table is nmerely fed forward into the
system as sfolifiatefer swlchsmes using fixqé valtage level Vegkvent i onal di sk drive

syst emsdi agram depi cted in Figure 13. This could | ead -t o unwant ed
systemvi brations. This aspect of the invention, however, shapes the
velocity before ia3i= M&/Sd@&t%ﬂ(ﬁé Lokt 2 axm-ea A aRddit i on, performs

i nverse i i SYSd g4l £ t,h eby correcting
the feedback so ae?@p 1?9*1&(&.'6?-!;{% cegidoggtlg%?? %‘??Agﬁ of he PV table. 20

Figure 14 shows an examplt bb) ascp;(%@rﬂdjmgnpenﬂfbb *2X N i*sdxp(e3 ¢ &)

that is controlledln,@cc r.d thi s .aspegt pf the.invention. The
di sk drive i nci geézg?l% tlébl +§pré9n E%? '878 élﬂaﬁ' se shaper 87.
Shaper1086 i s placetl = R(-2 * A*e +2ex Aceet orX)aral; | oop fol lowing PV table 84

so as to_shape the velocity out-put B therefrom Inverse shaper 87,
whi ch conprises the inverSe of shaper 86, is 25 . pl aced in the
f eedback | oop. The nbﬁ‘hﬁfléts&dils Rizretdail WeRretldly Ce8P, mhoRe 8 apd
shaper 86, in either the tine domain or the frequency omsun is as
fol | ows: _ : -if shaper = A/ B, then shaper[err] =
B/ A 30 - Tha conbl nation of shaper.86 and inverse shaper 87 reduce
unwant ed system
15 if j==Nmax
error([’error - failure to converge after ’, num2str(Nmax),” =
iterations’])
end
end 3
20
% round up pulse duration to nearest sample interval, .-
% convert to intervals between steps to make sure that voltage
% requirements will not increase (beyond Vmax).
25 dtl =ceil((etl - et2) / dt) * dt;
dt2 =ceil((et2 - et3) / dt) * d;
di3 =ceil((et3) / dt) * dt;
etl23 = [etl, et2, etd]
30 % convert back to total step duration.
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- 64- dynam cs, such as vibrations of head 76.

Specifically, shaper 86 alters the velocity input to the systemso
as to reduce vibrations in head 76 resulting from syst em novenent,
and inverse shaper 87 operates to restore |loop stability to %{% 0491

was prior toWOEFBFon of the shaper 86 in the forward ioopF %)gé 86 and
5 i nverse shaper 87 are not limted to the Input Shapers and inverse
| nput Shapers described in U S. Patents Nos. 4,916, 635 and
5,638,635. In fact, aper 86 and inverse shaper 87 can be any

pol e-zero dynam c E)‘I1 I(m l*'l‘?éfT g r, FIRfilter, tapped continuous
delay line filter, er=tdwe+ die. Fi gures 15 and 16
show rel ati onshi ps between inputs and out puts 10 of a shaper ("1S")

and i nverse shaper EE@"?Q[ 3rr]"), respectively, formed using an FIR

filter, with A as the input. Specifically, relationships between the inputs
and outputs of IS and IS err] are as follows:

[err] 5 % In the following, the original constraints equgfiggy involving XF1, XF2, :
Figures 17 and, 18 i :

of a shaper a ke adnﬁg\%\é,‘r'e;%eg#&%ga [Bﬁg'ﬁg&re\r,\?g%albﬁp%[égl!k\%%ﬁ’ﬂv%gch are
formed using ¥oeach srepa(lﬂs&pmeﬂmecfmedmmaxﬁmmdemay VYmae. filter. Specifically,

rel ati onshi ps between inputs and:putputs of 1S and IS[err] are as.. ..

fol | ows: ) _
% The original equations for XF1, XF2, and XF3 follow:

10 % XFi(tey) = VoFi(tens - 1) - ZVOFI(L:n? “4) + 2VoF (teg - 1)
' %  XFilted = VoFalle - 1) - 2VoFy(tey - ) + 2VoF {teg - 1)
% XFyfted) = VoFilta - © - 2VoFalth - 1) + 2VeF (e 1)

% And the modified equation including adjlstable relative levels of voltage
15 % L1, L2 and L3 are:

% XF\(tesd = LiVoF i(tiena - 19 - LoV F {teng-t) + LV F (t og-t)

% XFy(tend) = LiVoFaltiens - ©) - LaVoFa(tens - 1)) + Ly VoF (g - )

% XFi(tma) = LiVoFs(tens - o) - laVoF %(tend - 1) + LiVoFy(te - t)

20 % And the corresponding constraint cqu-ari(;:ns are:
%  XFt,,) = Finalpos
% - XFy(te) =0
% XF(te) = 0

25 % Where all of the times indicated have discrete values, e.g. corresponding to
% the controller update rate.
% It should be noted that after the digital switch times are fixed, the constraint
% equations derived from the equations above form a linear set of equations in
30 % the unknown relative voltage levels L1, L2 and L3 and any standard linear



[err]

Fi gures 19 and 20, show rel ationships

bet ween i nputs and out puts of a shaper ("IS") and an inverse

shaper ("I1S[err]"), respectively, which are forned

using an IR filter. Specifically, relationships
Pyt

bet ween i npwgsamstsout puts of IS and | S[err] are

[err]

To sunmari ze, this aspect of the invention is

directed to a net hod

10

15

20

% method can be used to solve for the relative voltage levels. In the equations
% for (L1, L2 and L3) that follow, the solution was obtained by algebraic

% means (and are not particularly compact.)

% compute new relative voltage step levels

% L1, L2 and L3 are nominally assigned to “1", “-2" and “+2", respectively

'S1 = X * (exp(-et3 * b) * exp(-et2 * a) + exp(-et3 * a) + exp(-e2 *b ) -

exp(-et2 *b) * exp(-e13 * &) - exp(-e2 ¥ a) - exp(-e13 *b));

s2 = 17 (et2 * exp(-etl * b) * exp(-et3 * a) !+ exp(-et2 * b) *et3 *
exp(-etl * a)- er2 * exp(-et3 *-a) - et2 * exp(-etl *b) -et3 *
exp(-etl * a) - exp(-et2 * b) * et3 +exp%(-et3 *b) * etl * exp(-et2 * 2)
+ exp(-et3 * a) * etl + exp(-et2 * b) :“ etl - exp(éct?, *p) * et1 *
exp(-et3 * a) - et3 * exp(-etl * b) * ex’i;(-th * a) - exp(-et2 * a) * etl -
exp(-et3 * b) * etl - exp(-et3 * b) * et2 * exp(-etl * a) + et3 *
exp(-etl * b) +.er2 * exp(-etl * a) + exp(-et3 *¥b) *e2 + e3 *
exp(-et2 * 2)) / A; ' B

]

Ll = sl*s2; - L

3
i
¥

sl = 1/ (e2 * exp(-etl * b) * exp(-et3 * a) 1+ exp(-e2 * b) * et3 *
- exp(-etl * a) - et2 * exp(-et3 * a) - e12 * exp(-etl *b) -e13 *

exp(-etl * a) - exp(-et2 * b) * et3 + exp(-et3 * b) * etl *
exp(-et2 * a) + exp(-et3 * a) * et1+ex'p(-e12 * b) * etl -
exp(-et2 * b) * etl * exp(-et3 *a) - e13 * exp(-étl *b) *
exp(-et2 * a) - exp(-et2 * a) * etl - exp(-et3 * b) * etl - exp(-et3 * b) *
er2 * exp(-etl * a) + et3 * exp(-etl ¥b) + e2 * exp(-etl * a) +
exp(-et3 *b) * e + et3 * exp(-et2 * a)) * X;

s2 = (exp(-er2 * b) * exp(-etl * a) - exp(-etl * a) - exp(-et2 * b) -

exp(-etl * b) * exp(-et2 * a) + exp(-etl * b) + exp(-et2 * a)) / A;
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and correspondi ng apparatus for using a PV table to control a conponent,
such 5 . as head 76, in a dynam c system such as disk drive 10. The
i nvention generates a position variable for the conponent and
determ nes a vel ocity comand for the conponent usj

tabl e, wher e ocity conmand is deternined based bEﬂU%%%?ﬁ}e{
position variable. The velocity command is then shaped using an | nput
Shaper or the like in order to generate a shaped velocity command,

whereafter 10 . _the conponent is controlled to nove based on the shaped
vel ocity commafd. =154 52 the invention, a preset position of the
conponent is conpared to a neasured position of the conponent in
order to deternine the EOSi tion variable, and inverse shaping is
perfornmed on t¥e E3ReeEd BHoSKPEEH “Hi brexplet SR arxagetintbheasur ed

position to the pregsle®eY) ™ SR(-edt>* a) + expl-et1 4O Lgggrshonal PV Tabl e
The present inventi oﬁtgl so)pra(;d\i}lgges azli)n een %%[cedb)g*v%iaebl e )i ch

may, or fay noR, =heX (82 *ienpcesh Tt owp(widt ha) treexpbe@gbibh§ et &dback approach
and - the f | Rgy techpigues, oL _agnerat.i od, 4mpves. As
background, the sacrzr’é&g%k b %ngve?%tb e %zyg%ot e’ggr(cg3 uzgsace(t:%r?ate results for

di fferent distance expivas * axreRp(-et2 * b) * et3 ok bep(-ah Y * etTo epeassayhi s

probl em conventional di sk, drive, syst Lypical | i ncl ude one,
two or maybe even t'ﬁreég(.l'@*taggle&,"'yF’pr‘g,Eoﬁg teg]IbT é‘ﬂ('&a Shrtethoves, :
one"table for nmedi wapEestanceders-ethnbd) ongpl-atal*q )f -oexp(emo* gp¥es.. Wi ch

tabl e is sel ec epends u t he ‘di_ stance of the_desired nove.
Si nce orery t hr ee exp('el.Ii G,;CL)CL g?- exp(-&?q‘ b) * e_t_2 * exp(-etl * a)_ +e3*  _gp-

di screte val ues ar pr(nayi*qgmfe@r*gm_dgpv%m@gxﬁieg R & erh he oySt €M may not
reach its final destination as quickly as desired.

The present invent ¥$-§2 J@Wedia better approach, nanely to
generate an N-di nensional (N >2) PV table i q which velocity is a function
of '

L2 = sl *s2; : i
15 '
' % convert accurnulated voltage steps to sequential voltage level
V1 = Vmax * (L1);
V2 = Vmax * (L1 + L2);
V3 = Vmax * (L1 + L2 + L3);
20

% END OF PSEUDO CODE



5 position and a function of a third (fourth, fifth, etc.) variable,
such as novenent di stance, resistance, tenperature, etc. This
approach effectively provides i ncreased novenent speed since the
requested velocity values nore closely represent p %r &%oano
limtati onswefsoubdsdi sk drive for substantially all noveneh

di stances. Moreover, this approach nakes nore sense than the conventi onal
10 formul ation, especially in the disk drive area, since disk drive
systens are third order in nature and a conventional PV approach is
second order in nature. he present invention nmay use a
PV tabl e having any nunber N (N>2) of dinensions, for the sake. of
sinplicity, the exanples provided herein refer usually to a

t hr ee- di nensiAREA . PSUM{LHAM)) =I5 O; In order to determ ne

et erm ned. - WEOGHYOIIRRE, VELRARDRI RS vecaue - sUMlSRoBE o ™ot P

expansi®n equatiopg @ﬁDquyx;)eAm)nput which is a function of ti rre and
which will nove the nodel a desired distance, is then generated based on

the PRRYITIONFo BUMBMH D) the RIDALEAS hSRAIBEACThsi st of a series
of switch tiRRs %ﬁﬁﬁ‘e) SU@MMémmw)ﬁ}Lﬁgl ﬁbg‘q sequence of

vol tage | evel's _ h t he system nodel,
is used to sinul a(@RDI@‘éIMbX)*ﬂ(ﬂdN@ETS(MNDX)H@BACK*VSCAEE)&;t em Any form of

the mbdel that yie diﬁgﬁhﬁﬁg position -and a vel ocity out put IS
suitable. As an ex third order voltage-to-position transfer
functi om VLIMITN(]) .. SUM(VINDX$(ORD(VINIG'LE ORD@P A(I- “could be
transformed and mani pul ated so that position and vero

are dvai'l abl e
as outputs. Usi ng (ORDICBIRRXHY OEOKF ND;%KBAQK*V@CWa%)) the transfer
-67- ~ =G=-VOLTLIM

% A(I) are the current commands at tifr;e T 'spaccd equally at time DT.

15 % VOLTS(VINDX) is a table of voltages representing the unit pulse response to

% a unit output in current command. VOLTLIM is the voltage limit at saturation.
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function can be rearranged and then broken up to yield a "block diagrant
W t.h . vol tage i nput and position and velocity outputs as foll ows:
Vol t age .- [err] - Velocity ' Vel ocity - [err]
Posi tion The aboye "block diagrant is then used as the
basis of a cWOREBS sinulation that yields the vel"c/YS%/943tp
position outputs corresponding the voltage 5 i nput. The integration
is perforned forward in time. If both the formof the i nput (e.qg.

three switch tines and three voltage | evels) and the nodel are sinple,
then direct anal ytical solution of N m nodel to tine domain

equations can be used as an alternative approach to sinulation.
The velocity, and position outputs of the sinmulation are then

tabul at ed t o GOADPOSE.. \SUM (Il ODELAN*DR+E-FINALPOS; The
present .invention enables three aéﬁr oaches to PV_t gener ati on.

t | e
B rotr a ohapb@OHASEn BUMGAGr MaRMAAMOPELB MePRIE-o P\t
table -z in the a I P * I e inserted follow ng
t he > vol tggcggﬁ%ﬁﬁg&g@g%%ﬁgn ns g‘foi&ggyi’lg%)zt can be integrated
forward and an -EXP(-MQDEpat(THLAST- TN gEt0.0n can be shaped and stored

comput ad usi MOPEARAYHL UL AT Mo PRI HRPR Y IRIOTEEY ©2n D8
i ntegrated forwar MOBDBLAMEXPHMODELbe(ERASTI«DBAM)) a table. Prior to the

derivation of the partial fraction expansion equations shown above, there
was no wa 6‘%@95”?’[@@#3%&!9% FEE Qs guaranteed to get the

systemgo i t@ikmiw?]“ 1°°°-°*§@§’3"RHHWE’@£@W3%?F§WL” integration was

not a viable approach. Reverse “integrat final condition
was commonly usedSIN(WD(J)*T(I}}) =E= 0.0 ; ing the generated input, system

outputs are rm . erate val ues of
position as ﬁ&%ﬁh%@?%ﬁ%hAggr&l _(%ET%&I)%(J}QF(% function of tine.
These val ues are J@BWBTENL)aE~0lmeity as a function of .
position. To generate a three-dinensional PV table, the above process is
repeat ed 25 for the third variable in order to generate velocity as a

functi @ of BOMNIODETLAIA 3nhe mechanical gain of the system, MODELb, and MODELa
% are the two time constants of the system in radians. One time constant is"
% associated with the L/R rise time of the motor inductance and the other is
. % the mechanical time constant of the rigid system. The A([) are the voltages
% which need to be determined. The T(I) a.r;the times for each of the A(I).
20 % DT is the time spacing of the outputs. W(j) are the undamped flexible
% modes, WD(J) are the damped flexible moées (in radians/s). '

DS1.466500.1
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- 68- and the third variable. The process may then be
repeated for additional vari ables. Since a

t hree-di nensional PV table may require | arge anmounts of menory
space, and therefore nmay not be practical in all circunstances, the
present inveysdomessr ovi des several ways in which to appr oXRTFYLYIB at i on
of a 5 t hree-di nensional PV table using a series of PV trajectories.
For exanple, the i nvention generates a series of PV trajectories
for various novenent distances, stores th and
sel ects traj agiaF gsc%gmggqgndl ng to a desired “I“ Immmmﬁml st ance
while ignoring a rajectories. Thus, in thi s tade, ton& 3

the series trajectories is selected fromthe position-velocity table based
on the 10 dest refl HPeHRE bt dhin} FRERIARISNT SHELEmLS gont rol ! ed
accordingly. t 0 approxinate a

t hree-di rrensidynahxcl?.ystEmbdhemedxdda:ompnsmg the stq@emfor m curve fitting on a
series %raj ectories in ose shown in the PV

PV h.as, t
Figure 21. W%%WB&%\F(P%‘B‘“}S:?&W%S@L G noted that, in the

table o

real mof conputer di skdelérimiig aaBlodiey bethméirdll fof thevsgbtemivkig ilge t ypi cal |y not

i ncl uded 15 in the PV table. Instead, a velocity command, conprising
a target vel ROPHiga-Nelgcity table, the deteawmaa&ep. Istemmining: the véloeiy; GRgRARdt he

act uat or. ar Myxsdf dnOhb pbsticil vhyiagie; t r ack, - .included in the PV
table. Wth.regard to curve fittl ng, si nce the curves shown in

Figure 21 are subst ant shaping thesyplacity command igorder o) generate gcshapedt er i ze t he
curvesgnd rate a function which can be used to generate a
single gv tra‘ieleog%rc?/m{“gmg%ﬂ& ~control the system

Fi gure 22 shows exanpl ecmtnoﬂmgahasmtearbaaaﬂpmm:\sb@edhcbht)vmunand _

generated fromthe curves shown in Figure: 21. For the exanple shown in

Fi gure 22, an estimate of curves between the | owest (3000) and

t he hi ghest (100) curve Amethod accomimgebﬁhmbt mhaeiix tbynteﬂioang a weighted
average of the | west ?ﬁhest curves

t
ot ance. condaia A opPorent pHIRE Sy ert, he pomporel pmptipf 8 o
curves 16an beneadbf Aah@dtoRgetdeliceiind Wei ght ed average of only two curves and

g o el mveren g e i bonk S QAR ol Llgag S e
aver age.
various tracks of a data storage medium in the data storage device.
3. A method according to C}aim 2, wherein the generating step
20 - comprises comparing a preset position of the component to a measured
' position of the component in order to determine the position variable; and
wherein the method further Ebmprises the step of performing
inverse shaping on the measured position prior to comparing the measured

Pposition to the preset position.

