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(57) Abstract: Method and apparatus for evaluating programming used by a programmable pro-
cessor device (142) in a disc drive (100) to carry out servo control of a head (118) with respect to a
rotatable disc (108). The programming is first generated (302) as a series of instructions executable
by the programmable processor device. Processor emulation software is provided (304) to simulate
execution of the instructions in a computer. A dynamic model of electrical and mechanical portions
of the disc drive is generated (306) using plant simulation software. A dynamic linking program
is configured (308) to synchronize and transfer data between the processor emulation software and
the plant simulation software. All three programs are thereafter simultaneously executed (314) in
the computer to evaluate realtime operation of the programming (316).




[err] Abstract: Method and apparatus for eval uating progranmm ng usé@jbﬂcq mm3
programmabl e pro- cessor device (142) in a disc drive (100) to carry out
servo control of a head (118) with respect to a rotatable disc (108). The
programming is first gener S seri i i
executable-—by—Lhe—pngLewéiﬁxiiﬁﬁ£§§§?,d&ld Jmmm
software is provided (304) to sinulate execution of the instructions in a
conput er . Fxodyereasiecairidebbregfions et e "¢t and mechani cal portions of the
di sc drivggzoZﬁg@ﬁfgggyfxﬁﬁgﬁfﬁg?ﬁé”ﬁ¥%nt sinul ation software. A dynamic
| i nking program “I's con |gured'(308) to synchroni ze and transfer data

bet ween the processor enul ation software and the plant simnulation
software. Al three prograns are thereafter sinultaneously executed (314)
in the conputer to evaluate realtinme operation of the progranm ng (316).
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2 1 OCT 2003 WD 00/63893 PCT/ USOCQO 10410 -1 SERVO PROCESSOR CODE E\@I‘U@t%
USING A VIRTUAL DI SC DRI VE Field of the Invention This invention relta 03
general |y twoodwssdi el d of disc drive storage devices, agrusmong&io
particularly, but not by way of limtation, to inprovenents in the
creation and evaluation of disc drive firmvare code. 5 Background of the

I nvention Hard disc drives are commonly used as the primary data storage
and retrieval devices in nodem conputer systens. A typical disc drive is
configured wth a spindle notor to rotate one or nore rigid magnetic
recording discs at a 10 constant high speed. User data are magnetically
stored on tracks defi nedSERVORROGESSOR WODE EVARATION ray of read/ wite
heads supported by an act uat USING AVIRTUAL BISGDRIMEOr not.or, such as a
voice coil motor (VCM, is used to rotate the actuator assenbly, and
hence the heads, across the disc surfaces. A closed | oop, processor-based
servo systemoperates to control disc 15 rotation and the novenent of the
heads over the disc surfaces. The servo processor (typically a digital

si gnal processdgld 0498 provided with associated programming to

out put current comvgRg SRl rdlattPoeRGhil 1 Rhc T FofANE dA%d sithgRIdevibdsy er
circuits to adjust the current applied to the spindle notor and the

act uat or m)tor.anQG’W%Wb%FQ%B%&’&YOM%@EO%&?WP&W@@W’cnl’f‘i‘eee mai n

operat | ons: Corb%éaﬂaﬁhx{?l%valﬁﬁioﬂ%cﬁs%@ﬁnﬁ@ﬁ@gdde?m uator seeking; and
actuator track tollowmng. Spindle notor control involves sensing initial
at restS position of the notor hub, ranping up spindle notor speed, and

regul ating the 1§BE§8 n%fofgﬁg(?nmgoglr within certain tolerances. 25 2 1 OCT
2003

Hard disc drives are commonly used as the primary data storage and
retrieval devices in modern computer systems. A typical disc drive is configured
with a spindle motor to rotate one or more rigid magnetic recording discs at a

10 constant high speed. User data are magnetically stored on tracks defined on the
disc surfaces by an array of read/write heads supported by an actuator assembly.
An actuator motor, such as a voice coil motor (VCM), is used to rotate the
actuator assembly, and hence the heads, across the disc surfaces.

A closed loop, processor-based servo system operates to control disc

15 rotation and the movement of the heads over the disc surfaces. The servo
processor (typically a digital signal processor, or DSP) is provided with
associated programming to output current command signals to both spindle and
actuator driver circuits to adjust the current applied to the spindle motor and the
actuator motor.

20 The servo processor hence carries out three main operations: controlling
spindle motor speed; actuator seeking; and actuator track following. Spindle
motor control involves sensing initial at rest position of the motor hub, ramping
up spindle motor speed, and regulating the speed of the motor within certain
tolerances.

25



WD 00/ 63893 PCT/ USOQ 10410 -2 A seek invol ves the movement of a sel&dt 88T 2003
head froman initial track to a destination track on the correspondi ng

di sc surf aee oosdsss he begi nning of a seek, the processorcpedositsnt es an
appropriate velocity profile indicative of a desired trajectory for the
head based on the length of the seek (i.e., the nunber of tracks 5 from
the initial track to the destination track). Thereafter, the processor
repetitively determ nes velocity error -&s the difference between the
desired velocity and the actual velocity of the head, and outputs current
command si gnal s t oAcaeksiavalyes thearayement obi seteated head drogi anduitielgtaglkc ot y
trajectory and ¢ . . I | O r . 10.Track

foll owing i nvolav&egs a{zl%’ %J(ggtg l|Il tr%lg\g%‘;%%&s}'?{nggﬁfg %}gﬁ%‘# &ﬁfée t%géﬂm \(/)g? Segﬁ sel ected
track. During tthemhkeebok baelatey, an aprroppagoedsigrprofde gudicativepd s idesiredh | nput s
fromservo data_transdu f.rom.th rack .and out S appropriate current
command si gnal ?afeggﬁhgﬁ gg%adtbﬁseedﬁ’égiﬁt]?n é’fg.'gsffeggldep’%éﬁ% Sﬁoﬁxf@she sel ected
track 5(such adromvehe iritied tracknd the dedtinitior tackd.c Rhereafitr, the ptocéssornot ed t hat dat a

are witten to and.1 ad.from data bl gc (sectors) .on the track during
track foll ow nd_epegp\@ eéeg%?‘mf)‘é“g]%c&y §’§?r\?68’§§§fe§eﬁﬁecb§? ee?ﬂ thedgsitedy £ or

exanmpl e, in U Selobigt £dithd¥etuabieRBily SQife hed an®ehtpuds dlrtbityo@inadd . , assigned to
t he assignee of the present invention. In order to carry out the requisite

servo control fsigaels tassuse thefsad o felipmathefssged welagity gty & cpanedP ocessor nust

be general |y tgid gvfeheldestiniifon bk pParti cul ar el ectro-nechani cal response
characteristics of the drive.. Wile the basic |ayout of the servo
proces¥or progr ammi Arpck fllewing dipvelverigie eqntipued ppsitignjitgradthe hgpioverdde” ) can be
devel oped concuge &y dai WohbhetlE Follfivibg, HE préGsdrkéles phiifGH nfg: typically
t he progranm nggcannot be%glocfy VOVI’i tten a%rd Slebuggeds?untl laﬁ?ter t he
mechani cal conffrogusentoidaia tafisduded frdimsthe wiack wed quiits pppropriateiewrent  spi ndl e 25

notor) and the r I i i atd an. of i ive (notor
driver, servo °8§‘P§X§§#oa§d$§‘%%‘r § %eeg%%{ agf\k/ég]?%dé%&eo?l t%wﬁeelg‘l’st%&%atgﬁan
engi neeri ng pr @tuh ypever the vanter of the track). slewillbeqotdd thabdatd op meitten taradd debug
oper atj_ons have desi r ahl added sjgnifi.cant 1t t ign cycle
for néW gener aff%&%onb#awgfqg%s gff‘g‘\)/ Onéirlo Gréfi Se wablt fiobilg. Pc:

based servo systems are discussed, for example, in U.S. Patent No. 5,262,907

issued to Duffy et al., assigned to the assignee of the present invention.
In order to carry out the requisite servo control functions, the

programming used by the servo processor must be generally tailored to the

20 particular electro-mechanical response characteristics of the drive. While the
basic layout of the servo processor programming (also referred to as "firmware"
and "code") can be developed concurrently with other disc drive design
functions, typically the programming cannot be fully written and debugged until
after the mechanical configuration of the disc drive (actuator, discs, spindle

25 motor) and the relevant electrical configuration of the disc drive (motor driver,
servo data demodulator) become available, at least at an engineering prototype
level. Hence, servo code development and debug operations have undesirably
added significant time to the design cycle for new generations of disc drive

products.



2 1 OCT 2003 WO 00/63893 PCT/ US00/ 10410 -3 Wth continued demand f?q %?02003
drives with ever increasing levels of data storage and transfer

per f or mrance¥0 84/88%r oducti on "life" of each new di sc dri veT/ugpp@lrt becones
increasingly shorter and is now on the order of only a few nonths. Thus,
di sc drive manufacturers are continually challenged to develop 5 and

i ntroduce new disc drive products to the marketplace in very tight timng
wi ndows. There is therefore a significaht need for inprovenents in the
manner in which new disc drives are designed and evaluated, and it is to
such inprovenents tW\‘gt°°PW§JCE)P@%"é‘ﬁtfmldﬁ'ﬁéﬁ‘t’qsd‘ﬁthl%erd?cff‘éélﬂéb"elﬂf@B‘mmry of
the Invention Té?&ag%raﬁaﬁmsferpmw@ theSprituc Gl Giek" bPesdh HBY Bi9darded appar at us
for evaluating programr ng use pr ogrammabl e processor device in a
disc drive to nraciqcybeﬁemess@qr%nzimﬁ/qrm anéfls npvhandhe giderof prlg gdew to a
rotatabl e disc 1&@9}9 rogramm ng
is first 15 genlgéﬂz;l%s:?ﬁggéqgggﬁe?%%nfg?ﬁ?%g{cﬁg?| onsng E‘?gtﬂ% 0 y the

progr arfmabl e prasddxoduce ndendise driveQuodvets ¢d the mprkatplacd iatykwy tightgivhing he- shel f*

processor emul S l t he
instructions i ?\‘R'llggé&s ?%Jtr%\g “%}léf eag%gﬂC%?ﬁ&P% ,?[S ?&ﬁ%{g?%aaﬁé "mechani cal
portions of thenduhs:hndmdwedn@sgerdemgteédndﬂahuged:(amdmmo alchy avail abl e,

of f-the-shel f plant si tion software.. A dynamc 20 linking programis
configured to SIW?zﬂf%ﬁqq%%%agheom?sﬁgﬁ%vg%?ond%l?léec%g't ween the processor

enul ation software and the plant sinulation software. Al three prograns
are thereafter execute si' mul t aneously in the conputer to eval uate

real tilfe operatmﬂﬁgﬁ%ﬂﬁ%ﬁﬁlamﬁ ng. In this way, the servo processor
programmi ng can be Whef;&@auaMu&asdﬁwag@dn@axwma@wammfl ng prototypes

are physically avail ab Mor eover ext ensive tol er&}{ce st&ck eval uation
can be perfornﬁdawqgﬁﬁ?g&%‘“%%seﬂl?%épﬁﬂr%nab@g?ﬁﬁ% 1P G2 A on wi t hout

the need to cregigt loBY sBrvB BdftloF &¥ a HA WiRtSregeet t E?&tataﬁlé‘&scdr i ves under
| aboratory conditions for extended periods of tinme. 2 1 OCT 2003
In accordance with preferred embodiments, the programming is first

15 generated as a series of instructions executable by the programmable processor
device. Commercially available, "off-the-shelf" processor emulation software is
used to simulate execution of the instructions in a computer. A dynamic model
of electrical and mechanical portions of the disc drive is generated using
commercially available, off-the-shelf plant simulation software. A dynamic

20 linking program is configured to synchronize and transfer data between the
processor emulation software and the plant simulation software. All three
programs are thereafter executed simultaneously in the computer to evaluate
realtime operation of the programming.