4. A method according to Claim 3, wherein the shaping step
and the inverse shaping step reduce unwanted vibrations resulting from

movement of the component.



Anot her way to approximate a three-dinensional PV table is to generate a

custom . PV table for each novemrent-—di stance in real-tine. This can
Per?(ﬁnienuzie(r;?i E)Ee432bove system equations 19 for a conputer disk drive set
_89_ WO 99/45535 ' I I"I"cl ”"ﬂ II!!!I ”m !Hm s al so possi bl gc;r/gs#[/)og?lg y a
§ *

*

series of trajectories in a PV'ta based on neasurenents of
system paraneter variations, such as variations in t enper at ur e,
resi stance, etc. This s done hy estinmati st.em.pgraneters while
nmotion is in progr ess,karm“’ﬁaograﬁf%ialﬂé ‘%F«g“?‘ﬂz Vf}ﬁée“g[ BHASPEf anet ers have
vari-ed 5  positibi @ftHeIcOMPb RN EierfiyRt cifeDAE OB EIliSg siEp bREIOPMeesS in the
PV table are then nodi fi ed based on any determ ned system
par anet er varPEPPRWE, 2her eaft er t he nmodi fied trajectories are
stored in the PV tabl eynhiin HE AL p@fion R brigdBent is $SERRo PAr anet ers
may be.used in connection with the present invention, i ncluding a
convent P onal ‘hafeermtining sup ifollavdre tegonesllingben. as a di sk drive heats 10
up, resistance therein changes. By | ooking at prior nove responses, it is
possi bl e to estimate the resistance, to determ ne whether the
resi stance has changed§. anhethod of generatmgraegataernyforinchsiodrinee' s PV t abl e,
if necessary. .. o c s retspecifi.ca in_a.di.sk drive
system duri rPé)SIzgo?‘lvFlgf“yptgPlF %hfwhals used t°l\é%n_"_?}03\?§¥mf’ﬂcesy§%fé’e[h? fn‘gﬂ\oﬂ saturation
and, ther ef oreemptisieg fé stgplslo€: i s i nactive. This 15 corresponds to
i ssuin 02 step command in voltage to cc[i%%rat e. m)vemetﬁt. as
r api dI3 ds possi bl e. DEFISTRYNE A TYIEL 'Y T TEHATHA ST 8 WY current
fl ow ng - defining iy Qe VelRcinoinClertidof systeinGiositioe dnd enconmefd €l ectri cal .
energy to nechanj cal energy can b? measured. Knowing this, it is
possi bl e to FEARORhvaHaRIEer gy bal ance t calculation to deternine
energy |osses in the sygligimudUajéctory 36 h PoAtiGiEvelddi§ tdfle having NeNergy | ost due
to resistance equals the energy input to the disk’drive mnus
ki netic ener N d?) dimensienscandoi | notor nminds energy stored in the voice
coil 15 | nduct or cortfiite A6k B nfIE s ifactBidin? SPHTIR e Rty t N
inertia of the voice col _

stored in the position-velocity table.

\
7. A method according to Claim 6, wherein the method
controls a component of the dynamic systg:mjj the component comprising a
20 . head of a data storage device; and - |
wherein the controlling step cointrols the head to move arhcng

| ' .
various tracks of a data storage medium in the data storage device.

8. A method according to Cla::im 7, wherein one of the

25 - variables comprises a desired movement distance of the component.

9. A method according to Claim 7, wherein the trajectory is
generated in real-time based on a partial fraction expansion that defines

| behavior of the dynamic system.
30



not or and the inductance of the voice coil are known or can be determ ned.
In real-tine, the followi ng steps are performed in order to estimate 25
resi stance: (i) for each tine step, nmeasure the actual current and the

act ual vol t age appl i the drive's voice coil nmotor, (ii)

i ntegrate pRWakudsss the dri Vﬁ”jﬂ lm!’lmuwnﬁm ned by nul t iPEITEISHAP49E| t age by
current) over time to deter energy input to the
system (iii) calculate the instantaneous ki netic energy of the

voice coil motor, (iv) calculate the instantaneous energy in the notor

i nductance, 30 (10. R%&h%@&@cohl?@lhh@h%%ﬁﬁm@&sz&‘ﬁ Y fecbidhfent squared
over time, (vi) determne the
-70- with a variation in @ gxsieFayasitblee Siegneihadecomprisipsttheassensred;, from t he

energy Input. the kinellecGiieh ShuedRfl of rajectories deRfinf 1R vhieily' | NduCt of

divided by the integra e‘curr after each
i nt egrati on, temsedisystem gositians |tls=.tpinmhtyftrfrtrajdcmrids béingl geneeatedsincal cul at ed.

This cap then be, used. ho ate t he PVE‘?? ble. 5 Simlar
ener gy df nolETFIANCH r?&g SRS V¥R “he used to estimate ot her
system paranet ers. For stériight lurdlitg of @hjecrwdiesdin agirgld pusitiva+velacity ‘used
to estimate mytor torque: . [err]
This equati o @n be solved in real-time, .and can be sol ved over a whole
nove _ detecting a value of the at least one system variable; and

controlling the dynamic system ‘in accordance with both the
10 - detected value of the system variable and the trajectones stored in the posmon-_ .
velocity table. : o -
11.. A method according to Claim 10, wherein the position--

velocity table comprises a series of trajectories corresponding to various

ie

15 component movement distances; and

wherein the controlling step comprises selecting one of the
trajectories from the position-velocity table based on the detected value of the
system variable and controlling a component of the dynamic system in

- accordance with the selected trajectory.

12. A method according to Claim 10, wherein the controlling
step comprises generating a function based on the plurality of trajectories and
the system variable, determining a single trajectory for the component based

~ on the function, and controlling a component of the dynamic system based on

25 the single trajectory.

13. A method according to Claim 10, wherein the generating
step comprises the steps of:
estimating system parameters, the system parameters relating to

30 movement of a component of the dynamic system:



10 or increnentally starting at any tinme during the nove.
The ‘f oregoi ng techni ques for generating PV tabl es can be

cal cul ated of f-1ine, thereby making | j | l/ par ameterize or .
curve-fit PV _ tables as a mm lﬂmﬁ“ E ﬂﬁm paraneters as we as
novenent di st ARCH 33 U il

Conseq n possi bl BCTESP@Peve a
PV tabl e based on novenent 15 di stance and system paraneters.
Moreover, it is noted that an N-dinensional PV tabl e can be used

i de i i reduction net hods .
O Poe nors: oot M B 0o S BB IR SR e 1
connecti on predetermined byseehl paxspezetss of t he present : nventi/\gn. hA ]

- di [ [ t in ich the
dependent vari abl e orPeHERE U Faiegiorier b O SENERHEL S Paramelsgon scal ed
using a predetveriationscangcal i ng factor. Such a fact or may be, for
exanpl e,.a maxi nrum nunber  of tra {%s noved,  or the |jke. 11.0
Shape o,ns Transi ent (" SHEFRS the mog ed trajectories in the pogigpRrxelorignu@ble.

i npl enentations of the PV approach to controlling 25 a disk drive
enconpass variations of the follow ng steps: (i) ranping the current
commng. to saturation (b‘arémhqdetfmm@re@ng aﬂrejquadfdronclumt;s)]r:a (ii)

conmandi n fer o : toh g ; s+ cvererd AR
full e sat ur at EFtion-velodity table Phich i uyed 1 romrrolling 2 dynamic systemie o (i)
transiti oni ng method comprising theusteps ofat ur at ed ‘decel eration until the PV curve
to the inal \destinati iy (ierapforgsn i o Hpiiphaydm O VO 1S 0%
controller to bring thestoringtthenrajectoryainkhe Pouitiqarwesvitg astadicadof Vi bration,
both 5 mechani cal armngaﬁ‘%y tic, is created byethe sudden transitions

at the beginning and oM° BRIBIC Sy StEm N BRFORgAREE WHB fRe HAEFIETY, | nput

Shapi nglerr] Gmredamyhopdirionviclosie! izblt; |
wherein the generating step gé}xerates the trajectory in

15 accordance with a technique for reducing unwanted vibrations in the dynamic

system..

15. A method according to Claim 14, wherein the method
controls a component of the dynémic systcrhff the component épinprising a
20 head of a data storage device; and ;
wherein the controlling step controls the head to move among

various tracks of a data storage medium in the data storage device.

16. A method according to Claim 15, wherein the technique for
25 reducing unwanted vibrations of the component comprises generating the
trajectory by taking into account both a system vibration limiting constraint

and a system sensitivity constraint.

17. A method according to Claim 16, wherein the system

30 vibration limiting and sensitivity constraints reduce vibration during movement
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reduci ng techni que) need be applied to only these portions of the

trajectory. A new sequence of operations using
SHOT, is as follows: (i) | nput Shape[err] the current command to
saturation; (ii) command full, saturated 10 current until some

br aki ng condvepassiss satisfied; (iii) Input Shape[err] thePCTAIS83/44P9n

to full, saturated deceleration until the PV curve is crossed; (iv) follow
t he PV curve until the drive is close to its final destination;

and (v) turn on a term nal controller to brin

track. Since eftitbe compesent tynssstthars {i0%-ati on are ﬂl“muﬂﬂﬂmﬂuﬂg;MI
t he shaped transitions becone shaped steps (or staircases).c 1% ® s »
Shapi ng can be rendered | ess effective if the input results in

saturation and the comiind gethed atarding teiGlavarls, eheteineths agchnigue fov. There

are several et haods for ling with thi.s situation, It is
possible to c%ﬁﬁ\{fé%u?%aé’&g v%rauons oqgl%s{og%opﬁr{tgoglgmsﬁ at !Il%%m L?nﬁg estimates of
when satur at i wajecidry Wydalkiag into bardat cdd or more constrpinawiicts arsoy fimctidnor  exanpl e,
-by estimating the naxi gum..voclgttﬁge and the coil 20 resistance (or the
quoti ent of MOKTRASE PEI3RIETi e FURRYERce) t he naxi mum current -
in saturation can be obtained. Once the systemis shaped into saturation,

t he saturation current can be cal cul ated bﬂ&_geasuri ng the accel eration and

t he ~ vel ocity, 18 dtmethgd peqprdipg 1o Claimdg. tdersincBe &chpiqsn fasy a
constant and feficifd (iFdntedSibrations of the/nlpddént 'cBmphises $Rhdtititlg' @@ VOl tage mi nus
the back EMF constant tinmes the velocity. 45. = ) Based on
t hese ci@ cul atraiesiery byttaking e aGoonet & ystemnyibraton Kmitingtagastraint only.

saturation level. It is then inportant to gommand only enough of an input
to keep the systemin saturati on_--a{nd not exceed this |level by too

great of a value. |f t@Ds A method accordihgigo ChaimxSe stierdinbthe sechnigeé fer abl e

amount, the shapi.n i i en t . connqﬂd is reversed
to slow the ,sgg?&éﬂfa'&“\?ﬁ‘%‘f’?‘g‘@@s"°ﬁlb¥é“ OB CORPTIIES EEHGINE e 13045 nni ng.
For exanpl e, irdje@crychasqdudn aoinpenehictf hds beeh slmpéd maceorddGewditH a

-72- . satugrate the current anplifier in steady state at
the curPent vEiEBUFTRined shapmg, function.

§ e
21. A method according to Claim 20, wherein the input =~ 5<%
includes both transient portions and a steady state portion; and
wherein only the transient pong_ons of the input have been

. 3
20 shaped in accordance with the predetermined fshaping function.

22. A method according to Claim 15, wherein the technique for
reducing unwanted vibrations of the component comprises generating the
trajectory by filtering a predetermined trajectéury using filters having zeros

25 which are substantially near poles of the syste!m.

23. A method according to Claim 15, wherein the technique for
reducing unwanted vibrations of the component comprises generating the
trajectory by taking into account at least one of constraints relating to system

30 thermal limits, system current limits, and system duty cycle.
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command of 6 volts would be undesirable. During the transition to
decel er at'i on, if this error is left uncorrected, the shaper wll
reduce the voltage to, e.g., 5.5 volts as the first part of the

hapi h D : .
Theref or o, (e 2SRt of 2mnmwnmmgmsi "o 2 Yooy o
the SHOT technique is well guited for addeng to the PV approach, it
is by no neans limted to PV. Any nethod of commandi ng a di sk drive
2 candi date for ST, The "Lonod sEARThL PCRih 15, R DO P 7S S0y
of 10 suddiming)mr{waawpeubvcmam&tha)mpoﬁhﬂ chmprites thehstepsagfpr oach i s t hat
whi | e sudden tr.ansi.t.i ause vibrations and poi se, and snooth
transitions often causggtem‘mhg%\?ﬁ’ﬁrr 5??65@%??88%?5%“(@?? Aough | ess so than
sudden transigredpteiinines Nevebof tibarisast inahssystem; and can be constructed to yield
any level of vibrati onmnd noi se. This makes the use of shaped

transitPons desirable Wpg Inpuhshaping do the tiectoty iyg Ceseihat ey ¢ he move 15

is |engt heneokrzl}aetérk@xm@igfmmmun&Fre&miﬁ@me%mpvmdmd for transitions
caused by sudden gain changes as well as conmmand changes. In this

application, the gain is altered in a shaped nmanner from one | evel
to another using any OBE A method acedfdibd'® EHRRHS Iwh&ERhdINEmMigiRSRF | bed
herein or fromthe literature. . 20 4 2.0 'Ooanlugillo#eﬁuaﬁ

At this poi ntreducing enwagted ¢ibwatiosis ofi ghe componenp comprises gerderatipgdlrent inventi on
can be 4ipnpl e [ ware or a conbi nation of thereof.
l\/breovellp, al t %%cg%yt%seegﬁ{r?\%en s?cgﬁq a&s[' been described in the context of _
conput er disk drives, it may apply equally to other types of data
storage devi ces (of whigch 25 a..Co er is}s drive iS.one '
i ncludi ng, but not I|i m!zg'e& Flgt,hogafciogy{xg g}r){}{?ggl o Y the tecﬁmq‘ﬁr'l}o{'/es,
dual - act uat edredicikg Giiwaned, visratons @f dgr @pipofient caffiises genératimg i ch read
from. and wite to, data storage . nmedia other than nagnetic disks.
-73- trajectory based ona s etric imput. -
15
27. A method according to Claim 15, wherein the technique for
reducing unwanted vibrations of the component comprises generating the

trajectory based on a symmetric constraint that varies as a function of at least

one of time and component position. - J
20 | ' :
28. A method according to Cl_;aim 15, wherein the technique for
reduéing unwanted vibrations of the componént compris'es generating a
trajectory in accordance with a voltage which has been controlled by

controlling current.

I
(W]

29. A method according to any one of Claims 14 to 28,
wherein the generaring step comprises:

identifying system parameters in real-time; and

modifying the trajectory in real-time in accordance with the

© 30 system parameters identified in the identifying step.



The present invention has been described with respect to particular
illustrative enbodinents. It is to be understood that the invention is not-
l[imted to the above-descri bed enbodi nents and nodi ficati ons

those. of or avamassyi |11 n the art 5. IR DIRSANRAIA ¥ evmkommevii ™

spirit and scope of the appended cl ai ns.

30. A method of controlling movement a dynamic system
- which can be expressed in terms of both rigid and flexible modes, the method
comprising the steps of:

generating a rigid body input for the dynamic system;

(¥

processing the rigid body input so as to produce a processed
input which compensates for vibrations in the flexible mode of the system; and

applying the processed input to control the dynamic system.

'31. A method according to Claim 30, wherein the generatihg
10 step comprises (i) creating a model of the rigid mode of the dynamic system
based on a modal analysis, and (ii) determining the rigid body input based on
the modal analysis. "

3
3.

32. A method according to Claiiim 30, wherein the rigid body
15 input corresponds to a fundamental limiting pirameter of the system, the *
fundamental limiting parameter of the system comprising a first parameter of
the system to enter into saturation. =

- 33. A method ac-t:ordinD to Cli‘im 32, wherein the processing
20 - step processes the rigid body input in accordaﬂce with a system vibration-

limiting constraint and a system sensitivity constramt

34. A method according to Claim 33, wherein the system

vibration limiting and sensitivity constraints reduce vibration during movement

N
(9]

of a component of the dynamic system by less than 100%.

35. A method according to Claim 30, wherein the processing
step processes the rigid body input in accordance with one or more constraints
that are a function of a movement distance of a component of the dynamic

30 system.
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-74- APPENDI X A %
BEG NNI NG OF PSEUDO CODE 5 % conpute scale factor A, and tine
constants a, b from physical system % par anmet ers

10

15

20 .

wossusss I IN] HELNRE LI reTmSSIROTD
* [~ L M s *

36. A method according to Claim 30, wherein the processing
step processes the rigid body input in accordance with a system vibration

limiting constraint only.