In this way, the servo processor programming can be written and
25 debugged before engineering prototypes are physically available. Moreover,

extensive tolerance stack evaluation can be performed to improve the disc drive

design configuration without the need to create multiple physical drives and test

the drives under laboratory conditions for extended periods of time.




WO 00/ 63893 -4 PCT/USOO 10410 These and various other features as Ii (ﬁ'j
advant ages which characterize the present invention will be appareAht!f n12003
a readi ng ofolh@sesf ol | owing detail ed description and a wpeYjiu8i 8ot he
associated drawings. 5 Brief Description of the Drawings FIG | shows a

top plan view of a disc drive designed and constructed in accordance with
preferred enbodi nents of the present invention. FIG 2 provides a

functional bl ock diagramof the disc drigre of FIG 1 including a servo
processor (digital signal processor, DSP), the progranm ng of 10 which is
eval uat ed i n accor déarese amd tvhriqus ether feadteeivwell agmivastaget whivh present

invention. FIG 3 is _.a functional .di aglr am of conput er Hﬂech stores and

a
executes  pr oceSEAACEHAT G PreYRt Wysnfige Wil begpparent from areadingof thei o sof t war e,
and a dynami ¢ KlBWing@efalleieadtiptith hd G @¢vikasTeheséodiafed Afvisged enbodi ment s.
15 FIG 4 is a control block representation of programm ng of the servo
processor used to effect velocity control, such as during a seek. FIG 5
is a cogtrol bl ggkr 3R RvEBE B DRAViRE Programm ng of the servo processor
used to effect position control, such as during track following. FIG 6 is
a control bl ock repriESehshews8topaian vigew efiatissidavedesignedand spnsgpctedia 20 di sc
drive used by t At [ ' 7 is a flow chart
for a SERVO DSP %ﬁ%ﬂﬁe}rﬁghﬁﬁﬁﬁﬁg nég?lgtl v;ﬁtl!i 'ustrative of steps
carried out in accorkén2providess funatiorsl blogk diegriyo df the dise duive af FEG.dr esent
i nvention. 25 I o) J.n. i il ed
description of D\g/jtgﬁl?%lgg S%i?%%@%%gﬁgﬁg%%aﬁééﬁéﬁgg S{%E,ﬁ%rg%rgﬁx?ﬂ%gﬁge ntion,
referente is fi whichisedalusted iBlaGordancewrithgireferpedembddiments pftpe plesent vi ew of a
di sc drive 100 qf tthe type used to interface with a host conputer to
magnetical ly st BV&"8Rd retrieve user data. The disc drive 100 2 1 OCT 2003
FIG. 3 is a functional diagram of a computer which stores and executes

processor emulation software, plant model simulation software, and a dynamic
linking program in accordance with preferred embodiments.
15 FIG. 4 is a control block representation of programming of the servo
processor used to effect velocity control, such as during a seek.
FIG. 5 is a control block representation of programming of the servo
processor u.sed to effect position control, such as during track following.
FIG. 6 is a control block representation of the dynamic plant model of the
20 disc drive used by the plant model simulation software.
FIG. 7 is a flow chart for a SERVO DSP CODE EVALUATION routine,
generally illustrative of steps carried out in accordance with preferred

embodiments of the present invention.

25 Detailed Description
In order to provide a detailed description of various preferred
embodiments of the present invention, reference is first made to FIG. 1, which
provides a top plan view of a disc drive 100 of the type used to interface with a

host computer to magnetically store and retrieve user data. The disc drive 100



WO 00/ 63893 PCT/ US00/ 10410 -5 includes a base deck 102 to which vagNﬁua
conponents of the disc drive 100 are nounted. A top cover 104 (sh QT 2003
partial cutwoeoe3g9ashi on) cooperates with the base deckPQUBSW@4Lr m an

i nternal, sealed environnent for the disc drive. A spindle notor (shown
generally at 106) is provided to rotate a plurality 5 of axially-aligned,
rigid, magnetic recording discs 108 at a constant velocity (in thousands

of revol utions per mnute) as indicateddy vector 109. User data are

witten to and read fromitracks (not designated n the di scs 108 t hrough
the use of an ‘aﬁlt‘&lféta(??seﬁ%'%%l“&“’ll‘ fyvaripps Ompp %ﬁ"géheélﬁ'ﬁ deiveld9ess i ng shaft
assenbly 112 m&a&édoaeape&}eamrtghom%ﬁurmammfaslaﬁbnﬁ& aalesidtRr assenbly
110 includes a &Lurallt of rigid actuator arns 114 WhICh extend toward

the discs 108, W base deckl0ptaforn ayiateriab sraled sayionment farthe diggdrivR.ur es)

extendi ng therefrom 4 exur es

116 is a head 118 vaf %%@%ﬁ%@@% E’éré‘ﬂyaak g?ggnﬂgévx&(a?\ﬁo%ee%gr&aa{dgl y

desi gnatt ed)  decfiagialyralignedirigid, mameb@@cgﬂm& disgst P8 pip qonstant elpeitydiindi ng

surface of the agsoci. %'?e%l?ltli_’ong?&(fm&\?%@s?rﬂﬁca 99%&%391 r@sepﬁa?a{ ﬁ?b ly
characterized as nmagneto-resistive eads” eac avi ng in-film

i nductive writ ewsttenrte atd matfremtradRs (metdésighated no the diAbsaW8ttlhreug!mth¢:uSdri ve 100

is not in use, eads 11 g e on | andi ng
zones 120 near ?fﬂ‘@a H%%rrasscﬁnz’#g]tl 0%119 e¥§t§osug£9 gé%a%gss%'ﬁgl%c uat or
assenbly 110 |Spcsmowdearljaueitﬁrgd3cmgnetlc | at ch assenbly 122. 20 The radi al
position of the he s controlle i ce coil
otor {UcNy 104, w10 St eety 126 mefuqds iy s B ofes 119, o
assenbly 110 aswiieh éxtéhid téwREthediRES 08 rmmmlbleﬁspuhslmsmmbd ilshes a
magnetic field in which the cojl 126|5|rm§ d. Asgg?ﬂdrranetlcflux

path i s di sposedieses)extendingiherefioms dYoypirgahihe disigl eng of eaq §EeMEEN shown
for purposes 2pH6qfakdadfié Wmcm@lub@.%dﬁdell&eﬁm?(ﬂwy@ﬁlraﬁryrdaﬁgna&éae surf aces
of the discs 108 throu h the application of current tg the coil 126. A
flex assenbly 1&eispeddeilydrcleseproxapity 18 thecomespendingsurtace ghthe tspdftedhat hs for
the acféiat or  asGeMyRY The featid lls%reﬁﬂref&%ﬂ]'gha?dc’éﬁ%l Ry RARREIsBe (MR? actuator

assenbl’y 110 during operation flex assenbly 130 includes
heads each having a thin-film inductive write element and an MR read element

When the disc drive 100 is not in use, the heads 118 are moved over and
come to rest upon landing zones 120 near the inner diameter of the discs 108 and
the actuator assembly 110 is secured using a magnetic latch assembly 122,

20 The radial position of the heads 118 is controlled through the use of a
voice coil motor (VCM) 124, which includes a coil 126 attached to the actuator
assembly 110 as well as a permanent magnet 128 which establishes a magnetic
field in which the coil 126 is immersed. A second magnetic flux path is
disposed above the permanent magnet 128, but has not been shown for purposes

25 of clarity. The heads 118 are moved across the surfaces of the discs 108 through
the application of current to the coil 126.

A flex assembly 130 provides the requisite electrical connection paths for
the actuator assembly 110 while allowing pivotal movement of the actuator

assembly 110 during operation. The flex assembly 130 includes a



2 1 OCT 2003 WD 00/63893 PCT/ USOCQO 10410 -6 preanplifier/driver ci rcE 0?1’22“03
(preanp) which applies wite currents to the wite elenents of the hea

118 duri ng V¥OW4388 operation and applies read bias curr 8aTYS00H$18 he MR

read el ements of the heads 118 during a read operation. The preanp 132
further anplifies readback signals obtained during a read operation and 5
provides the sanme to disc drive control electronics (not shown) disposed

on a disc drive printed circuit board 16PCB) attached to the underside of

t he base deck 10 functianal hl ock di agram of the disc

i Eve 300" of | pr EoapHRe e Rt 2 d el v aeenles e SR Sae eE or - 40.
The disc drive &l&ﬁexﬁ@oﬂﬂf&ﬂewﬂﬂ38 &uxd’i’glawmté)t’)ﬂ%SﬁQ[d abflfes\Wid bihs Cakdnts€S Out top
| evel control functjons for drive., User data to be stored to the

di scs 108 are pldacRse W@tsr? e heads, 118 dusipe 4 ead ersratian Fhegrease (1 / F)

circuit 144 whi 3 fhidher Bhpliffth feadiidk! 6 biaiiRd d6tiHeB redd dpSafénMaat € (R'W
channel 146 whi ch encodes and serializes the data, ang the preanp 132,

whi ch abpl i es apewidesdhe wmeag digs drive congrolplpqtranies (plshown)dispasedonee 15 el ement
of the head 118d1k rWe?)ﬁﬁte& B b6l *P@)Xnﬁ%ttﬁeztﬁdérﬁﬁ’e@tﬁ@baw&ck During a
read operation, preanp 132 applies read bias current to a read
el enent of thel(ﬁ’ead 118 and transduces the sel ective nagnetization of the
disc 108 in relati t €. [fAFFeGgMeNt . This
1 results in readback%glgsr%lgpggggl?trlden@a%{%tdtﬁg t he l%rsd;%sé:ltdﬁaﬂy WI‘FI?(![}'[EI’I dat a.
1 The readback si ipvahjuncion with aglessenited Host computey/ M0 c Fladissl driva 80tind passed vi a
'ff the IN II’CUIt 1l t.h t OWsS a servo
Ci rcwg 148 whi l(r:léllélll‘riees(‘:‘edlrl \‘/’ggm?%%atl) nth %mﬁjs%gtt?ﬂze%l cénrt{?(y)&(&j’& ogs\%P itten to
t he discs 108 aﬂneldnven Usels¢am56¢staqutdtbcsdxsnsrlﬁ&mpassndtﬂmthebodt 126 in order
to control the goom of trtle h(?@? 1 lgzurf%/o ci,rcuit s48 25 is
shown to be prot@¥¥ F gélameirﬁce[ CifH %Hy off At RAReneeS NG ¢ a1 si gnal
processor (DSP)ds5Q réw/tvhlt@(sawq‘bl&tm 149 Wiciaencbdes arml sefislized the dmayang ( VEM

+ 151. Finally, FIG 2 I‘OVI ?45 P! ndle mptor. control circuit 152 which,
| in response totheBHAR Weﬁ%f(ﬂterﬂ?ﬁ‘ﬁgl“@ée?‘r‘ﬁf:‘ft?t%‘ﬁ%‘é currents to
the 15 element of the head 118 in order to selectively magnetize the disc 108. During a

read operaﬁon, the preamp 132 applies a read bias current to a read element of

the head 118 and transduces the selective magnetization of the disc 108 in

relation to changes in voltage aeross the read element. This results in readback
signals correlated to the originally written data. The readback signals are
20 decoded by the R/W channel 146 and passed via the I/F circuit 144 to the host
computer 140.
FIG. 2 further shows a servo circuit 148 which receives readback signals
from servo data written to the discs 108 and, in response, applies current to the
coil 126 in order to control the position of the heads 118. The servo circuit 148
25 is shown to be processor-based, in that the circuit includes a digital signal
processor (DSP) 150 with associated programming stored in memory (MEM)
151. Finally, FIG. 2 provides a spindle motor control circuit 152 which, in

response to-commands from the DSP 150, applies multi-phase currents to the

spindle motor 106 to rotate the discs 108.