37. A method according to Claim 30, wherein the processing

step shapes the rigid body input using a predetermined shaping function.

38. A method according to Claim 37, wherein the rigid body

input includes both transient portions and 2 steady state portion; and

wherein only the transient p(;nions of the rigid body input are
shaped in accordance wijth the predetermined shaping function.

39. A method according to tlaim 30, wherein the processing
step processes the rigid body input by filtering the input using filters having
zeros which are substanually near poles of the system.

40. A method according to Claim 30, wherein the processing

.step processes the rigid body input in accordance with at least one of

constraints relating to system thermal limits, system current limits, and system
duty cycle. o '
i
! :
41. A method according to Claim 30, wherein the processing

step processes the rigid body input by determining a movement distance of a

- component of the dynamic system and modifying the rigid body input based on

the movement distance.

42. A method according to Claim 30, wherein the rigid body

input comprises a Posicast input.



A = Vmax Kt /(Re *Rm+ K * Kb)* 1 *k; 10 pl = 1/Jmle *(-le * Rm -

Re * Jm+ sqrt(le”*2 *RmM2 - 2 *Re *Rnt le *IJm + ReM2*JIm2 --
4*Kt *Kb*l e*Jm) )/ 2; p2 =1/mle * (-le Rm Re *Jm- sqgrt(le”r2 *RmM2
- 2* Re* Rm* le mnm *Kt*Kb*Ie
*Jm)/ 2; Wb 99/43538 = nmax(-pl, p2)ﬂ“l“ "mT H; Il( pl , - poY/US9S/04910 %
make initial guesses for step duratldnsC L20" 5 fetl = 1; et2

=. 005; et3 = 1, % set maximumiteration count 25

Nmax = 1000; for j-= 1:Nmax % save ol d val ues of

step t ime intervals 363. A method accogﬁxgoqod:laineﬁ(g;wherein the rigid body

- 75 - input comprises a symmetric input.

44. A method according to Claim 30, wherein the processing
5 ~ step processes the rigid body input in accordance with a symmetric constraint
that varies as a function of at least one of time and position of a component of

the dynamic system.

45. A method according to Claim 30, wherein the rigid body
10 input comprises a voltage which has been controlled by controlling current.

46. A method according to any one of Claims 30 to 45,
wherein the processing step comprises: -
identifying system parameters in real-time; and
15 modifying the rigid body input in real-time in accordance with
the system paraméters identified in the identifying step.

47. A method according to Claim 31, wherein the determining
__Step determines the rigid body mput in accordance with an insensitivity
20 constraint. '

48. A method according to Claim 31, wherein the model of the
system comprises a plurality of equations for the system; and
' wherein an insensitivity constraint for a particular system
25 parameter is added to the system by taking a derivative of a system equation
with respect to the insensitivity constraint and setting the derivative equal to

ZEero.

49. A method according to Claim 31, wherein the model of the

30 system comprises a plurality of equations for the system; and



et2old = et2; etlold = etl; %iterate for swtch
times using fixed voltage-4evel Vmax 5 et3 = -log(1.0/
2.0 - exp(-etl * a) / 2 + exp(-et2 * a)) / a et2 = 1/b *

p(i e opoodiie - BIMRIRMRI "o %) - excerrreme

* sqrt(exp(l/A* X) +texp(et 3 exp(et3 * b))); 10

etl = (-2 *A*r et2+2*A*et3-X) A, if norn{[et3old
I)rg;ﬁ et2old - et2 et 1Ohgreﬂ5an quénsmvu} constﬁaﬁn Qrzfmggcular system

errar ([' errorparaniciéd isaédedao aM&}efegeb}aidtenig a seri&ﬂlmﬂsbds(rhlﬁw(ﬁor different
iterations']) end, 20 % round up

pul se durati offl4ed °F|8%Sr5¥§tfm§éfﬁ§?“éerl St‘?taértﬂ?é‘lmna"mm“ in they Y§fEPert to interval s
bet ween st epspakfindi@ke sure that voltage % requirements will not

I ncrease (beyond Vnax). 25 " dtl=ceil ((etl - et2) / dt) * dt;

dt 2=ceiP((et2 - et3) / dt) * dt; dt 3=ceil ((et3) / dt) * dt;

et123 = [etl, et2, et3fg A method according to Claim 31, wherein the rigid body

input is determined in accordance with a feedback signal; and
wherein the method further comprises adding a quasi-static
correction factor to the feedback signal, the quasi-static correction factor

10 . correcting for a deflection in the component during movement.

51. A method according to Claim 31, further -comprisin'g |
' determmmg a center of mass of a component of the dynamm system
" . wherein the rigid body input is determined in accordance wuh a

15 feedback signal based on the center of mass of the component.

52. A method of determining plural switch times for a voltage
input to a dynamxc system having plural modes the method compnsmg tbe
. steps of _ ' ]
20 : g’enerating' a model of the-;lynamic system based on a modal |
analysis of each of the plural modes; _
* determining a response of the dynamic system in terms of the
modal analysis in the model;

determining an expression for a contribution of each of the

~
(¥

plural modes to a final location of the systém based on a corresponding
response, the contribution of each mode of the system being based on switch
times for the voitage input;
estimating values relating to the plural switch times; and
calculating approximations of the values relating to the plural

30 switch times based on the estimated values using the expression for the
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30 % convert back to total step duration.

- 76 - eil-dt1+dt2+dt3; .

et2 = dt2 + dt3; et3 dt 3; %In the

foll owing, the original constrai ntslm ing XF1, XF2,

% and XF3 hgyaokesgs nodified to inc I mﬂlllm”wamm tagerd:wsﬂwowppl i ed at

% each step (instead of the fixed nmaxi nimY{+M) SVn#x) . % The

ori gi nal equatlons for XF1, XF2, and XF3 follow 10 5%

XF[err](t[err]) = V[err]F[err](t[err] - tlerr]) - 2Vierr]Flerr]

tlerr]) + 2\Gomtritjurpe of pgch[ofthg plural modes) and the modal analysi§gn the mdekle
V[err]F[er t]é\ [:i?:(a]rrlms ¢:ﬂarr]) - 2V[err]Flerr](t[err], - tferr

2V[err]F[err§ % S T]) % XF[err](t[er ]

V[err]F[err](t[err] - t[err]) - 2V[err]Flerr](t[err] - t[err])

2V F t dified t
PhE T g adl ust abl = 531 4 FiskHod agetrding o Glsim 34 ifdiet Cmpggg el 5 g 13
are: 5 step of x%calculag{iewrb;(lfrh@cﬁ:rs]ocﬂ)nhewaltdeerbﬁie&[oararﬂﬂxew] (tferr] -

tlerr]
ri(tferr])
) +

(
r
]
)
+

t[err]) - Llerr]V[err] err] - t[err]) + L [err]V[err]F (t[err]- t[err])
% XF[err]QRPf‘E‘tuP]“)o F?S]V[err]F[err](t[err] - tlerr]) -
L[err]V[err]F[err](t[err] tlerr]) + L[err]V[err]F[err](t[err] - tferr])
% XF[err](t[err]) gerr]V[erréF[errl t[er’r;vll tlerr]) -
L[err]V[err]F[err](t[éﬂr] megt{oérqcstgr mgllﬁfgalﬂ]l‘ﬁﬁe ]HIE[Deﬂlﬁ}"{-t[err] - t[err])

calculating step is repeated a plurality of tunes each time using a re-calculated

10 - approximation of the values as the previous approxunanon of the values.

55. A method according to Clmm 52, further compnsmg the
step of generating a table compnsmg plural sthch times; '
wherein the estimating step comprises estimating the values
15 using the table.

56. A method according to Claim 52, further comprising the
step of generating at least one curve corresponding to the plural switch times;

wherein the estimating step comprises estimating the values

20 using the at least one curve.

57. A method according to Claim 52, wherein the dypamic
system comprise a data storage device; and '
wherein the voltage inputs comprise voltage inputs to the data

25 storage device.

58. A method according to Claim 52, further comprising the
step of performing ‘input shaping on the voltage input after switch times
therefor have been calculated.

30



20 % And the correspondi ng constraint equations are: %
XF[err](t[err]) = Final pos — - % XF[err](t[err]) =0
% XF[err](t[err]) = O % Where all of the tines indicated

have di screte val ues, e. "Fﬁﬂﬂmuﬂm %tlhfrn?sg%% | er
updat e rat e, WO 99/45535 ted that after the digl

swtch tines are fixed, the const rai A % equat i ons derlved from
the equations above forma |inear set of equat ions in 30 % t he unknown

relative voltage |evelssd 1l eak:
- 77 59: Aorhét%lﬁd]% aﬁ&g% %géehd% gogéflgéﬁé or ttﬁ%a rel ative

vol tage | evel step linparfoemedjusing arpsrameter estimatdg.f or (L1, L2 and L3) that
follow, the solution was obtained by al gebraic % nmeans (and are
not particularly conpact.) 5 - %conpute new rel ative vol tage step
| evel s % L1, L6éD.aAdnétBodsferedadingradvantedsdbgiiad iha dyhdmic” - 2" and
vt ot €s pecti ysul the method comprising the steps of:

determining whetber greater than a predetermined level of
vibrations will be excited by a system input; and

modifying the input to the dﬁ;axhic system in a case that greater
than the predetenninéd level of vibrations will be excited, where the input to
10 the dynamic system is modified so as to reduce the level of vibrations in the

system to less than the predetermined level of vibrations

61. A method according to Claim 60, wherein the modifying
step comprises using at least one of an input';shaper, an inverse shaper, and a

15 filter in order to modify the input to the dynamic system.

62. A data storage device which uses a position-velocity table
to control movement of a component of the data storage device, the dat
storage device comprising: T |

20 a memory which stores the posmon-velocny table and computer-'
executable process steps; and.

a processor which executes the process steps stored in the
memory so as (i) to generate a position variable for the component, (ii) to
determine a velocity command for the component using the position-velocity

25 . table, the processor determining the velocity command based on the position
variable, (iii) to shape the velocity command in order to generate a shaped
velocity command, and (iv) to control the component to move based on the

shaped velocity command.



sl = X* (exp(-et3 * b) * exp(-et2 * a) + exp(-et3 * a) + exp(-et2 *b) -
exp(-et2 *b) * exp(-et3 * a) - exp(-et2 * a) - exp(-et3 *b )); 10 . s2.
= 1/ (et2 * exp(-etl * b) * exp(-et3 * a) + exp(-et2 * b) * et3 *

exp(-etl * a)- et2 * exp(-e xp( - etl * pb) -et3 *

exp(-etl * &)099/43559( et2 * H l“lmlum Hm * b) * etl *pexposmusio* a)

+ exp(-et3 * a) * etl + exp(-et2 * b)“* etl - exp(-et2 * b) * etl *
exp(-et3 * a) - et3 * exp( etl * b) * exp(-et2 * a) - exp(-et2 * a) * etl -

15 exp(-et3 * b) * etl - exp(-et3 * b) * et2 * exp(-etl * a) +
et3 * 63x pf datasteragy) devicstapeordipg p Clatim 62, shereinethp(-et 3 * b) *
et2 + et3 * L1 = sl * S2;
20 - cqponer: cpmprises & FAHior eiuats Bt o¥iesi nd 5 1o L up(oet2 v b) b
et3 * whexgi thet protessor conwel® the hexcp(o mb& dmeyg vareb® * exp(-etl
*pb) - et3 *

] -etl * - t2 * b) * et3 +
exp(-et3 * bfm(;‘kst-!})tf £ data recording n"?é(dﬂfm?n ﬁlee@?%%s-mé?g%x&(’g? + exp% etg *a) * etl

+ exp(-%et2 * b) * etl - 25 exp(-et2 * b) * etl * exp(-et3 * a)
- et3 * exp(-etl * b) (-et2 * a) *
etl - exp(-et3 * b) * th 1A dawra\,ﬁ%ev;ce@fcor&lgo to élalm%).z, whereBz 90 exp(-etl

* a) + et3 *geneRite E"p&smorbw)arrhb&tt& ’Ehe%ﬂ{*poﬁénl the g(ﬁocéswr compares 2
exp(-et3 *b f *et2 + et3 * exp(-et2 S2. (exp( et2
* b) * exp(- BresePogition ofths companent ipa meggbe(i pgpgon ofhe_compgnent; and -
exg(s etl * b) * exp(- &fikréin Re profesitirreitder peldmis B¥dbe Haping oﬂ)t)xe IoA

10 measured posmon pnor to comparing the measured position to the preset '

position. ~

~65. A dara storage device according to Claim 64, wherein the
shaping and inverse shaping performed by the processor reduce unwanted

15 vibrations resulting from movement of the component.

66. A data storage device according to Claim 64, wherein the
processor determines the measured position of the component after controlling
the component; and . ' | | |

20 S wherein the processor uses a pi{eviously-measured bosition of

the component to determine the position variable.

67. An apparatus which generates a trajectory for inclusion in a

position-velocity table that is used in to control a dynamic system, the

o
U

apparatus comprising:

a memory which stores computer-executable process steps and a
position-velocity table having N (N >?2) dimensions; and

a processor which executes the process steps stored in the
memory so as (i) to generate a trajectory for the system, the trajectory

30 defining system velocity in terms of system position and one or more
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L3 = sl*s2; sl = exp(-etl * a) - exp(-et3 * a) + exp(-et3 * b) -
exp( etl * b) - exp(-et3 * b) * exp(-etl * a) + exp(-etl *
b) * exp(-et3 * a); 5 s2 = X/ (et2 * exp(-etl * b) * exp(-et3 * a) +
exp(-et2 * b) * et3 exp(-etl * a) - et2 * exp(-et3 * a) -
et2 * exp(-atdodraskys - et3 * a) - PERPEBOHN0+ )
et3 + exp(-et3 * b) * etl * exp( et2 IIE‘" mﬂmm mm“m + exp(- et3 * a)
et1+exp( et2 * b)* etl - exp(-et2 * xp(-et3
a) - et3 * exp(-etl* b) * ex(-et2 *a) - p(-et2 T a) * etl- 10
exp(-et3 * b)additimal varaklps, (B} ® storg)the trgpgopv ug)qg;( pasitipn-velg¥ity-tableg *
exp(-etl * b) ( ) *
exp%- cto 3nd &i)\zto cofrfdl tﬁ@%y}fgx it ac'&fﬁi%é é\,%h?’tge trB)zctoryesg&S}' ggttrl]l\g/'er .
accunul at ed vpﬂsitwgexekicep@bteo sequential voltage |evel V1l = Vmax *
(LL); V2 = Vmax * (L1 + L2); V3 = Vmax *(L1 + L2 + L3);
20 % END OF PSEUDO CCDE

5 68. An apparatus according to Claim 67, wherein the apparamus

* o F

controls a component of the dynamic system, the component comprising a
head of a data storage device; and
wherein the processor controls, the head to move among various
tracks of a data storage medium in the data sj:ora'ge device. '
10 )
69. An apparatus according to Claim 68, wherein one of the
variables comprises a desired movermnent dista;nce of the component.
70. An apparatus according to Claim 68, wherein the processor
15 generates the trajectory in real-time based on a partial fraction expansion that

defines behavior of the dynamic system.

71. An apparatus which controls a dynamic system in

accordance with a variation in a system varizﬁ:le, the apparatus comprising:
20 " a memory which stores a position—velocity_ table and computer-
executable process steps; and ;

a processor which executes the process steps stored in the
memory so as (i) generate a plurality of trajectories defining velocity in terms
of position, the plurality of trajectories being generated in accordance with at

25 least one system variable, (ii) to store the plurality of trajectories in the
position-velocity _table, (iii) to detect a value of the at least one system
variable, and (iv) to control the dynamic system in accordance with both the
detected value of the system variable and the trajectories stored ih the position-

velocity table.



- 79 - . APPENDI X B
AREA. . SUM I, A(1)) =E= Q VELOCI TY( VI NDX) .. VEL(VINDX) =E= VSCALE *
SUM | $(ORD(1) 5 @w NDX)), A(l) PCSI TI ON. .

SOM i NDS( R.@;SISESX)NAtEOS I KR

(ORD( VI NDX) +1) ) * ( VOLTS( VI NDX) + *\JSCALEJ) =L= VOLTLIM 10
VLIMTN(I) .. SUM VI NDX$( ORD( VI NDX) LE CRD(I)) A(l -
(ORD(VINDX) + 1)) *(VO_T%VI NDX) +KBACK* V. CAL 2}? . =G= - VOLTLI M
% A(l) are the current orfePRrans aeqopqingriq Slalm 14 cWbeseindhg posiiiont j ng DT. 15
% VQLTS( VI ND)Qeldc&%/QaHléiéHnﬂ:rBEs ¥ rie 9L frajeQPHASRNegoadihd o Widus PUl se response
to %a unit output in current command. VOLTLIMis the voltage limt
at sat ur at i orfomponent movement distances; and
wherein the processor controls a component of the dynamic
5 system by selecting one of the trajectories from the position-velocity table
based on the detected value of the system variable and by controlling the

component in accordance with the selected trajectory.