spindle notor 106 to rotate the discs 108. 2 1 T 20@ WO 00/ 63893 1 GCT 2003
PCT/ USOQ' 10410 -7 FIG 3 presents a block diagram of various softvvare
prograns t watooms®3 used in the devel opment and eval uati e¢r/gdoosidagy DSP
programm ng. Attention is first directed to a DSP enul ati on nodul e 200,
which will be recognized as an "off-the-shelf" personal conputer (PC)

based software program available from5 the manufacturer of the DSP 150,

whi ch operates as a devel opnent tool by7- enulating the function of the DSP
150. That is, a code developer can wite the DSP progranmng in an
appropriate source &¥de nresytiableck deggrh pevagowssofiivare progragm tltaa e e

fashi on by t he S GrtafEF i RpROEke bSr BrobRibiRy, BkniSLEE " °°
advant ageousl y fopaiiractedto ad¥SRrinulatibemodael200y whishwdl tremgniagd dshose ski | | ed
in the art, to '%}”felf?e ghgftﬁéqungl%&q‘%t zi’é)ulgaged soft\lavglre tgrlil)rgrgamaaréfgléatbg t%tpné s’ desired.

commands, reglster error
For refSerence, the manufmbirg oDﬂ‘il@DB!B(l 50,svHi dhepESMES (IR VEEpnhdngiobEly Si gnal

Processor avail able from Texas,. | Texas SA i n which
case 15 the asse&‘ﬁlaz‘flﬁgle«?r‘ﬂfﬁ%'f?élﬁerﬁn% fﬁriﬁm}héés 88?#3?15?&%’”{??8%50@700
Si nul at or  Sof t ViB§Feprbgramfiimirgen s:aappro@ﬁué scurce Eode 16Agngae0€020Hl0 a Habhthert Or

Sof t war e oper at es a Mcrosoft oration ndovvs operating system
envi r onnent (SLﬁ’;‘FF“ffgle\W%‘&@ Sﬁ’r“"géhe\‘)é ?Pﬁﬁh%’%? In 2,50tz IF%\REP’L"Hﬁ creation of

a user-defined fhgmdgrﬁymnﬁﬂg%@u{om@zamat is 20 called once every
processor cycle and_can be used to nodify the state of the sinulated
procesor, nodify mihoryulpisnAadgls300 %Yé“tﬁﬂ?t"ﬁmol’&‘éfe& ap difhbeseadlyt he

simul ation. Fl Gngdstbdd wsthas@tsxaﬁeﬁﬁale aRt, 3R 1Hiktigh BRA ms%arom&w&hr outine
("DSP 1/F") at 201, which is preferably characterized as a Dynam c Link
Library (*.dl| )display lcomppflsi regibtenand memery donfeRss, errer mBFagesaicats on nodul e 200.
As will be rec e ! hassr I l e al | ows
| i nki ng at rea?%1g e?reg(éngfe}e%ceé% es lgle?#lgqjﬁlrtll{étéhgﬁssﬁg%‘{?oa%l?gdl Flr%%lt/out put
(11O transfer Prenessor avaiabld fromil¢xas strunentsgBallas,Mexas, USA, in which case

15 the associated emulation module 200 compnses the CMS320C2700 Simulator

Software from the same source.
The CMS320C2700 Simulator Software operates in a Microsoft
Corporation Windows® operating system environment (such as Windows NT®
version 4.0) and allows the creation of a user-defined interface subroutine that is
20 called once every processor cycle and can be used to modify the state of the
simulated processor, modify memory locations, and output data regarding the
simulation. FIG. 3 illustrates such a user-defined interface subroutine (“DSP
I/F”) at 201, which is preferably characterized as a Dynamic Link Library (*.dll)
file and is integrated into the DSP emulation module 200. As will be recognized
25 by those skilled in the art, a *dll file allows linking at real-time and executes call
functions and data input/output (I/0) transfer functions. It will be recognized
that a variety of DSPs are commercially available from a number of different

sources with corresponding emulation modules with similar features.



that a variety of DSPs are comercially available froma nunber of 210CT 206
different sources with corresponding enul ation nodules with simlar

features. W9 O0B®3393 PCT/ US00/ 10410 -8 FIG 3 further BEBUSHVA4H ant nodel

202 (also referred to as "disc drive nodule"), which is a dynamc

sinmul ation software routine configured to mathematically nodel the

rel evant el ectro-nmechani cal configuration of the disc drive 100. The

pl ant nodel 202 is also preferably gené?at ed usi ng an "off-the 5 shel f'

ft X t del  and
val bt i so- ari va IECHAMREE BrovRhaenl e 02T Btot e s Bt ar ot  co.

For ref erence,m@duw),mtthes Sdyfibth R sinfulatid A fdfareromae kagiuted té he Si mul i nk(r)
Dynam ¢ System S mJI at for Matlab, .available from The

Mat hwor ks, | nc.ma ?Qéﬁt‘FQ:l qgﬁgg%l@ i eleciro-meshaniepf,configurationaf theydisspdul e al so

operates in a 1965, mefplanﬁ%&pmtlg 215 pMéfe Qw@éﬁe}atémrx%tahﬂmaﬁést em
envi ronnent (such as Wndows NT(r) version I mul i nk(r) Modul e

al so ald ows usehelf'tseftypre package sommogkyrusedey dlsﬁﬂé&‘&%ﬁ#ﬁﬁ@“@%@r@ﬂﬂ ne that is
cal | ed once evgfnn e&{ldﬂt@ Al e ﬁl@&ﬁ?lfélgncﬁélé&‘ﬂal r@% hJe cﬁﬁ-&dtﬁ?ﬂﬁ%t ®of he state of

the sinul ated amc systemto affect the out e sinulation.
Data transfers re&mned,s@utgblesmﬂatmn safevdreppckapeis tlmﬁymlmk@riémamass desi red.