73. An apparatus according 'io Claim 71, wherein the proécssor
10 . controls a component of the dynamic system by generating a functxon based on
.. the plurality of trajectones and the system ‘variable, by determmmg a s1ngle
| tra_]ectory for the component based on the ftﬁlctxon, and by controllmg the
component based on the single trajectory. |
15 74. An apparatus according to Claim 71, wherein the processor
generates the plurality of trajectories by (i) estimating system parameters, the *
system parameters relating to movement of a component of the dynamic -
system, (ii) determining whether the system parameters have varied from
’ predetermined system parametérs, (iif) mbhiifying the trajectories based on
20 determined system parameter ;/ariations, and é(iv) storing the modified

trajectories in the position-velocity table.

75. An apparatus for generating a trajectory for inclusion in a

position-velocity table which is used in controlling a dynamic system, the

(18]
a

apparatus comprising:

a memory which stores the position-velocity table and computer-
executable process steps; and '

a processor which executes the process steps stored in the
memory so as (i) to generate a trajectory for the system, (ii) to store the

30 trajectory in the position-velocity table, and (iii) to control the system in

- 0§ -



- 80 - APPENDI X C
GOALPGS .. SUM I, A(I)* MODELAA*DT) =E=FI NALPCS; MODE 1 (| LAST)
SUM I, - A(I') * MODELAA* MODELb/ ( MODELb- 5

MODELa) * ( EXP( - MODELa* ( T( | m {

- EXP( - MODEL aw@ 94/43535ST) - T( h I:'L]ZII;IJ‘ HHSH I“’ PCT/US99/04910

10

15

(28]
L

of the component by less than 100%.

accordance with the trajectory stored in the position-velocity table;
wherein the processor generates the trajectory in accordance

with a technique for reducing unwanted vibrations in the system.

76. An apparatus according to Claim 75, wherein the apparatus
controls 2 component of the dynamic system, the component comprising a
head of a data storage device; and
- wherein the processor control§"5'_jché head to move to among

various tracks of a magnetic disk in the disk E}rivc.

77. An apparatus according to Claim 76, wherein the technique

for reducing unwanted vibrations of the component comprises generating the

trajectory by taking into account both a system vibration limiting constraint
and a system sensitivity constraint. i

78. An apparatus according to Claim 77, wherein the system

vibration limiting and sensitivity constraints reduce vibration during movement

79. An apparatus according to Claim 76, wherein the technique
for reducing unwanted vibrations of the comppnent comprises generating the
trajectory by taking into account one or more constraints which are a function

of a2 movement distance of the component.

80. An apparatus according to Claim 77, wherein the technique
for reducing unwanted vibrations of the component comprises generating the

trajectory by taking intoc account a system vibration limiting constraint only.

81. An apparatus according to Claim 76, wherein the technique

for reducing unwanted vibrations of the component comprises generating the



MODE2( | LAST) .. SUMI, A(1)* MODELAA* MODELa/ ( MODELb-
MODELa) * ( EXP( - I\/[DELb*(T(ILAST) +DT-T(1))) : :
- EXP( - MODELb* (T(1 LAST) - T(1)))))=E= 0.0; 10 DERI V1 (J).. 1 000.0*SUM I

ek Lol 3)) WemwmsgasiAd 1AL T EJ&IMHUHUIIIUIIMW o ©

COS(V\D(J)*T(I))) =E= 0. 0; "s fhe” nechanical gain of the
system MODELb, and MODELa %are the two tine constants of the

system inr ac!{aﬂera%n%tggs%d }i)hgg P%?cﬂt 3§ ?ﬁen sh'ti;h:d in 2 %c%?dsagge @Etﬁ% wth the L{ R

rise tinme of ct'ance an o t he mechani-cal
t i me. const antpraktetinined shippthgfysdtiom The A(l) are the vol t ages %

whi ch need to be determined. The T(l) are the tines for each of the A(l).
20 % DT is the tinme spacing of the outputs. WJ) are the undanped

flexible % nmodgx, AWRppgraas eccofiingdanmiaih Bl ewhditie wO@Es: (i n
radi ans/s) VWHAT IS CLAIMED | S:

1. A net hod drelydes hgthragsieqtnogiony and,a istegds Sae @Ok rol a dynami ¢

system the nethod conypdrginfly M€ nahdd® peftion® of the input have been generating
a position variable for the system determning a

vel oci ty confBRed inaceordance, with: the psedstgrmingd shaping fungfiesi t i on- vel ocity tabl e,
the determ ning step determ ning the velocity command based on the
posi tion vari abl e; - shaping the velocity conmand in
order to generate a sh&}ae&nr@params ageotding tOyCIamrﬁ@n\dherandhe technique

10 for reducmc unwanted vibrations of the component comprises generating the
trajectory by filtenng a predetermmed trajectory usmo ﬁlters havmo zeros
which are substantially near poles of the system

. !'
84. An apparatus according to Claim 76, wherein the technique

15 for reducing unwanted vibrations of the component comprises generating the

_ trajectory by taking into account at least one of constraints relating to system ™
thermal limits, system current limits, and system duty cycle. s

85 An apparatus accordmg to Claim 76 wherein the technique
20 for reducmg unwanted movement of the component comprises the steps of:
determining whether a trajector_y excites greater than a
predetermined level of vibrations in the system; and
applying input shaping to the trajectory only in a case that the
~ trajectory excites greater than the predetermined level of vibrations.
25 | |
86. An apparatus according to Claim 76, wherein the technique
for reducing unwanted vibrations of the component comprises generating the

trajectory based on a Posicast input.
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controlling the system based on the shaped velocity conmmand.
2. A nmethod according to Claim1, wherein the nethod cont
conponent of the dynami c system the conponent conprising a 15

a data storage device; an

wh
st ep cont r olV0 9915535 ad toiwmu, ,L I’ various track¥FfUsPY,
storage nediumin the datax :

nmet hod according to-Claim2, wherein the generating step 20
conparing a preset positiqn of the conponent, to asured .
position of the corrpongjﬁt gianPB?‘GE’IS PPrYLE &0 h\"“ﬂ‘é‘ -{%hg'%ﬁf?éq ?‘F(S?Fh%}'&“?
wherei n the et hadeihg LhWRtedABRELELSE the Romp&RnOfoniRistLEdieAtng the

i nver se shapi ng on the neasured

rols a
head of

erein the controlling

3. A
conpri ses

abl e; and

position prior to conparing the neasured

posi tion to tURECHIEbated 984 PERETIo input. 4. A nethod
according to Claim3, wherein the shaping step and the inverse
shapi ng step reduce unwanted vi brations resulting from novenment of

t he conponent.

10

15

30

for reducing unwanted vibrations of the component comprises generating the
trajectory based on a symmetric constraint that varies as a function of at least

one of time and component position.

89. An apparatus according to Claim 76, wherein the technique

- for reducing unwanted vibrations of the component comprises generating a

trajectory in accordance with a voltage whicli has been controlled by

controlling current.

90. An apparatus according to any one of Claims 75 to 89,
wherein the processor generates the trajectory by (i) identifying system
parameters in real-time, and (ii) modifying the trajectory in real-time in
accordance with the system parameters identified by the processor.

91. An apparatus which controls a dynamic éystem that can be
expressed in terms of both rigid and flexible modes, the apparatus comprising:

a memory which stores compu‘ter-executable process steps; and

a processor which executes the process steps stored in the
memory so as (i) to generate a rigid body input for the dynamic system, (ii) to
process the rigid body input so as to produce a processed input which
compensates for vibrations in the flexible mode of the system, and (iii) to

apply the processed input to control the dynamic system.

92. An apparatus according to Claim 91, wherein the processor

generates the rigid body input by (i) creating a model of the rigid mode of the

88. An apparatus according to Claim 76, wherein the techniqge -



5. A nmethod according to Caim3, wherein the neasured posi tion of
the conponent is determned after the controlling step controls the -

conmponent ; and wherein the neasured position of the
conmponent is fed back to 5 t he foll owi ng the
control | i ng v ®pss3s c’mm lmﬂmﬁ"ﬂa ﬁmj of g@n&sawwg a
trajectory for inclusionin a i On-vel oc e which is
used to control a dynam c system the rret hod corrprl SI ng the steps
of : 10 generating a trajectory for the dynam c system

the traj ect ofynamic systegheliasest oya spsieleanalyels of ithteysystamt enchi) sletesymiingm posi tion
and_one or ”?r{ ngp o0 the d)(naﬂﬁlcd%}s ﬂse&’ 8% l'%%cfd%l analysis,

storing the i on- ve ocl €' having N (N>2)
di mensi ons; and 15 cont roI i ng the dynam c systemin
accordance with the trgjegctor the.pgsiti.on-velocity

t abl e. o3, %n aplyammf acﬁ?‘ﬂiﬁg%gﬁ éd?d‘fq‘iff"{ g’ ﬁ?m 6, wherein

the metshod body input c@@phfe@|a§uﬂda@ﬁﬂﬁﬁ9ﬂﬁiitﬁn°£}fardrﬂi&erd}fﬂ@d&;@teﬁi{&ﬁ@m t he
conmponent coppri SI n a data stoQrage device; and

wherei n the BBATRGE |lﬁ‘§:}“’§i RATABY R ?g‘lgE sﬁﬁ%“ RRIERIPeIngOR Bisbng

various tracksafbeindb SystehPicPdfer R Rldtidn! he data storage deV| ce-
8. A nethod according to Claim7, wherein one of the 25 vari abI es

conprises a desired novement di stance of the component.

9. A nethod according g0 ﬂ?dﬂ‘a?us é@@@rﬁ gr{o tgﬁj“glg}eg{ melpéoc

generated in real -tine base parti raction expansi-on efwhat defi nes
behavi Y of ptegesdgsrthnrigiddpdy dnput Jpaccordance with a system vibration limiting

- 83 - constraint and a system'sensitivity constraint. ;

95. An apparatis accorchno to Claun %4, wherein the system
vxbranon limiting and sensitivity constraints reduce vibration during movement

15 of the component by less than 100%.

86. An apparatus according to Claim 91, wherein the processofi"'
processes the rigid body input in accordance with one or more constraints that ~
.are a function of a movement distance_of a co___t'nponent of the dynamic system.
20 E ' o
| "97. An apparatus according to Claim 91, wherein the processor
prbcesses the rigid body input in accordance with a system vibration limiting

constraint only.

25 - 98. An apparatus according to Claim 91, wherein the processor

shapes the rigid body input using a predetérmined shaping function.
99. An apparatus according to Claim 98, wherein the rigid

body input includes both transient portions and a steady state portion; and

30 wherein the processor shapes only the transient portions of the
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10. A method of controlling a dynam c systemin accordance with a
variation in a systemvariable, the nethod conprising the steps of:
generating a plurality of trajectories defining systemvelocity in

terms of system position, rajectories bein rated in
S accoWQaW@w th at I’—nlemt"nm“";m' w vari abl e; PCSEIsib

storing the plurali of tray ectoLl esl.nasnle position-velocity
t abl e; detecti ng a vaI ue of the at |east one system
vari abl e; am c systemin

h
accor dance Wi 't‘ﬂdl?é?% inpyp, in,ggeordance with %EPE%%%“B gﬁpﬁ‘ﬁgx‘éﬁ?em vari abl e and

the trajectories stored in the positi on- vel ocity table.

11. A nethod according b8 aim10, wherein hgé‘B%ﬁ | on- vel ocity
tabl e conprises a seri Q0oL IBPRRERE 3F505ding & ﬁre’t“o‘h?/arl ous 15
conponent rmV?ﬂE‘é’é&or (ir6deades @fe) rigl Gody input by ﬁltenng the input using file@¢ €i n the
controlling step conprises sel ecti nﬂyone of trajectories from

the posi®ti on-havingcaeres whih arepubuantially peas palss éfzﬁl’édYV@EPue of the
system vari abl e and controlling a conponent of the dynam c systemin

accordance wth the selected trajectory. 20 12. A
met hod according to C d0in ¥01 appararusiancardiag ¢oflair|31i wgerein the step
conprises genger S0 t ectories and
t he system va |a l’&“pr eter S':ﬁénﬁﬂgjt?’a Sl Reﬁn Q&r&’alnﬂ @Ju‘ha}’lqut %é%éorrponent
based  conswaints relafing ot system thmdlablmtts csystcm guaemdnmmnem sysfent he dynam o
system fbased &)nty%;cle the single trajectory.

" 102. An apparatus according to Claim 91, wherein the
processor processes the rigid body input by determining a movement distance
of a component of the dynamic system and modifying the input based on the

15 movement distance.

103. An apparatus according to Claim 91, wherein the rigid

body input comprises a Posicast input.  _

20 104. An apparatus accordix;g to Claim 91, wherein the rigid

body input comprises a symmetric input. .

105. An apparatus according to Claim 91, wherein the
processor processes the rigid body input in accordance with a symmetric
25 constraint that varies as a function of at least one of time and position of a

component of the dynamic system.

106. An apparatus accordmg to Claim 91, wherein the
processor processes the r1°1d body input based on a voltage which has been

30 controlled by controlling current.
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13. A method according to Caim 10, wherein the generating step

conpri ses the steps of: ' esti mat i ng syst em
parameters, the system paraneters relati

of a
E:oggornent Ofwct) he,dynani ¢ system H“ﬂﬂ muuw"u“ml?t TR o

paraneters have varied from predeterm ned system paraneters;
nodi fying the trajectories based on determ ned system paraneter

variations; and 5 1 ajectories in
the position-vel ocity ?abr\n apparatus accordlﬁ ?o anygante%?cv?l% %L?o 66rr‘ret hod of

genet ati ng awkareipabg moyesﬁcnrptpcresse&she(mgxd thody input by (i) ideifyitg sgmemel OCI ty tabl e

ompri &1 g CREVEERd: bRbtipg7aft B G XA R b ke ip ot ot ory 1 or

use in the dyiladesysymatparameters identified by the processor. storing the trajectory in
t he pogi tion-velocity table; and controlling the
dynam ¢ systemin accordance with the trajectory stored in the

position-velocity tabligg. An afgaratus according to Claim 9\"@KeRéiR thehe generating step
generates the trajectory in accor dance wi t h a techni que for :
reduci ng unv@[ﬁ?e&?f\&ebﬁf‘r&‘ﬁ B Jigidh bteqﬁ/emawamqe’rdance with an w@rts@mty

constraint. ot
10 /109. An apparatus according to Claim 108, wherem the model
of the system comprises 2 plurality of equatmns for the system; and
wherein an insensitivity constrauin_t for a particular system
parameter is added to the system by taking a d_sf:rivative of a system equation -
with fespect to the insensitivity constraint and ."ézet'ting the derivative equal to -
15 zero. '

110. An apparatus according to Claim 108, wherein the model =~
of the system comprises a plurality of equations for the system; and ;
wherein an msensmvuy constramt for a particular system
20 parameter is added to the system by setting a senes of constraints for different
values of the system parameter so as to limit agvarlanon in the system

parameter. ) o

111. An apparatus according to*Claim 90, wherein the

25 processor generates the rigid body -input in accordance with a feedback signal;
and
wherein the processor adds a quasi-static correction factor to the
feedback signal, the quasi-static correction factor correcting for a deflection in
the compohent during movement.
30
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15. A nethod according to C aim14, wherein the nethod controls a
conponent of the dynam c -system the conponent conprising a 20 head
of a data storage device; and wherein the

controlling_ step control t o nove anong vari ous tracks of
a data st or JRI¥EH UM i ns”@i’(ﬂaﬁﬁﬁt” ﬁm devi ce. PCT/US99/04910
16. A nethod according to i " eri8l n the technique for 25

reduci ng unwanted vi brations of the conponent conprises generating the

trajectory by taking ipfo 3 emupi bration limting
constrai nt a?\g}' aAg;%gPie}rQnﬁg ggéol??@%ﬁ?hggﬁ?t PRI the

17. -A net hogreesor detagnines LCbentan of Gnassvioé acompbddear sfyhe dynadfic system; Vi brati on
limting andangensi tivity constraints reduce vibration during novenent

- 85 - of the component by |ess than 100%

18. A nethod accor di nghéeinGheprocéssor ghreifesthé Rigidt bk en f Or
reduci pg unwant ed vi hratj ops .of. tfigjﬁgco onent cg&prl ses generating the 5

trajectory BFCreance dimd i5edbacksgpa n {he CetETrR{Inasaohthe which are a

function compone@f. @ movenent di stance of the conponent.

113. An-apparatus which determines plural switch times for a
voltage input into a dynamic system having plural modes, the apparatus
10 comprising:
a memory which stores computer-executable process steps; and
a processor which executes the process steps stored in the
memory so as (i) to generate a mode_l qf the dynamic system in terms of a
modal analysis each of the plural modes,. (ii) to determine a response of the
15 dynamic system in terms of the modal analysis in the model, (iii) to determine
an expression for a contribution of each of the plural modes to a final location
of the system based on a corresponding response, the contribution of each
mode of the system being based on switch times for the voltage input, (iv) to
estimate values corresponding to the plural switch times, and (v) to calculate
20 approximations of the values correspondx:ng to the plural switch times based on
the estimated values using the expressiog for the contribution of each of the

plural modes and the modal analysis in the model of the dynamic system.