FG W5 shous 2 daeh RLEAGAbAIEH! BafusHRTAN 40P The BARbALIEC) 2t 205,

whi ch is incor S|rru lon and i's ’preferably
characterized dﬁatrak*l\dmtbdchtiseﬂtseUSA TyaSimutink® Moduigalse gpraeni®®4 (al so

referrgd to as "I| . OV amc. |inkin nt er f aci ng,
botweell t he DoPiPAEPBRRE D6 ot ERE hem i epfilaner s ' The i i
204 is prefer aMdS\hﬂ‘m@tveﬂ’sioﬁGd)) as an executable program (*.exe) file

whi ch al so operates.jn.a Mc t Corporation W ndows operating

syst em envi r onnent @%%’H‘uygkél\?’f?ggﬁéls?\ﬁlg’wu?Fésf‘tgl"brﬁeﬁusﬁﬁ &e&{gd di scussed nore
fully bel ow, thgodriniking@dbrafinafat is bRd aivd ev@gsimatation dtéig to flspect i ve 25
sinmulation timng of the enulation nodul e 200 (executjon cycles) and the

pl ant nodel ZGEOd('@qaﬂﬂlsé? b stpte of the sigwlatedidynasie ystom tp AR thewBiopBEul es, and
gener afs i Nt grindRintuiiiRh. DBG t8RSratdn Ao BOHEHifited®Y suchiBbribirlhet, a8 201, Pl ant

I /F 203 and
desired. FIG. 3 shows a user-defined interface subroutine (“Plant I/F”) at 203,

which is incorporated into the plant model simulation and is preferably
characterized as a *.dll file.
A dynamic linking program 204 (also referred to as a "link") provides
20 dynamic linking, or interfacing, between the DSP emulation module 200 and the
plant model 202. The link 204 is preferably characterized as an executable
program (*.exe) file which also operates in a Microsoft Corporation Windows®

operating system environment (such as Windows NT® version 4.0). As

discussed more fully below, the link 204 establishes and regulates the respective
25 simulation timing of the emulation module 200 (execution cycles) and the plant
model 204 (time steps), passes data between these two modules, and generates
interrupts for the emulation module 200. The DSP I/F 201, Plant I/F 203 and
link 204 are preferably written using Visual Basic C++ v6.0 or other suitable

programming language and subsequently compiled into the desired formats.




link 204 are preferably witten using Visual Basic C++ v6.0 or ot h§%1 ocs 2003
suitable progranmm ng | anguage and subsequently conpiled into the sire
formats. 2WO@EIIR003 WO 00/ 63893 PCT/ USOQ 10410 -9 | ni PCHUSNY/104tthe

enmul ati on nodul e 200, plant nodel 202 and the |ink 204 are | oaded and
operated in a conputer (represented by dashed box 206) running the

af orenenti oned M crosoft Corporation Wndows NT(r) operating system as
the Wndows NT(r) operating system adv@ntageously pernits the

si nmul t aneous 5 execut.i, f | tiple prograns. DSP_praogramr ng to be

eval uated (repr esen?’@ﬂﬁ{}aﬁ‘eﬁ’ﬁ “‘?“é“‘iﬂ”g\?'l%g 6“’1‘??@0%?3%%{‘\1}“&?0 ul e 200.
Di sc drive confloged aid eParatedid HEdifuteP Repeeed B dighddbex 9069 curklivig\i desi gn
(represented at 210) js provided to .the sinulation software to formthe
pl ant nodel 202forgmentigred Micrsef Soppratie¥indays N ®ioperatie systemastsn cycles to
tine steps (as widbwaNe® dp¥raiiftRyiter? hBaktagebdly pfls thB SthutdRogxecut es the
prograns. At each respective step, systemstates are provided fromthe

pl ant rodel  2(FAcqson pfypeltple Bl‘oglﬁ@s-eﬂél’ BropigmmikEta be evabBted gpresentednt  command
signals are prowg : a1 u i s to the plant
nodel 202. ClJtaggdt)igq atrg‘;lgér&g&agse%méééﬁ}edrugdtaé ?'ais)% @?ﬁ%ﬁ?bﬁ%&%he progr ans,
as represent ed ihfprma8ioh desciibin@thd dis@drive alpsigr(tépresertssint 21 () vsprgvidddyto way  of
exanple, the e i i f oW t he .execut ed
steps and regi gﬁ%ﬁ&lggﬁ ne%?g'%?%fégg&%§%?%n%&cfg?&2;%gsée?ln’ ngﬂgﬁﬁ\?gl ocity,
posi tion and cuaticeofiexevatiaf cyclksto timedtepsi@s indicatkd Bkputdiock2i2)ecand tiebanst er
file show ng the datg passed during the sinulation operation. 20 FIGS. 4
and 5 dre si np|@f‘?‘i“gea%ﬁ?ﬁ‘%§f*}“bsna| bl ock diagrams generally representative
gf tP he _DSPI prlogr a%ﬂ&zﬁl&p@ﬁ@d st} @d:eims_tatebarequ 'dﬁﬂiﬁ@ﬂx m@ﬂhﬂtgmgao_o of FIG
. Particularly, [ represents portjions of the code, used during a

vel ocity cont rc?lo?éﬁ‘ng\%??.tﬁ%'ﬁ'ﬁﬁﬂ’w ulg, pfhqnd syment, e SignY3ptScity profile
as a sequence padvidbamRatkhy &h@stichin®ule A0 SIMRAMS thedlatit ABGN 24LS as a

mat hemati cal 25 nodel of the plant npdel 202 and provi des estinmates of
head position Miputgap areialsq seneraged dastdesiisd Ry thepraerams af wPesspddYwi th t he

demand svel oci t Yyjquks 214, 216 and 218, respectively. By way of example, the emulation

module 200 can write a file showing the executed steps and register contents, the

plant model 202 can display velocity, position and current waveforms, and the
link 204 can write a transfer file showing the data passed during the simulation
operation.

20 FIGS. 4 and 5 are simplified functional block diagrams generally
representative of the DSP programming 210 evaluated by the emulation module
200 of FIG. 3. Particularly, FIG. 4 represents portions of the code used during a
velocity controlled seek. A profiler block 220 outputs a velocity profile as a
sequence of demand velocities. An observer 222 operates as a mathematical

25 model of the plant model 202 and provides estimates of head position and
velocity. The estimated velocity is summed with the demand velocity at
summing junction 224 to generate a velocity error which is filtered by notch
filter 226. The output of the filter 226 is summed with a bias value at summing

junction 228 to form a current command signal which is provided to the plant



summ ng junction 224 to generate a velocity error which is filtered by

notch filter 226. The output of the filter 226 is sumed with a bi gs} 0CT 2003
val ue at suwwiowgssey uncti on 228 to forma current com’n&mq,gzjé_?&l}%‘lkt lg/ni chis
provided to the plant 2 1 OCT 2003 WO 00/63893 -10 PCT/ U ‘i (pl ant

1 nodel). Servo data transduced by the head are denodul ated (by the plant

| nodel) to provide an actual position signal, which is sunmed with the

{ estimated position at sunmmng junctioni®32 to provi de feedback to the
observer 222. FIG 5 represents portions of the code used during position
control 5 oper atplasbmodelk Beas ddtartramgudet ¢ khe heddl spden@dulded QRSRI DIk 234

out puts vel oci t 0sitio stimates whi.ch are nultiplied by
respective gai npsﬁo%@f tolggovéea&ﬁaﬁa?p%ﬁ"@eﬂg“ﬁs‘@,“c}?%“‘%‘ﬂ?ﬁ Vitethe estimatedn g
products are supositibnat surthiing jugctio 082 fo@rovide48dback td HBbIREvEI B from t he
observer 234 is su t ' junction 242 and the output is fed back

summ ng, é F

to the observer, as ‘wet reB’?“t“ﬁr"Bﬂ’Q of therqoficapsgd dwing gosiiengrenttolbl ock 244
(Wi th gain Kp) égeraionsaed £ darinpUrack il mgm Adbseivansy (pl ant
nodel ). As before,, servo dat él&;h: ansdape by the h'egcfl)h%ﬁesaglgﬁmat ed (by

the plant model §osttign sstimateg avhich areanylgplied by respegtivesgiainn Kiv, Kytigeln i s sunmed
with the estingbadpobs iH"gf‘Fr' | | | de feedback
to the observer 234. 15 %r?gl&rgs@s a @%%?*%%%%ﬁ%ﬁﬁgﬁ Yock di agram
of the disc driA9 EsémntedRiasdranpihe olsprveridd is yminsd at submening jandtion8d2| 202 of

FIG 3. It wll dﬁ% j n. urate, high
andlhe ?%Eémg( ﬁ%rﬁ?etobgér@r, 2 wRll géltlh%%glhg %‘?“3%? s%%?’rp onents of

order nodel of wvarious ysica el ectrical and ne

the di ¥t drive gadoblotkad44 GeithegairpKphto genstate a dutrers torahard stpnel diteqlesed i n
FIGS. 1 and 2. Th I i on_ nod 2Q0 ovi des, t he af.orenenti oned
current comran(é&slﬁ raﬁdaeﬁgu 5§£é3r%ss§avﬁéf§%§a%sguﬁ%y IeWaﬁr%‘ge?"leIatﬁ | se width
nmodul ati on ( P\Wh pldntgiaddell) to pperddecanagrugl PoAdioncsighve whigh isRbRmetith fheCONvert s

the input digital. values to correspondj anal og val ues. A PWM transfer
function bl ock % ?atecﬁ%?fgpg A HETPRE %5&9.‘3#’5?8{‘1@?‘76@%&0 th¢ olsprvetp\\k|
converter 250, 2ad a head/disc
15 FIG.6isa simpliﬁed functional block diagram of the disc drive
configuration 212 used to form the plant model 202 of FIG. 3. It will be

understood that FIG. 6 provides an accurate, high order model of various
physical electrical and mechanical components of the disc drive 100 that were
previously illustrated and discussed in FIGS. 1 and 2.

20 The emulation module 200 provides the aforementioned current
command signals as a sequence of digital values to a pulse width modulation
(PWM) digital-to-analog (D/A) converter 250, which converts the input digital
values to corresponding analog values. A PWM transfer function block 252
models the response characteristics of the PWM converter 250, and a head/disc

25 assembly (HDA) delay block 254 models the physical delay by the electrical-
mechanical' portions of the disc drive 100. The resulting analog current
command signals are passed to a power amplifier 256, which generates the coil
currents which are applied to a HDA mechanical block 258 representative of the
actuator 110 and the discs 108 (FIG. 1). External disturbances (such as




25 assenbly (HDA) del ay block 254 nodel s the physical delay by the 2t QC{ 003
el ectrical - nmechanical portions of the disc drive 100. The resulting

anal og cur WMW/638¥dnmand si gnal s are passed to a power applusons10256, which
generates the coil currents which are applied to a HDA nechani cal bl ock

258 representative of the actuator 110 and the discs 108 (FIG 1).