114. An apparatus according to Claim 113, wherein the
25 processor re-calculates approximations of the values based on a previous

approximation of the values.
115. An apparatus according to Claim 114, wherein the

processor re-calculates approximations of the values a plurality of times, each

30 time using a re-calculated approximation of the values as the previous
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19. A method according to Caim 15, wherein the techni que for
reduci ng unwanted vi brations of the conponent conprises generating the 10 -
trajectory by taking into account a systemvibration limting constraint

only. t hod according to d aim 15, wherein
t he techni qi¢ PEFs3S re&ﬂﬂ"ﬁ@’ m i brations of P¢HES8HIbnent
conpri ses generating the R & Iﬁl’ﬂased on an i nput which has
been shaped in accordance with a 15 pretlet er mi ned shapi ng function.

21. A nethod accog{?i[i(rglg otf?ne(%ai.l m 20, wherein the input i ncl udes

both transi enﬂppﬁ’é TORST alfd a2t eady state portion; and

wherei-n only the transient portions of the input have been 20 shaped

22 “A et hod accor di ng! b GRAPRIFESS SRBABE § SRE { L MHCERR or

reduci ng unweiibdeskoy ighieditksod GbRS coldpéisieid pREAGWiCK Gifiles; 48S generating the
traj ectgry by filtering a predeterm ned trajectory uysing filters having
zeros 2 whi ch aBestR 8e RFRCEsIPn Sumalss thsotabies psing Hi tlet em

23. A nethod according to Caim15, wherein the technique for

reduci ng unwanted vi brations of the conponent _conPri ses generating the
trajectory by taking i Alb A@@@mmaaccpg@w&imi Jovhereimihet s relating to

System30 . prbliSlolRendritd difeast Yt @M UeGhaing B b prtl iR !B AUty cycl e
S and _ . : '

10 wherein the processor estimates the values using the at least one

*

curve. -

- \'E
118. An apparatus according tt} Claim 113, wherein the
dynamic system comprises a data storage device; and '
15 wherein the voltage inputs comprise voltage inputs to the data -

storage device.

B
s,

119. An apparatus according to Claim 113, further comprising
the step of performing input shaping on't_he v__E_gltage input after_'switch times

20  therefor have been calculated. i

120. An apparatus which r'edui:es unwanted vibrations in a

dynamic system, the apparatus comprising:

. a memory which stores computer-executable process steps; and

25 : : a processor which executes the 'process steps stored in the

merhory 50 as (i) to determine whether greater than a predetermined level of
vibrations will be excited by an input to the system, and (ii) to modify the
input to the dynamic system in a case that greater than the predetermined level
of vibrations will be excited, where the processor modifies the input to the

30 dynamic system so as to reduce the level of vibrations in the system to less
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24. A nethod according to Caim15, wherein the technique for

reduci ng.unwant ed novenent of the conponent conprises the steps of:
determ ning whether a trajectory excites greater than a

predeterm ned | evel of vibratigns in the system o
appl yi ng i npMo 9g#s&3si ng to the ,ﬂ,ﬂ'ﬁ,’mmuﬂ Imcase that { hPCT/US99/0491
trajectory excites greater th ned | evel of vibrations.
25. A method according to C ai m 15, Wherei'n fhe techni que for

reduci ng unwa vi brations ,of .the.co onent conprises generating the 10
trajectory bag’éﬂ%?npr &%Et“t? Jevel RE iprations. 26. A net hod

according to C aim 15, wherein the technique for : reduci ng unwant ed
vi brations of the conponent conpri ses geperating the trajectory
based on a symetric i night AmEpparats accdrding 1o Claumh 120, whtein fienpt hod

according to go@és%rltﬁodm@seﬂh@lﬁbut ﬂ?m@%ﬂﬂhﬁ%%térﬁﬁlsmﬁ at least one®#dgi Ng unwant ed
vi brations of “the conponent conprises generating t trajectory

based ord a syinput shiaperc am #VeEsF shapenandadfilless as a function of at |east

one of time and conponent position. 20 28. A net hod
according to Caim15, wherein the technique for reduci ng unwant ed
vi brations of the conpd@ntA owmtpdi of eentgaling athmagxiasvstem in accotdapgeectory in

accor dance w Rv h an%x%u&?ﬂ?is%hﬁl@ti&agf &ng@g'o gso tr(ﬁg %%vBX d vxbr?tbo hg(;oghreol):‘l hg

current. 25 accora I ng
Clains 14 to #&f,system, the rnethmltmnq:mmghbe ge;fsecrfatl ng step conpri ses:
i denti fmjng system paraneters in

nodi fyi Ay the traj ect or%”n?rﬁm?%afmfi%ng 4’?133%@5’6‘? Yaicoe thy medelfefinige
syst em par amettem pebivnl ihit€rehsi of Holtetimel @it 4 kystddd inpuand the model

constraining the system in accordance with ‘one or more constraints relating to
the unwanted vibrations; |
determining an ixiput to the dynamic system which reduces the
15 unwanted vibrations based on the model generated in the generating step; and
controlling the dynamic system in accordance with the input

determined in the determining step.

_ 123. A method according to’ Claim 122, wherein the model of
20 the system comprises a partial fraction expafnsion of third order equations that

define the system. - i

124. A method according to Claim 123, wherein the partial

fraction expansion equations comprise:

.:v
Finalpos = Y V.4 At
=1

N
0 = Z v, bAb (e Gy = Ty 280 0y r,))
=1 -a

N
- 2 v, Aa (e-b(r,_,- T80 bl - r,)) )

i=1

tw
(o))
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- 87 - 30. A nethod of controlling
novenent a dynam c system whi ch can be expressed in terns of both
rigid and fl exi bl e nodes, the nethod conprising the steps of:

oener 261 00 Sy TN RG22 ocesssmosnon oy,

whi ch conpensates for vibratibns i the flexible node of the system and
appl yi ng the processed |nput to control the dynamc system

31. A nethod accor ere n _the erating step
conprises (i)Y ?r&‘fd'?aﬂ”g’ %a@r}awg‘?s" {90013 cém}?mrlr%l&ggg’fe ({ Hémmﬁfﬁ’?‘c system
based on a noWa] conresgonds & a dnmd 4t iwhichdEihalposi i rsaghddh s, ra gndibtwdyasemput based

on t he dal anal . . A net hod
according to @fgiorﬂy%‘ﬁ“ Rﬁ%f“éqrﬁ Yisge volipes inpytyo fhe system, erGfe BSHMES ponds to a

fundamental |y kb9, RRNASER! &1d & is bRinSRRaMe hieh V; are input, f Undament al
limiting paranmeter of the system conprising a first parlgﬁeter of

the systd®emto enter into saturation. 33. A nethod

according to Caim32, uberg eh{ltﬁoﬁ%ﬁt?&r&*ﬁgtftﬁ%%gz ‘fvheremsthgylanpg{ ocesses the,

rigid body input in accordance €m Vi br limting
constrai nt andetansnedtienhesémamiinmg tstep comptises ithet fundamental limiting )

parameter of the system, the fundamental hr;ntmg parameter correSpondmo to
a first parameter in the system to enter into saturation. ' |
10
' " 126. A method of using a current command to control a system - '
having voltage as a physical limiting paramcger where the system includes a
current controller connected to a power sx_xpp}y, the method comprising the
steps of: . ' ' B
15 inputting a current command to the system;
shaping the current command i,tsi_ng a unity magnitude shaper _'56’
that the current controller in the system goes into saturation; and '
supplying voltage to the system from the power supply v1a the
current controllér in saturatmn ;
20 ' | ".
; o
127. A method of generating a position-velocity table for a
dynamic system, the method comprising the stéps of:
modeling the dynamic system in terms of partial fraction
expansion equations; '
25 integrating the partial fraction expansion equations forward in
time so as to generate a trajectory for the dynamic system; and
storing the trajectory for the system in the position-velocity
table.
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34. A nethod according to Caim 33, wherein the system vi bration
limting and sensitivity constraints reduce vibration during novement 25
of a conponent of the dynam c system by | ess than 100%

orocesses tneosmgens body | ni NAMMMEIURN 37 B oreor "Resomseared o

that are a function of a nmovenerit di stante of a conponent of the dynamic 30
system - 88 -

36. A method according {5 Q?ﬂemoﬁckcdfﬁﬁﬂ%% @i 825" Qﬁ@i@iﬁitﬁ@n?ar_tial step

processes the rigid body input in accordance with a systenivibration
limting consfraction expagsjon equaions which model the dynamic sgsfem pompris¢od according to

Cl aim 30, wherein the processing step shapes the rigid body input
using a predeterm ned shapi ngy f uncti on. 38. A
met hod according to @Ii,@jl‘,;pﬁj,}:w}gr@i n the rigid body I nput

i ncludes both transient portions and a steady state portion; and 10
wherein only the transient pitiong of .Lhe .ri gi,d bogy i-mrput are
shaped in accordance withOth dﬂ%d‘g‘[;e(em ned shaprg funct)i on.
i=1
N
0 = E v, Aa (e-b(r,,,,-r,’m) _ e-b(r“-r,)) ,
i=] a-»5b -

where Finalpos is the final position of a coniponent of the dynamic system,
T corresponds to a time at which Finalpos' is reached, A, a2 and b are based
5 on the system parameters, V; are inputs 1o ttie system, T; are the times at

which V; are input, and At is a time interval at which V, are input.

129. An apparatus according to Claim 75, wherein the position-
velocity table comprises 2 non-dimensional position velocity table.
10 .
~130. A method of controlling a dynamic system having one or
more feedforward fnputs, where one of the feedforward inputs corresponds to
a fundamental limiting parameter of the éystém, the method comprising the
steps of: v . _
15 77 altering a form of 'g'feedfoma?}.d i“r;p'.x.xt:thﬁt:cofrésﬁgh&s-ib the
fundamental limiting parameter of the system so as to reduce unwanted

dynamics of the system.
131. A method according to Claim 1'30, further comprising the

20 ~ step of determining the fundamental limiting parameter of the system by

identifying a first parameter of the system to enter into saturation.
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39. A nethod according to Caim30, wherein the processing step
processes the rigid body input by filtering the input using filters "having
15 zeros which are substantially near poles of the system

40. A nethod according to C aim 30, gP 1910 step
processes two»®dg3s8 body i nput in acc mﬂn “I“mmmﬂm ast cgﬂ.g%? 1
constraints relating to systemthernal mts, sysstemcurrent li'mts, and
system 20 duty cycle. 41. A method accor di ng

to Claim30, wherein tggz Wﬁ%&?’aé&%{dmo © S?inﬁg@pw e;quﬁisaﬁ% .the rigid body
n 'S ’

I nput by determ ning évae ance Went of the

dynam c syst siep entpriveslsHaying ghd feedforvgard ifpody i nput based on 25 t he
novenent di stance. 42. A nethod according to
Claim 30, wherein the rigid body I nput conprises a Posi cast

i nput . 133. A method according to Claim 132, wherein the sB8ping is

5 performed using Input Shaping™.

134. A method according to Claim 132, wherein the shaping is
performed using one or more filters. |
10 135. A method according to Claim 132, further comprising the
. Steps of: ) - _ 7
identifying any nonlinear eleméﬁts in the systém,
wherein the shaping is performed after any nonlmear elemenrs
1dennfied in the 1dent1fymg step.
15
- 136. A method according to Claun 130, wherein the altering
step compnses pre-saturating the feedforward mput and then shaping the .
feedforward input.
20 " 137. A method according t.o 'Cléaim 130, wherein the dynamic
system comprises a data storage device systemg: and |

wherein the fundamental limiting parameter comprises voltage.

138. A data storage device system having one or more

]
W

feedforward inputs, where one of the feedforward inputs corresponds to a
fundamental limiting parameter of the systein, the system comprisiﬁg:
a memory which stores computer-executable process steps; and
a processor which executes the process steps stored in the
memory so as to alter a form of a feedforward input that corresponds to the

30 fundamental limiting parameter of the system so as to reduce unwanted
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43. A nethod according to Claim30, wherein the rigid body i nput
conprises a synmmetric input. — — 44. A net hod
according to Caim30, wherein the processing step processes the

rigid body input in accordance V\/It” s I straint t hat
varies as a WOPHFBH of at least o m m'mﬂgﬂliﬁaﬂm tion ofCHUEBHIBlent of
SRR TR

the dynam c system nmet hod according to

Claim 30, wherein the rigid body 10 i nput- conprises a voltage which has
been controlled by controlling current. 46. A

met hod accor @YPARIELOLIG SE¥-of Cl ainms 30 to 45, wherein the
processi ng step conpri ses: ) identifying system
paranmeters in real-tinme; and 15 nodi fying the rigid

body input in real-ti mB% nA@ysemdagerrdingto [Claim 138, whereiretheyproagasopar anet er s
identified i i i £vi . . A net hod
accordi ng togécgl%r%p g‘%ggsvé!u%% glg ﬁ?%cﬁget%rg}lger ﬁh‘lenf}l?]dﬁm ental lunmngsqaéaﬁneg%rt erm nes the
rigid bbdy i mftite systemcayoideraifying i first parametsreofsthe isystdny t@€nter into  constrai nt.
48. A net hodsq§c9rdi ng to G aim31, wherein the nodel of the

system corrpri% l8&“'p| urality of equations for the system and

wherein an insensitivity constraint for a particular system 25

paranmeter is added to e system by taking a derivatiye of a system

equati on Wi t h{‘{besééﬁ‘e‘f‘@c eing e 133 #pereghter ai nt and setting
the derivati feedestwatd inPut is altered by ZRdping the feedforward input. - 49, A

nmet hod_according to Caim 31, wherein the nodel of the 30 system
corrprik s a plurality of equations for the system and

141. A system according to Claim 140, wherein the shaping is -

performed using Input Shaping™. ' i
142. A system according to Claim 140, wherein the shaping is
15 performed using one or more filters.

143. A system according to Claim 140, wherein the processor
executes process steps so as to identify any nonlinear elements in the system;
wherein the shaping is peﬁqméh after any nonlinear elements

20 identified by the processor.

144, A system according to Cléim 138, wherein the processor
-alters the feedforward input by pre-saturating the feedforward input and then

shaping the feedforward input.

I~V
w

145. A method of shaping an input to a dynamic system so as
to reduce unwanted dynamics in the system, the input to the dynamic system
comprising digital data sampled at a predetermined frequency, the method

comprising the steps of:
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- 90 - wherein an insensitivity
constraint for a particular system paraneter is added to the
system by setting a series of constraints for different val ues of

the system paraneter so iation in the system

par amet er . 5}'099/45535 lm,"mm“"" !j”lj[& nmet hod accor di ng"quuséPlgﬁgm 31,
wherein the ri determ ned in accordance with a
f eedback S|gnal and wherein the nmethod further

conpri ses adding a quasi-static correction factor to the feedback
signal, the quasi - st atifleptiing systemovibratiensghat pocur at the Nysuise ftequapcy or  a

def I-eCt on it Hgts}g‘s&g) tfﬁl, t@%@ﬁﬁgﬁpﬂdmo 10 a sine wave havanézt two L. g 51. A

met hod accor a
center of masampﬂé pamtsqnppcrmdt agf t he dynami c system

wherein the rigid body input ned L. accordanc W|t
f eedback signal based agﬁlyﬁﬁatﬁeﬁtpgﬁsgé@pﬁrat F’pfnh (%er\tbﬁ
52. A n®t hod serbndl piiledsraf mienfrepipulsellshaped irefapﬁliemas tHeQWoacamplletp@ﬂﬂs in

input to a dy mcss mhawn pl ur al he net hod corrprlslngthe
steps of ; 202 Tirst perio the input, an 'ﬁ%i’ﬁlﬁ‘?ﬂ ‘%%1‘%%415 apeids apnlisd; c system

based on a magakirst sample poinfidad %86 REio@ € theGhput.he pl ural nodes;
determ ning a response of the dynanic system interns of the -

146. A method of generating an; input to a computer—controlléd
10 dynamic system so as to suppress vibrations therein, the dynamic system
| baving a dedicated path solely for a feedforward input from a controller to
controlled hardware, the method comprising the steps of:
determining a frequency of v1branons to be suppressed
wherein, in a case that the frequency of the vibrations to be
15 suppressed is at or below a servo rate for the d)"namic system, the method
comprises the steps of: |
executing servo calculations for the system;
determining a servo output based on the servo
calculations; and _ _ E
20 — outputting the servo output as the input to the dynamic
systeni; and : '
\vhersin,' in a case that the frequency is above the servo rate for
the dynamic system, the method comprises the steps of:

determining a trajectory value;

25 shaping the trajectory; and
outputting the shaped trajectory as the input to the
dynamic system.
147. A method of generating an input to a computer-controlled
30 dynamic system so as to suppress vibrations therein, the dynamic system
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nodal anal ysis in the nodel; determ ning an
expressian for a contribution of each of the 25 -~ plural nodes to a
final location of the system based on a correspondi ng response,

the contribution of each node of the s on switch
tinmes for thWOWBHMIsAZe i nput; )mlmnlmfl"ﬂ ""ﬁﬂﬂu nmaPFHYSP218s
relating to the plural switch times; and ¢ - * 5 *

cal cul ati ng approxi mati ons of the values relating to the plural 30

switch tinmes based on the estimated val ues using the expression for the

- 91 - having a path by whichom fectifoqwardrinpdt aad orhepfsignile argl outpit fromies and t he
nodal anal ysi g ] ofy .t 1 6 SV, .
53. A nethod géé:%f@?ﬁ[gongﬁgﬁ.@%il hrﬁrg‘?ref %‘F tﬁ%@%&é@n@g tgﬁgs gf' step of

re-cal cul ati ng appr oxi reatdutng sarvo thleulatidnsdor thasgsiemn a previ ous

approxi mati on the val ue - 54. t hod according
to daimb53, wherein t H%tep'gl_mng a servo outpyy %ﬁi?dd?rf H{j sgfvgpcaﬁgnaﬁgxbseat ed a
plurality of times, eaGtringnike s&8vaguiputia-catmnotyat ed 10 appr oxi mati on
of the values as the previous approxi mation_of the, val ues.
55. A nethod according ‘?G“@"H}gﬁf g@?"‘?ﬂr‘f‘ﬂ‘é"r f°66‘i’Fng‘%%ﬁ’§ar§H%Pm?

shaping the trajectory value; and
| adding the servo output stored in the memory to the shaped
trajectory'value $O as to generate the feedfo';rward input. )
10 . . .
' 148. A graphical user interface (“GUI") which provides
controllers for affecting operation of a data ‘Storage device, the GUI
comprising a first controller which alters at ;fl_east one of a seek time of the data
storage device and a noise level of the data Ltorage device.
15
149. A GUI according to Claim 148, wherein the first
controller causes progressive changes in the noise level and the seek time of
the data storage device; and ) . | _ :
. wherein as the first controllef increases the noise level of the
20 data storage device, the first controller éausés the seek time of the data storage
device to decrease, and as the first co’ntrolleir decreases the noise level of the
data storage device, the first controller causes the seck time of the data storage

device to increase.

[ AN ]
Lh

150. A GUI according to Claim 149, wherein the first
controller comprises a sliding bar which moves along a continuum on which
data storage device noise level and seek time vary inversely, the continuum
including a first end comprising a high noise level/low seek time and a second

end comprising a low noise level/high seek time.
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step of generating a table conprising plural switch tines;

wherein the estimating step conprises estinmating the values 15 using -
t he tabl e. 56. A nethod according to C aimb52,
further conprising the ating at lea

cor r espondiWM@ %¥#5¥he pl ur al LIE ﬁgmﬂ S(';m‘?(%%9/8‘*\/%,51ere| n
the estinmating step conpri se * mngst he val ues 20 usi ng the at

| east one curve. 57. A nethod according to daim
52, wherein the dynamc system conprise a data storage device; and

wherein the vol t age i Bdutd @dmreprdingiol Glaige 130, futtkertcomprisingat a 25

stocage deviggd h 1 g% ELNRdnSseRdi ng to A aim
52, further cglrrﬁrafegi%}act%%p ays discrete Vgl%lgspc%% gré}nq) f?gm?iglput shapi ng on the
vol t age i npand/af therseskwiime hf therdat storage devicetsaebyetherfirstacoatrtbdern cal cul at ed. 30

- 92 - 59. A nethod according to daim
52, wherein the estimating step is performed using a paraneter
estinma$or. 152. A GUI according to Claim 148, wherein the first

controller causes the data storage device to reduce its power consumption.

153. A GUI according to Claim 152, wherein the first
controller causes progressive changes in the power consumption and the seek
10~ time of the data storage device; and ;
wherein as the first controller causes the data-storégé device to
decrease power consumption, the first controll ‘r causes the seek time of the
data storage device to increase, and as the ﬁrst controller causes the data
storage device to increase power consumption, *the first controller causes the

15 seek time of the dama storage device to decrease.

154. A GUI according to Claim 153, wherein the first
controller comprises a sliding bar which moves along a continuum on which
data storage device pdwer consumption and seé_k time are inversely variable,

20 the continuum including a first end comprising 'a high power consumption/low
seek time and a second end comprising a low ﬂ_;'0wer consumption/high seek

time.

155. A GUI according to Clai:ri 154, further comprising a
25 display area which displays discrete values corresponding to_the seek time of .
the data storage device set by the first controller and an amount of power

remaining in the data storage device.

156. A GUI according to Claim 148, wherein the first

30 controller comprises discrete values which are selectable to alter the noise
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60. A nethod of reducing unwanted vi bratlons in a dynamc 5 system

the nmet hod conprising the steps of: . det er m ni ng
whret her ‘greater than a predet er m ned | evel Vi brat [ ons vvi 1 be
excited by a systemi nput nmodi f I nput
to the dynagheesss em i n H’"t"ﬁ“"ﬂ ,iB‘ t ha® 9 24
predeterm ned | evel of vi b'ratq ons excited, where the I nput to 10
the dynamic systemis nodified so as to reduce the I evel of vibrati ons in
t he systemto |l ess than the predeterm ned | evel of vibrations
61. A net hodlerelcaritirnge teek Gheiontddaavkerage devtidke nodi fyi ng step

conprises using at | east one of an inpu shaper, an inverse shaper, and a 15
filter in order to nodify the input to the dynam c system

62. A data storage devjsge AMGUI cks8Se d0 %tmgnmy@gpgdntl}* to
control novenent of a conponent of the data storage de the dat a

storage devi eeoabagiodes gvhichgs separate from the first controllgr, riémcynstml ch stores the
posi ti on-vel aGifonef 8kike %&dda?aoﬁB’dL@ﬁewce enter mtc?%?ﬁ%&aﬁk/ﬁ) RhOgESS steps;

and processor executes the process st eps
st ored in thee power-savmgrmmu;onmlsms a(gtate tiuruge\nbclaﬂs datapstariagd devieear i abl e for

t he corrponentt,'duéésih%s I;[gg’seffoﬂs‘lm tlﬁﬂq?%@gl%gﬂfﬁned%%qc"g [y command for the

conponent usi ng I ON- t he processor
determining the velocity command based on the position : vari abl e,

(iti) to shape the vel ng. i n r ener haped
vel ocity command, and ]%% X,[Ggﬂcagmr Be t? c}r#roh et e?ﬁ‘}t?@gbased on the
shapediel oc t&mroqenwtses a check box. -
93 -
159. A GUI according to Claim 148, wherein settings in the
GUI override previous settings in the data stofage device.

15 160. A GUI according to Claim 148, further comprising a
preview controller, the preview controller causing the data storage device to .

operate using a noise level set by the first controller.

161. A method of controlling operation of a data storage
20 device, the method comprising the steps of:
- generating a graphical user interface (“GUI”), the GUI
providing a first controller for controlling at least one of a seek time of the
darta storage device and a noise level of the data storage device;

operating the first controller so as to alter settings in the GUI

25 for at least one of the seek time and the noise level of the data storage device;
and
outputting commands to the data storage device causing the data
storage device to alter its operation in accordance with altered settings in the
GUIL
30
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63. A data storage device according to Claim62, wherein the
conponent conprises a head of the data storage device; and
wherein the processor controls the head to nove anong vari ous

tracks of a data recording nmediumin rdevi ce,
64. A dat awdoysags devi ce accordi ng tmgﬂtﬁmﬂﬂ {Ei n, P /us§9/o4910
generate a position variable for the conpgonént®* the processor conpares a

preset position of the conponent to a neasured position of the conponent;

and wherein the processor further perforns inverse
shapi ng on the 10 162t Rethod 35eRITInE 6o GRmJO 1 ¢ Whersipghe iR ¢ he neasured
posi tion to th&dielsfiitional trol’R5wer (cBikumption by the data storage device; 65. A
data storage ‘ﬂg{/i ce acéog?é){ ﬁ%n 1;[00 al r% 64?1pv1\%neryei ﬁ taﬁle ’ e shapi ng and
i nverse shapamty perfornmed by the processor reduce unwanted 15

vibrations resulting f oy e - of .

66. A data storage dev&@egélgg%eo%%fa’tsgbgﬁglﬁﬁé%%,g&gmg%gr%llerflr?he

processor detenrulaeso dswe alrensaingd ip dei GUbrelatifhg tddatg stopage daticeaf t er

controlling W t he conponent; and 20 wherein the
processor us®%WH CPRFRYY yv- neasur ed position of t he conponent to
determ ne the position variable. 67. An apparatus

whi ch generates a trajegtory for inclusionin ) ition-velocity
table that is used in Y- o matRad ageopding ip glaé‘?s]gén?’h?’ﬁ'é‘ %%ﬁ appar at us
conpri sing: further comprises a second controlle? foFECREIHE h&Wer ToRuBiption by

conput er - execut abl e process steps and a
10 the data storage device; and

1
- - wherein the method further comprises, before the outputting -
step, the step of using the second controller t& alter settings in the GUI
relating to data storage device power consumétion. -

15 164. Computer-executable prcclzess steps stored on a computer-
readable medium, the computer-executable précess steps to control operatidti f"jg'i' "
of a data storage device, the computer-executable process steps k:omprisingi ¥
_ .code to generate a graphical user interface (“GUI”), the GUI

: pr9\}iding a first-controller for controlling at _gieast one of a seek time of the

20. data storage device and a noise lev;el of the d:fta _étorage device;

code to operate the first control!_er sO as'to_alter settings in the
GUI for at least one of the seek time and the :iaoise level of the data storage
device; and
code to output commands to the data storage device causing the
25 data storage device to alter its operation in acéordance with altered settings in

the GUI.

165. Computer-executable process steps according to Claim
164, wherein the first controller additionally controls power consumption by

30 the data storage device; and
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posi tion-velocity table having N (N >2) di nensions; and
a processor which executes the process steps stored in the menory
so as (i) to generate a trajectory for the system the trajectory 30

defining system vel oci t stem position and one_or r

- 94 - WO 99/45535 lmwa ﬁ @ m riables, (ii) to s"tca'?l?g%"g%
trajectory in the positi and (iii) to control
the systemin accordance W|th t he traj ectory stored in the

position-velocity table. 68. An appar at us
according to d ai m 67, Wherrdt glerpﬂcﬁémglﬁﬁ'a? epegajes the first contgQlléf SPPE 0 conponent

of the dynanje, %é’tﬁ & hd'8UT PRANLAL datL Bk 4 ower consum fispd of a data
er

st orage devi ce; the processor. controls
t he head to nove am)ng various - tracks of a data storage medi umin

the data storage devi ar at us
according to Claim 68C1%37n(Jaér)glpmecgr%ecofabg%%mcess steps accerg?nlg r@Irlza@méorrprl ses a

desi red novehis)twhdiedd aiadEUbﬁJ.rﬂxheemmﬁmmersécond controller for controlling 70.

An apparatus_according .td C a wherein the processor 15
gener at es th@%?éf’%%‘f‘%wn P}‘nﬂ?e ‘Sﬁm ftPrage 954 A a partial fraction expansion

t hat defi nes varhsay Hﬁrcoﬁfpuieh@xé&%m ﬁo@e¥§§t@p§1 further comprise
code to operate the second controller to alter” scttmgs in the GUI relating to
data storage device power consumpnon

10 _
"167. An apparatus for controlling operation of a data storage.
device, the apparats comprising: :
- a memory which stores computér-executable process steps; and
a processor which executes the process steps so as (i) to
15 generate a graphical user interface (“GUI”), the GUI providing a first
controller for ¢ontrolling at least one of a seek time of the data storage device
and a noise level of the data storage device, (ii) to operate the first controller
so as to alter settings in the GUI for at least one of the seek time and the noise
leilei of the data storage dcvicé, and (iii) to output commands to the data
20 storage device causing the data storagé device to alter its operation in

accordance with altered settings in the GUI.

168. An apparams according to Claim 167, wherein the first
controller additionally controls power consumption by the data storage device;
and

-~
Lh

wherein the operating step comprises operating the first
controller so as to alter settings in the GUI relating to data storage device

power consumption.
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71. An apparatus which controls a dynamc systemin accor dance
wWth a variation in a systemvariable, the apparatus conprising: 20
a nmenory which stores a position-velocity table and conputer-

execut abl e process steps; a processor which
execut es t hevgoopemss st eps gm"ucm'"r'uﬂl‘”mmuL menory RCI/GS89/Q4p10
generate a plurality of trajectaries velocity in terns

of position, the plurality of trajectories being generated in accordance
with at 25 | east one systemyvariable, (ii) to store the plurality of
trajectories in the 169. An apppnaista'ccmdingltmclaim lﬁabtvacrex(nithé )GULIO detect a
val ue of the _at |east.one C;é% e f %{ & to control

t he "dynami c SYFEEE FPPPFISEE R ST CRUplies, fop spmir lmgpower consurmp, 8% 8%t ed val ue of
the system vaid @l foragdddvite; iddj ectories stored in the position-

velocity table. 30 - 95 -
72. An appar at us accor‘ﬁ*leFan {hs RIPGESSOr PAECULRA BFOSESS SteRS HSEYE exesyting

vel oci ty tablg GRfRidsSED, ?eﬁs%ﬁh@&c@ﬁd tohnBbBG 18 RiGSseRRIEE GSBETHING tO various

conponent novenent di stances; wherein the
processor corﬁ@lﬁfmgsmd‘a@éFPﬁ%ﬁﬁéiwl%PO‘ﬁ’ﬁeCWE 5 system by sel ecting
one of the trajectories fromthe position-velocity table + -based on

the detected val ue of the systemvariable and by controlling the
conponent i n .accor dancE0wiA& metitod @@bﬂ&lm 3 dynjami syfsgpm usnng an mput

command, comprising the steps of: ;
10 - shaping the input command to saturation;
inputting the saturated command until a first predetermined
- condition is detected; o
shaping 2 transition of the input:'. command during deceleration
from saturation until a second predetermined condition occurs; and
15 following a preset trajectory until the dynamic system comes to’

within a predetermined proximity -of its final state.

171. A method according to Claun 170 wherein the preset

i trajectory compfises 2 curve in a PV table.

20

172. A data storage device comprising:

a xhemory which stores computer-executable process steps, the
process steps corresponding to a plurality of methods for controlling the data
storage device with reduced vibrations;

25 a manual switch for selecting process steps from the memory

that correspond to one of the methods; and
a processor the for executing the selected process steps so as to

control the data storage device.
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73. An apparatus according to Claim71, wherein the processor 10
control s -a conponent of the dynam c system by generating a function based

on the plurality (mmmm . ' d the systemvariable, by
determ ning a single i ﬁnmwm}m: t he conponent based on the
function, an®®¥4Bhtrolling thet ® s  «Conmponent based orPGTRESXMAY e
trajectory. 15 74. An apparatus according to Claim

71, wherein the processgs A method REL& rabity:o aj ectories
metho of%%t i3 LHuldP bt ﬁe}lr#}éé{:r a/sttefih

by (i) estimati n%@;ystem paraneters, e - syst neters
relating to miapiEsitpagmetsr sdighonaintainos limiten dysecomid parameter, whersytet em (i)

d i Ni hayv.e f \
p(rategg{n ephnge\é\@gs\c%gféanﬁ&gg? g@@%@g% gﬁ%ldllﬂﬁlyrﬁ%ég{aﬂ’:egf rogj(aggcqyms based on

20 det esystemndhs psthedncompasieg the steps ofit i ons, and (iv) storing the
nmodi fi ed trajegctories in the ition.velocity table. |
75. An a"bpar atus for get%fr”é' MR EFSPYST §g§’6rs§c°P8rpa¥a|W95§?(5}PF dygangic

posi ti on-vel osystem teebhmit wdmmimd in the ekt ipiramert;ra@ldl i ng a dynam ¢ system the
25 apparatus conpri sing: ) a nenory which
stores the position-vel&8fF ?1“95['5&"8“‘3%8‘1 Ebthp §ecopd parameter based @pdbait abl e
process st eps respéiffe determined in the determining step. & Processor whi ch execut-es the
process steps stored in the menor:y so as (i) to generate a
trajectory for the system (ii) to store the 30 trajectory in the
pos I6t i opgvel ocity tabl e74an¢d nlettol)actdaing ¥ CHim 148, SHSEE e Frst

parameter is current and the second parameter is voltage; and

wherein the dynamic system comprises a disk drive.

- e,

175. A method according to (;i‘laim 173, wherein the response
15 is determined by iteratively solving a set of équations for the first parameter

knowing at least the second parameter.

176. A method according to Claim 175, wherein the set of
equations comprises: '

20 where A comprises amplitudes of the commahd in the first parameter at each
time interval i, and N comprises a last time interval:
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accordance with the trajectory stored in the position-velocity table; )
wherei n the processor generates the traj ectory in accordance wth

a technique for reduci ng unwanted v, in the system 5
76. An apparatus according to d ai Hlumqwrw,ﬂm%par FH7Us99/04910
y

control s a WORH&AENt of the dynam c s onent conprising a

head of a data storage device; and wherein the
processor controls the head to nove to anong various tracks of a
magneti c di s in the digk driv 77. An appar at us
according to f@l' &?Wrﬁsaaﬂﬁlrs@tﬁqﬂ‘ésﬁ'gﬁ‘ﬂn%e for reduci ng unwant ed
vi brations of the conponent conprises generating the trajectory by
taking into account both a systemvibration limting constraint

and a systemsensitivity constraint. 15 78. An
apparatus according to Claim 77 wherein the system vi bration

limting and sensitivity constgaints redyce vi br\z}tl on during novenent
of the component by |ess har® 20896-1 .fo’yim: J=1-1 79. An
apparatus according to Claim 761 wherein the techni gue for
reduci ng unwanted vi brati ons of the conponent conprises generating the
traj ectory bwyheralR cq;nprist:s)a pulsoresponse ef the sysee t@dwsiecuidrnasamm&rcdndar'e a

functi nt nce of the conponent. 25 N '
80. An%rajlppar afm%onépég‘f)sr%i the eg'%"f‘f[nt‘%m Herein the techni que ~ for
reduci ng unwant ed vi'br at| ons of the corrponent corrprl ses generating t he
E)F]iajyectory by taki ng |lgr70Aa&% fcco)@ steg} 3& %FJ(S‘: gg%lggagglnﬁ;t r7<'g| nt
wher ei n the b@edini Vie6mpises voldgeraﬁdenwempﬂsedravm&gareypdw@bfches of the.
conponent corrprl ses generating t 1

10 - :
178. A method according to Claim 176, wherein the valies of -
R(i) are determined by taking a peak value of the system response and

sampling values of the systerh response at subsequent time increments. |

'S 179. A method generatmg commands for a dynamxc system in a
ﬁrst parameter (A) which maintain a limit i in a *second paramcter (V), where
the second parameter (V) comprises a fundamental hmmng parameter of the
dynamic system, the method compnsmg the steps of:

| determining a values for a command in the first parameter (A)

20 at time intervals (i) based on the following relationship:

i '
- ) A+ 1 -DR{ 5
A = FEI ¢ N R(G) ’ (5)
R(D)

where R comprises a pulse response of the system in the second parameter;
and '

formulating a command over time in the first parameter (A)
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- 97 - trajectory based on an input which has been
shaped in accordance with a predéter m ned shapi ng function.

82. An apparatus accordi %ﬂ' aim 81, wherein the input 5 i ncl udes
both transient portions J m portion; and
wherein onl W?Hg“is?sansi ents r!@’ mﬂ# ) H e i nput have beenPCTms”mmoshaped

in accordance with the predeternined shdping function.

83. An apparatus according to Caim76, wherein the technique 10 for
reduci ng un Vi braat i -ﬁgngg | ses generating the
trajectory \Q?Q%eﬁﬁne[pT 'r}gﬁ 588":% e%@?h?hdﬁgg}g%%%@ or yéﬂusi ng filters having
zeros whi ch are substantially near poles of the system

84. An apparatus accorgding,to . Claim 76 rein.the techni que 15 for
reduci ng unwant ed vi brgétopo sm%‘?“ta‘ﬁéméﬁ’ﬁﬁmﬂ?‘ lggrrﬁ' |er§é“sﬂg°é’ﬁ’ﬂ13°tsi ng the

trajectory byufredtiang V cdmprieceslage.at | east one of constraints relating to

system thermal limts, systemcurrent limts, and system duty
cycl e. _ 85. An apparatus according to O aim 76,
wherein the technique Pfi. A methddodf doREelEAdS il spteniBxAent of the
conponent conprises the steps of: determ ni ng

whet her a t r Ajhratioss yesakiop feosn goxement, the gethed comprising they¥eps o€ ni ned | evel of
vibrations in the systgulirae transitions of an input co d to th@BRa¥l09 | nput
shaping to the traject orylfgln?y Psﬁ}a{lscaslél?ﬁagowaén 0 PA '
system,; and ; '
10 ' shaping transitions of the input command so as to result in a

system response to the input command with reduced vibrations.

182. A method of controlling a system to reduce unwanted
dynamics using commands in both first and second parameters,- where the
15 second parameter comprises a fundamental limiting parameter of the system,
the method comprising:
commanding the system in the first parameter during a first
mode of system operation; and _
| commanding the system in the second parameter during a se_cond

20 mode of system operation.

183. A method acco}ding to Claim 182, wherein the system
comprises a disk drive;
_ wherein the first mode of operation comprises tracking
25 performed by the disk drive; and
wherein the second mode of operation comprises seeking

performed by the disk drive.

184. A method according to Claim 176, 178 and 179, wherein

30 Vi is varied in accordance with i.
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trajectory excites greater than the predeterm ned | evel of vibrations. 25
86. An apparatus according to Caim76, wherein the technique ’ for
reduci ng unwanted vi brations of the conponent conprises generating the

ErS’ge?t ory 3?389%215522 2 Posicast ”mmmm"mm”,m appar at us"‘é’E{E%P’(ﬂfgﬁ% to

Cl aim 76, wherein the technique ¢ L ™op reducing unwanted vi brations
of the component conprises generating the trajectory based on a

symetric input. 5 . 8. An _apparatus according to
d aim 76, wherein thelf2chAnmgied according to g’é@r?&d@ilﬂa’ BR&SHt ed vi brati ons

of the conpoiagtaisdBRr dda&sfod pafitdr REw AR limits; and traj ectory based on a

symmetric constraint that varies as a function of at |east one of
time and conponent podiigieisnthe genqrating step generates the commandgn An appar at us
accordi ng t o 0,301 {&inh W siektohdgidiechni que for reduci ng unwanted
vi brations of the conponent conprises generating a trajectory in

accordance with a voltage whi ch has been controlled by
186. A method of rescaling a vibration-limiting input to a

dynamic system, the method comprising the step of:
linearly scaling amplitudes of thci: vibration-limiting input to
produce a scaled vibration-limiting input. =| '

¥
~

|

cperggh’ abew e

et 8 & e e
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controlling current. 15 90. An apparatus according to
any one of Clainms 75 to 89, wherein the processor generates the
trajectory by (i) identifying system - paraneters in real-tine, and
(ii) modifying the trajectory in real-time in accordance with the
syst em par anwoepssssslenti fi ed by the processor. 20 PCT/US95/04910 91.
An apparatus which controls a dynam c systemthat can be expressed
in ternms of both rigid and fleXiblergE?§2 he apparatus conpri si ng:

a nmenory which stores conputer-exec ocess steps; and

a processor which executes the process steps stored in the menory
so as (i) to qghﬁ(%te a rigid body input for the dynamc system (ii) to 25
process the riflgi edy input so as to produce a processed i nput which
conpensates for vibrations in the flexible node of the system and (iii) to
apply the processed input to control the dynam c system

92. An apparatus according to Caim91, wherein the processor 30

generates the rigid body input by (i) creating a nodel of the rigid node of

t he 99
dynam c system based on a nodal analysis of the system and (ii)
det er m ni ng 7 an input to the dynamfc system based on the npda
anal ysi s, . 6 :
|
\ \
4—"
~—5
10
7
J
7
5
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93. An apparatus according to Claim90, wherein the rigid 5 body

i nput conprises a fundamental limting paraneter of the system the
fundamental limting paranmeter of the system corresponding to a first
paranmeter I nwdwssspsstemto enter into saturation. PCT/US99/04910

94. An apparatus according to Cl aim93, wherein the processor 10
processes the rigid body input in a g/g?g wWth a systemvibration
limting constrai nt andag nsitivity constraint.
95. An apparatus according to O aim 94, wherein the system

vibration [imting and sensitivity copdtNaints r I dur i ng
novement 15 of the conponent | ess\than L00% W
96. An apparatus acc n 0 ai m 91, erei n/1he gprpéﬁsssor
processes the rigid |pbody I nput}iln accgrd nce-wth orie%a s NOE C Nstraints
t hat - are ja funcy on{ gf a mjvenent di s a@eop la i@ hent of the
XU i
dynam c system_ 20 g> 7. &EAE ding to
Cl aim 91, vvhereqn t O¥EsSso =s I“e y input in
accordance with a\gst enithr af ilon 1initijng § rﬁ%@@; bnly. 25
98. An apparatus accor di ntho ai m 9l erein fhe j §SsidD
shapes the rigid bo rpot—ustng a prieddt erm ne sh,aﬁ functj pn:
99. An apparatus according to C aim 9§, [ body
i nput includes both transient portions} a n, and 30
wherein the processor shapes only the fr '
- 100 -
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rigid body input in accordance wth the predeterm ned shaping function.
100. An apparatus according to C aim91, wherein the processor
processes the rigid body input by filtering the input using filters 5
havi ng zeros_which are substantially near poles of the syst :
101. An appal2PU&S¥ccording to A aim 91, wherein the ﬁn{)srg%/%‘g]sosor
processes the rigid body input in accordgnce with at |east one of
constraints relating to system thern®3 @85 systemcurrent limts, and

system 10 duty cycle. 102. An apparat us
according to tm9l_, wherein the processor processes the rigid
body- i nput by e) m fy ng a novenent distance of a conponent of

t he dynam ¢ system and- nodifying the i nput based on the 15 novenent
di st ance. 103. An apparatus according to Claim
91, wherein the rigid body i nput conprises a Posicast input. 20
104. An apparatus according to daimpSt—wkegrein the rigid body

i nput conprises a synmetric input. @

_ . 5301

GENERATE GUI

S302
INPUT SETTINGS TO GUI
S303
. ' ' ~7
GENERATE COMMANDS BASED ON SETTINGS
S304

/

OUTPUT COMMANDS TO DISK DRIVE

END
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105. An apparatus according to Claim91l, wherein the pr ocessor
processes the rigid body input in accordance wiwth a symmetric 25 .
constraint that varies as a function of at [east one of time and position
of a conponent of the dynam c system

106. An app¥gdousszaccording to Caim91l, wherein the PCT/US9@U49ES S OF
processes the rigid body input based on a voltage which has been 30

controlled by controlling current. -

- 101 - C)4R/Q2é3107. An apparatus according to
any one of Clains 91 to 106, wherein the processor processes the
rigid body input by (i) identifying system paraneters in

real-tine, and (ii) nodifying the input in real-time in accordance
with the system paraneters identified by the processor. 5

108. An apparatus according to Caim91l, wherein the pr ocessor
generates the rigid body input in accordance with an insensitivity
constraint. 10 109. An apparatus accordlng to Caim
108, wherein the 5 re—SY-St-e - eRPpSe ot-gral ity of

equations for the F] and
insensitivity consjfifJji nf flor a partic&ar %ystem IS
added to the syste By [ aldi ng a-derlv ivej of a syste
l.\l\\ | 8
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wWith respect to the insensitivity constraint and setting the derivative

equal to’'15 zero. . 110. An appar at us
according to Caim 108, wherein the nodel of the system conpri ses
a plurality @bssassssions for the system and PCT/US99/04910

wherein an insensitivity constraint for a particular system 20
paraneter is added to the system by Eit a series of constraints for
di fferent val ues of the s%? ﬁﬁ%aneter so as tolimt a

variation in the system par anet er . 111.
An apparatus according to Cl aim90, wherein the 25 pr ocessor
generates the rigid body input in accordance with a feedback signal;

and wherein the processor adds a quasi-static
correction factor to the f eedback signal, the quasi-static
correction factor correcting for a deflection in t he conponent
during novenent. 30 - 102 -
112. An apparatus according to Caim90, wherein the processor
deternmines a center _of nnss of a_conponent of the dvnanic system

and e rigid body

input in 5 he center of

mass of -t he

3
¥

4

ance with a feedback signal ba
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conponent . 113. An apparatus which determ nes
plural switch tines for a vol tage input into a dynam c system
havi ng pl ural nodes, the apparatus 10 conpri si ng:

a nenory which stores conputer-executabl e process steps; and

a processor Wih#a4538xecut es the process steps stored in thePCTUSINN0 oy
so as (i) to generate a nodel of the dynamic systemin terns of a

nodal anal ysis each of the plural n@@?/%s) to determi ne a response of

the 15 dynam c systemin terns o0 € nodal analysis in the nodel
(iii) to determ ne an expression for a contribution of each of the
plural nodes to a final |ocation of the system based on a
correspondi ng response, the contribution of each node of the

system bei ng based on switch tinmes for the voltage input, (iv) to
estimate val ues corresponding to the plural switch tinmes, and (v) to

w /T

‘.

cal cul ate 20 approxi mati ons of the val ues corresponding to the plural
switch times based on the estimated val ues using the expression
for the contributionaf_each of the pl t he nodal
anal ysis in the nodqkapf e gymanmtsSysSrem 114.
An appar atus accor di tq Caim1l3, rein the 25 essor
re-cal cul at es approﬂ at ifons of. the val ges aged on a pre
approxi mati on of thg|\pl yes. _ T %R 114 appar at us
according to Caim 314} Wherein the m,:grocessor r etcal clul at es
approxi mati ons of the Vallues a plural i‘N gﬂ.tlh.mes, eac time using
a re-cal cul ated apprfox| ngti on of the jval u%%%{thellépre
103 + E%I )
Q09 =
SOOI o
; W
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approxi mati on of the val ues. 116. An apparat us

according-to Claim113, wherein the " processor generates a table
conprising plural switch tines; and 5 wherein the
processor estimtes the val ues using the table.
117. An appa™@®é4ss8¥cording to Oai m 113, wherein the PCTUSSYEWs sor
generates at | east one curve corresponding to the plural switch tines;
and 10 wherei n t B/ §8&ssor estimates the val ues using
the at | east one curve. 118. An apparat us
according to Claim 113, wherein the dynam c system conprises a
dat a-storage device; and 15 wherein the voltage inputs
conprise voltage inputs to the data st orage devi ce.
119. An apparatus according to Claim 113, further conprising t he
step of perform ng input shaping on the voltage input after switch tines 20
t heref or have been cal cul ated. 120. An apparat us which
reduces unwant ed vi br ations—in—a hRai-c—syst-am—the—appar at us
conprising: -
conput er - execut abl e phm@iies stepéﬁ and 2% processor
whi ch executes the pri{fgHdss] steps gtored i the 50 as (i) to
det erm ne whet her gregatBr than a S{gdetep ned | evel of vi brati ons
will be excited by anfinput to the §ystem d (1i) to m e
i nput to-the dynamc dtefnin a cajeafhat dimdter th%ﬁ 1 et er m ned
| evel of vib iops wil'l be—excited; ere t@% br nodi fies
the input to the
@
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30 dynam c systemso as to reduce the level of vibrations in the

systemto | ess - 104 --

than the predeterm ned | evel of vibrations. 121. An
apparatus according to Claim 120, wherein the processor nodifies

t he i nput to“@H@“ﬂgﬁanic system using at | east one of an 5PCT/USIOIYH ¢
shaper, an inverse shaper, and a filter. 122. A

nmet hod of controlling a dynam c systgn%kﬁzﬁgcordance wi th an i nput
that is a function of tine so is to redice unwanted vibrations in

the system the nmethod conprising the steps of: 10

generating a nodel of the dynam c system the nodel defining system
position in ternms of both tinme and a systeminput, and the nodel
constraining the systemin accordance with one or nore constraints rel ating
to t he unwant ed vi brati ons; determ ning an
input to the dynam c system which reduces the 15 unwant ed vi brations
based on the nodel gd '
controlling the dynar systemin accordance\Mtr1iye i jp
determ ned in the det|gfm
according to Cl aim 12

143. A net hod
erein the nodel of :

Qp
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20 the system conprises a partial fraction expansion of third order

equations that define the system - 124. A
nmet hod according to Claim 123, wherein the partial fraction
expansi on equations conpri se: [err]

- 105- WO 99/45535 where Final pos is the final posiPCTaI§93M4914
conponent of the dynam c system T[err] corresponds to a tine at
whi ch Final pos is reached, A a annggﬁyezzzsed on the system
paranmeters, V[err] are voltage inpu 0 system T[err] are the tines

at which Verr] are input, and [err]t is a tine interval at which V[err]
are_input. 5 125. A nethod according to Claim 122,

wherein the input determned in the determining step conprises the
fundanmental limting

IDE DRIVE 1, MASTER
IDE. DRIVE 1, SLAVE
IDE DRIVE 2, MASTER

FIG.9
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paranmeter of the system the fundanental lititing paranmeter corresponding

to a first paraneter in the systemto enter into saturation. 10
126. A nethod of using a current conmmand to control a system

havi ng voltage as a physical limting paraneter, where the system i ncludes
a , G bedtkascontrol | er connected to a power supply,raingsosressiiod
conprising the steps of: 15 I nputting a
current command to the system shapi ng the current
command using a unity magnitude shaJeQ/{(zs that the current
controller in the systemgoes into sa i 2Nd

supplying voltage to the system e riTe )
current controller in saturat t hod
of generating a gosttrom y table for a ynam g s M the
met hod conprising th® 3(Eps 6f: el i Rg thg |flynami c

systemin terns d¢f par{gi fraction expansi on equ
integrating the partigll/fraction expansi on equations forwar
time so as to gerjeratg/a trajectory for the dynamc systen (a

storing the trajgqctor/f for the systemin the position-velocity
tabl e. ' - 106 -

FIG.10A

Q
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128. A nethod according to Caim 127, wherein the parti al fraction
expansi on equati ons which nodel the dynam c 'system conpri se:

[err] where Finalpos is the final position of a conponent
of the dynam c system T[err] corresponds to a tine at which

Final pos is reQomés3s A a and b are based 5 on the syJCEMSPEMEMet er s,
V[err] are inputs to the system T[err] are the tines at whi ch

Vlerr] are input, and At is atine in%grm t which V[err] are input.
: ein the position-

129. An apparaFyz ccgré) to Caim
velocity tablefc &gui e non-di mensi onal position velocity table. 10

130. A nethod of controlling a dynam c system having one or nor e
feedf orward i nputs, where one of the feedforward i nputs corresponds to

a fundamental |imting paraneter of the system the nethod conprising the
steps of: 15 altering a formof a feedforward input
that corresponds to the fundanental limting paraneter of the
system so as to reduce unwant ed dynam cs of the system

131. A nethod according to Cd aim 130, er A@rising the 20 step

I ng par ter of the system by
e SYpJsgm to\enter into saturation.

of determ ning tq fundamental |im
identifying a fiL;%_EiL?neter of

76

SENSOR MOTOR

)
CONTROLLER/
PROCESSOR
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- 107 - 132. A nethod according to aim

130, wherein the altering step conprises shaping the feedforward

i nput . 133. A nethod according to Caim 132,
wherein the g}a}g %s is 5 performed using I nput Shaping.

134. A netho &SP ng to C aim 132, V\,her ei n the shapi ng iRET/US99/04910
performed using one or nore filters. 135. A net hod
according to Claim132, further conpfi {r{ steps of:

identifying any nonlinear elenments i n e @st em

wherein the shaping is performed af er any nonlinear elenents
identified in the identifying step. 136. Arrethod
according to Claim 130, wherein thesal tering step conpri ses
pre-saturating the feedforward |npuE d then shaping the

feedf orward i nput. 20 137. A nethod according to

Cl aim 130, wherein the dynamc ~] qystem conpri ses a data storage
devi ce system and n
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wherein the fundanental |imting paraneter conprises voltage.
138.- A dat'a storage device system having one or nore 25 f eedf orward

i nputs, where one of the feedforward inputs corresponds to a

fundanmental limting parameter of the system the system conprising:

a menory whi CW°§?’6’752% conput er - execut abl e process steps; anB8CT/USI9/04910

a processor which executes the process steps stored in the menory
so as to alter a formof a feedforwagd\?}%ﬁthat corresponds to the 30
fundanmental limting parameter of th S so as to reduce unwanted

- 108 - dynam cs of the system

139. -A system according to Claim 138, wherein the processor
execut es process steps so as to determ ne the fundanental limti
paranmeter 5 of the systemBy identifving a first parametergof the
systemto enter irfto saturation ' ' 140. A
system accordi ng tjo Caim 138, wherein the f eedf orwar d put is
altered by shaping the feedforward igput 10
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141. A system according to C aim 140, wherein the shaping is

performed using I nput Shaping[err]. 142. A system.

according to O aim 140, wherein the shaping is 15 per formed using one
or nore filtewy ooussss 143. A systemaccording to Caim
140, wherein the processor execut es process steps BeI/HSMHI10

identify any nonlinear elenents in the system
wherein the shaping is perfornmed after‘]ap)/%l i near el enents 20

identified by tfll]@cqsar. 144. A system
according to C ai 38, erein the processor alters the

feedf orward i npRRIDR PARTSaturating the feedforward i nput and then

shapi ng the feedforward Thput. 25 145. A nethod of
shaping an input to a dynam c system so as to reduce unwanted
dynamcs in the system the input to the dynam c system conpri sing

digital data sanpled at a predeterm ned frequency, the nethod
conprising the steps of: -

109 -
SETPOINT | pv Lookup | VELOCITY | SYSTEM '
Lookup | V (CLOSED LOOP
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_POSITION |
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PV Lo SYSTEM
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identifying systemvibrations that occur at the Nyquist frequency
for.the system the systemvibrations corresponding to a sine wave havi ng

t wo sanpl e points per period; and appl yi ng
a three-pul se shagF[ to the input, wherein first and 5 ) %oagmpulses
of the threeMOMW4¥3Ehaper are applied at the two sanpl e poifft’é"$H

a first period of the input, and a third pul se of the three-pul se shaper is
appl i ed at a first sanple poifrf /P& second period of the input.
146. A nethod of generating an input to conputer-controlled 10
dynam c system so as to suppress vibrations therein, the dynam c system
havifng a dedi cated path solely for a feedforward input froma controller to
controll ed hardware, the nethod conprising the steps of:
determ ning a frequency of vibrations to be suppressed;
wherein, in a case_tha he frequency of the vibrations to be 15

beié; a servo rate for the dynam c system the nethod

f

suppressed is ﬁg?
p3 executing servo

.
conprises the ste of :

cal cul ations for the system determning a

servo output based on the servog cal cul ations; ahd 20

outputting the servo output as fthe input to the dynamc system
and ) wherein, in a case that the frequency is above
the servo rate for t hg dynami c system the nethpd conprises the
steps of: -~ determning a tfajectory value; 25

shaping the trajectory; d : opfputting the
shaped trajectory ae—e-hewl-n-pa-bto t he IS dynanmic s-ys-(-e[bﬂ——o-
147. A method of generating an fnput-to a conputer-contrplled 30

dynam ¢ system so as to suppress vibrationg therein, the]dynamc system

- 110 -
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having a path by which a feedforward i nput and other signals are output

from a controller to controlled hardware, the nethod conpri sing
the steps of: executing servo cal cul ations for the
system WO 99/45535 determining a servo output HaxRRgs,Meet e
servo calculé?long, 5 storing the servo output in a
menory; det er,nni a trajectory value for the

feedf orward i nput; 7?5 é%aping the trajectory val ue; and

addi ng the servo output stored in the nmenory to the shaped
trajectory value so as to generate the feedforward i nput. 10
148." A graphical user interface ("GUJ ") which provides controllers
for affecting operation of a data storage device, the GJ
conprising a first controller which alters at |east one of a seek tine of
t he data st4rgye device and a noise |evel of the data storage
15 Frlc;. f ?b ' J

devi ce. 149. A QUI according to Caim 148,
wherein the first controll er causes progressive changes in the
noi se |l evel and the seek tine[or The data stqrage device; and

wherein as the first control lfer increases the noise | qgvel of the 20
data storage device, the firsg controller causes the deek tinme of the data

st orage . device to degcrease, and a$ the first Jcontroller decreases
the noise level of the . data storage device, tlhe first controller
causes the seek tine ?g%zre dpta storage % devifce t?t5ncrease. 25
150. A GUJ according ai,n) 149, wherei pGthe first Y coptroller

conprises a sliding bar whichl noves al ong g conti nuumfon whi ch

data storage device noise |level and seek tgne vary inJersely, the continuum
including a first end conprisjng a high noijse level/ldw seek tine and a
second ;
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end conprising a |l ow noise | evel/high seek tinme. 30 _

151. A QU according to Caim 150, further conprising a di spl ay
area whi ch di splays discrete val ues corresponding to the noise |evel
and/or the seek tinme of the data storage device set by the first

control | er. wo9%94ss35 152. A GQUI according t ecCusiynidiag,
wherein the first controll er causes the data storage device to
reduce its power consunption. 77/ 153. A GQUI according
to Caim152, wherein the first Zﬁt roll er causes progressive
changes in the power consunption and the seek 10 time of the data

st orage devi cps d wherein as the first controller
causes the daﬁglgorlgg device to decrease power consunption, the
first controller causes the seek tinme of the data storage device
to increase, and as the first controller causes the data st orage

device to increase power consunption, the first controller causes the 15
seek tinme of the data storage device to decrease.
154. A GQUI according to Caim153, wherein the fjirst controller

conprises a sliding bar which {noves along a continuum whi ch _ -
data storage device power congunption and seek tinme are}inversely variable,
20 the conti nuum i ncludilng a first end conprisingf a high power
consunption/ | ow seek [time -and a second end cogl)ri sing a | ow power
consunpti on/ hi gh seek tinme. -
X ' Y,
n__ . IS n__.
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155. A GQUI according to Caim 154, further conprising a 25 di spl ay
area which displays discrete values corresponding to the seek tine of
the data storage device set by the first controller and an anount of power

remaining in the data storage devi ce. peT/usvodasfy A GU
accordi ng t &XI°4FHr 148, wherein the first 30 control l'er conprises
di screte val ues which are selectable to alter the noise
- 112 - | evel agquféiﬁp seek tinme of the data storage
devi ce. 157. according to O ai m 148,
further conprising a ' second controller, which is separate fromthe
first controller, the second 5 controll er causing the data storage
device to enter into a power-saving node, t he power - saviddg node
conprising a stat¢ durfng which'the data'storage deviceé ' ﬁ%educes
its power consunptlion by a predeterm ned anount.
158. A QUI accordijnhg to C aim 157, wherein the second 10 dantrol | er
conprises a check [box 1L
o
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159. A GQUI according to Cl aim 148, wherein settings in the Ul

override previous settings in the data storage device. 15

160. A GU accordi ng to Claim 148, further conprising a previ ew
controller, !ﬁh?%%ew controll er causing the data storage device to

oper at e usi ng a | evel set by the first controller. PCT/US99/04910

161. A nethod of controlling operation of a data storage 20 devi ce,

t he net hod conprising the steps of: 19 28 generating a
graphi cal user interface ("GUJ "), the GU providing a first controller
for controlling at |east one of a seek tine of the data storage

device and a noise level of the data storage device;
operating the first LnnftnIIF‘J’ SQ.as tO alter settings in the GU &5

for at |east one of [the seek time and 'the hois€ 1&vel oI TheToa St orage
devi ce; and out putting corrmandgj(o t he

data storage device ausi ng the data storage device to algger its
operation in accord@pce with altered settings in the GUH. 30
- 113 - : 162. A nethod accordi np to Caim
161, wherein the fil © :
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controller additionally controls power consunption by the data storage

devi ce; and ‘wherein the operating step
conprises operating the first 5 controller so as to alter settings in
the GUI relating to data storage device power consu tiB

163. A met hO¥O&¥¥8&15di ng to O aim 161, wherein the GU FCT, s"?u‘{;fnner
conprises a second controller for controlling power consunption by 10

t he data storage device; and 0/28 wherein the nethod
further conprises, before the outputtinmng step, the step of using
the second controller to alter settings in the GU relating to
dat a storage device power consunption. 15 164.
Conmput er - execut abl e process steps stored on a conputer- r eadabl e

medi um the conputer-executabl e process steps to control operation
of a data storage device, the conputer-executable process step&ndPnprising:
code to generate f T T, e GOl - 0
providing a firs ‘ling at | east one of se time of

controller for contr

t he 20 dat § storage device and a hoise | evel of the dat§ stoétage
devi ce; code to|l operate the first con{rQ ler so as
to alter setting$ in the QU fpr at |east one of the|s€ek tine and
t he noi se | eyel ¢f the -data storage - .- -devi ce; and _
code to outpg@ gmands to the data stof age device causing th¢ 85
data storage ggice to alter its operatjon.in accordance with]artered
settings in @ the GU . b ' 165.
Conput er --exe@t alpl e process steps accorfding to Caim. c1]64, wherein
the first cofdg9H er additionally contrpls:power consunption 4y.:30
t he data sto@&g@|device; and S ~
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wherein the operating code operates the first controller so as to

al ter settings in
consunpti on.

steps according to daim 5

t he GU

relating to data storage device power

166. Conput er - execut abl e process

second cont r BOHSPHr control ling

st orage devi ce;
process steps furt

controller to alter settings in the
devi ce power consunpti on.

operation of a dat

a processor which

a graphical user i
controller for con
devi ce an

operate the first
for at | east one o
st orage devi ce, an
devi ce causi
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aI
An appar at us %E%

or
addi tional |y madatr

and sg(’

the first D:§
to data storage de

~ O

o

=0

EEN)

2

=0

wic

-

=8

39

S

FIG.23B

and

her conpri se

10
a storage

165, wherein the QU
power consunpt i di-BFYH

81/28

devi ce,

further co

&ISES a
dat a

e

wherei n the conput er-executabl e

ating to

and

I

a
q
f

q

terface ("GU "), the @
rolling at | east one o
. a noi se | evel of the
ontroller SO
the seek time and the
(ii1) to output coma
e |data storage device to
ered settings in thelG
ing to Caim167, wher
t s power consunption by
wherein the o
controller so as to al

t
Ji

q

XECUTEST T Process SUEpPS 50 as (1) 1o 15

| providing a first
a seek tinme of the da
lat a st orage devi ce,
s to alter settings |H
noi se | evel d
hds to the data 20
alter its operation in
| .
ein the first

the data storage devr
perati ng step conpri ses
ter settings in the QY

t

f

W ce power qusunption. -
==z—.__—_—_—J_-
|
nad 1 -
|
1 1 1 [} [}
7o)
[2) o 7o) o 10 o -
L
2
=~
30
s
S
52
a
<

SUBSTITUTE SHEET (RULE 26)

g to operate t he second

data storage
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- 115 - 169. An apparatus according to
Cl aim 168, wherein the GU further conprises a second controller
for controlling power consunption by t he data storage device; and
wherein the pweowasHaE executes process steps, before executing 5 t he
outputting step, to use the second controller to alter settPrJEsPMRhe cu

relating to data storage device power_consunption. _
170. A nethod of controlling a dynanﬁBééYéggg1using an i nput

command, conprising the steps of: 10 shapi ng the input
command to sat!??{%bqé%lé i nputting the saturated
command unti | M St4predet erm ned condition is detected;

shaping a transition of the input conmand during decel eration from

saturation until a second predeterm ned condition occurs; and 15

following a preset tra ctor}&until t he dynam c system cones to
within a predeterm ned i yvpf its final state.
171. A net hodVQLTAGE np t al m @70 wherein the preset

A
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trajectory conprises a curve in a PV table. 20 172.

A data storage device conprising: , a nmenory which
stores conputer-execut abl e process steps, the process steps
corresponding to a Iurallty of methods for controlling the orage
device with g’ ﬁ’é?a vi brations; 25 a manua ?93’\‘/)\2'9t§ézh fo

sel ecting process steps fronlthe menor that correspond to one of
t he net hods; and ;ﬁ// B ocessor the for executing the
sel ected process steps so as to control the data storage device.
- 116 - 173. A nethod of generating
commands for trzxsaqu;yysten1 ina first paraneter which maintain
alimt in a ¢ ter, where the secogg paraneter
conprises a fundanmental limting paraneter of the dynam-c system
the nethod conprising the steps of: 5 determ ning a
response of the second paraneter in the dynamc systen1to a unit
command in the first paraneter; and generating the
command in the ggfond paﬂ;ﬁpter based on theFF response determ ned

in the determ nigjng step.
to Caim173, er ej
second par anet i

174. A nmethod according
By |l @ ¢yrf ant 11rckthe

§T§ s

FIG.28
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wherein the dynam c system conprises a disk drive.

175. A nethod according to Claim 173, wherein the response 15 S
determ ned by iteratively solving a set of equations for the first
par amet er wo 99/4%439Wi ng at | east the second paraneter.
176. A nethod according to Caim 175, wherein the set of PCT/USO%0198t | ons
conpri ses: [err] 20
where A conprises anplitudes of the CQﬁhﬁPd the first paraneter at each
time interval i, and N conprises a last tfne rnterval;
[err] . mher4 v conprises a systemvelocity and CJerr] is a
const ant ; X [er]
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Pl[err] conprises a final state of the system and

[err] ) where R conprises a pul se response of the systemto the
second paraneter and 5 V[err] conprises a limt in the second

par anet er. 177. A nethod according to C aim 176,
wherein A conpYQ ¥4s8s3s current, V conprises voltage, arRETRISSGOWPIO ses a
vol t age response of the system 10 178. A

nmet hod according to Claim 176, vvhereigéh/’ 8 ues of R(i) are
determ ned by taking a peak val ue of s% em response and

sanpling values of the systemresponse at subsequent tine increnents. "5
179. A nethod generati ng conmands for dynam c systemin a first
paranmeter (A) which maintain a limt i a second paraneter (V), where

t he second paraneter (V) conprises a fyndanental limting paraneter of the
dynam c system the nmethod conpri sf  eps of:

determ ning a values for a conmand rst paranmeter (A) 20 at
time intervals (i) based on the fq ng rgl ationshi p:

[err]

>
=
>
Q)

+ Wv Kv Ka s + Kx Kv K1

Kx Kv Ka

Wf s° + Wa Ka s2

FIG.31
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where R conprises a pulse response of the systemin the second parangter:

and formulating a command over tine in the first
paranmeter (A) - 118 -
based on th i al ues determned in the determning ste

180. A nethgﬁéé%%%%Hing to Caim179, wherein A conprises Pcrnsmmu%%rrent
and V conprises voltage. 5 181. A nethod of
controlling a dynam c system havi n926 28vi brations resulting from
novenent, the nmethod conprising the stéps of: i dentifying
transitions of an input command to the dynamc system and 10

shaping transitions of the input command so as to result in a
system response to the i nput command with reduced vibrations.

182. A nethod of controlling a systemto reduce unwanted dynam cs
usi ng commands in both first and second paraneters, where the 15

second paraneter conprises a fundanental limting paraneter of the system
t he net hod conpri si ng: comandi ng the systemin the

first paraneter during a first
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node of system operation;

and

in the second paraneter during a second 20 °
183. A nethod according to Caim 182, wherein the system

a di sk drive;

conpri ses tr MHIN#§355

wherein the first nod
performed by the disk drive; an

commandi ng the system
node of system operation.

conpri ses

epﬁms?&?&&?ot ton

wherein the second node of operation conprises seeking per f or med
by the disk drive. EZ;C/G?E}84. A et hod according to
Claim 176, 178Pr6133her ein 30 err] is varied in accordance
with i. . - 119 -

185.- A nethod according to Clains 173 to 179, wherein
are added for paraneter slewrate limts; and

t he generating step generates the ¢
added constraints. 5 0.8
vibration-limting input to a
the step of:
vibration-limting input to

constraints
wherein
'accor dance W th the
186. A nethod of reschling a
ystem the nmethod ponprising
i anplitudes of4the
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produce a scaled vibration-limting input.
- 120 -
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