Ext ernal di sturbances (such as 2 1 OCT 2003 WO 00/ 63893 PCT/ US00/ 10410 -11
vibrations, tolerance effects, etc.) cdd-be selectively introduced to

model various real-world conditions by disturbance bl ock 260. The out put
from the HDA n¥éaiiens &9lemncs effects; gicy) sandie selpatizely introduced tometlel wetrioun ( denod)

bl ock 262 whi ctpeal_%ﬂgl'b&{amggy@Q&\Sgnceggg]g% lons servo 5 data read from
the discs to provide servo ddta positional inputs to the enulation nodul e

200. These inputs i hlq entrut Gem e HDb sicthapivaldbock@hs ispeovidedada addr ess

gener al |y model HeREh (IeBifod 6 hlRh, & o Sle an R SRBBR e [Pa” 207
recal | éd from Bataread fiohpethe dibps t)BPVidS@rvordataipdsiSorainpuds © thdnailatioa0 speed
control to con of at i gonal eed of..t he spi ndl tor 106. The
control progr a&rr[r%g!ﬁlﬁtzg(gef e%egin "(r%sol\l}fla%p Cﬁlflsmf‘ﬂ?fﬁsi BHAC ¥adily

i npl ement ed  andorsmtibeGrayododeiatex infdliof, dtd)ad desirdde Thes@mddaisbons of t he
DSP programm n e sufficient to note that a

of FIGS 4 and,5. It wl
spi ndl e not or ff?@&yﬁég’tei°8ﬁa“°§i°§ﬂ‘élde’f‘%‘l b“?aﬁﬁ%a' from the enul ation
nodul e 200 to a PWMt Gl ¥9re€ulled/ Réth B1G. Lhat it DSP 186 pRIVAEspindil thitsf Si gnal
used bé a spindle notoy driver block current to a spindle
I

f ( ck 266 to appl(ﬁer . .
mot or 1Bl ock 268PeEhAATER! teicpriTol the Lotqtiopal spred gf e prindle met9p106. Thari ng spi ndl e

mot or rotor pogértloPprog@Mmingtised th pRovide Mis ARADH B addl iAfbMGkeasPi Ndl €
notor current responding to command current driven by the spindle notor

driver block 28 sodasmosbeanderlyded indhesspistentstionsob trmpSBipregremingef 20 by
motor timer bl etds 4704 5 Th&ill Gsdbicfnflb fofe Bkt pgﬁﬁﬁléﬁot{)pﬁe%rrgméhat lon
start-up cu n

nmodul e 200 so the at rest rotor position, rent a initial
driving conmusigeal sproyided dromehe ¢reulation caodule 300 toRHFYMADYA)vgnetend| e not or

SPeed 15aMD  UPos ) GellBh4 Vel BinaPheBky 2Rl AL ARR MHASYB TR Of SPindle

not or

current to a spindle motor block 268 (which simulates the spindle motor 106).
During spindle motor rotor position sensing, rise-time measurement of
actual spindle motor current responding to command current driven by the
spindle motor driver block 266 is measured for each of six commutation states
20 by motor timer block 270. The results are fed back to the DSP emulation
module 200 so the at rest rotor position, start-up current and initial driving
commutation phase can be calculated. Then during spindle motor speed ramp
up, the motor timer block 270 provides measurements of spindle motor
commutation period to the DSP emulation module 200 to allow execution of
25 appropriate speed control commands to ramp up the spindle motor until the
desired speed is reached. During subsequent operation, angular positioning
information is fed from the spindle block 268 to the demod 262 so that the
demod 262 receives both radial positioning information for the head relative to

the disc, as well as angular positioning information indicative of the rate at



comut ation period to the DSP enul ati on nodul e 200 to all ow executizg I:
25 appropr| ate speed control commands to ranp up the spindle notor t 1 2003
the desir& ¥ is reached. During subsequent oper at ’GASOHHEN ar

posi tioni ng |nforrrat|on is fed fromthe spindle block 268 to the denod

262 so that the denod 262 receives both radial posi tioning information

for the head relative to the disc, as angul ar positioning
information indicative of the rate at 21 1 OCT 2aa3 WO 00/ 63893

PCT/ US00/ 10410 ; wh b ates under the head. From FIGS. 4-6,
it will now be un etr séthgéc:rg Qﬁaxt%e?ﬁgh%tgta exchanges facilitated by the link

204 incl ude the curantFIGSn#ﬁnﬂwﬂr@wadewnm&phandiedatammgespeed

correction sig t t | e 20 to t he t 5 nmodel 202,
and position i %%&?‘?ﬁé?% Pﬁ%ﬁj:xuﬁc dﬁ%an ?Fﬁ ﬁlsfli"f’esp ation nodul e
200. Prior art maepéedicorrestion figrlsifiom 0 erll@on ndalg 260 teslaity pi cal |y

I nvol vEd t he gener tion of "data fil eg that rovide the reqw site input
data t ar e 199eh20gs20d PRSitiqnniopnatigr Ham theplay medal 202 gfhesmiation;  the | nk

204 al | ows t he mddwR 200.0BtiGraH, sephrAy RtaFhicdlof thesersprdndt 18s tpRaileXt | nput data
set for the other 10 program The |ink 204 further s% ron| zes t he

operation of t Hyoped Hiseeqeation phdgteddes” thalprevide the regpisi that wi | |
execute the DS%&RQ&s@&bﬁh@ﬁ%Ex%@%ék@éu?e B(yrtsafaetsﬁ@tmﬁmeﬁ@%suénd the plant

nodel 202 will sinulate 'the response of systemin tine steps (on the
order of m crodwsepiearsns wl‘%b’pﬁ@&tﬂ alcplgie ﬂBSPxfdmdléd%T)SQWfquthemeut e several

i nstrygtions fg, h correspondl ng time step fromthe plant. Thus,
during operation e link 204 will provide the respective inputs to the
two prograns, all othdlioki204 Srtherspnchiomizegithe opeeation ofitbe tespestiveunber of cycl es

ot ™. L B BRI B ORISR o RIS Ltk (100
7 to sunmari ze (prb&smpe,srcws) aml th¢ pladienodel @62 wﬁtmmglatedm‘re@unﬁto_f te of FIGS.
2 o B et PRk o AR, R 0 e, SO
15 will execute several instructions for each corresponding time step from the plant.
Thus, during operation the link 204 will provide the respective inputs to the two
programs, allow both to step through the respective number of cycles or time
steps, and generate the necessary processor interrupts.
A flow chart for a SERVO DSP CODE EVALUATION routine 300 is
20 set forth in FIG. 7 to summarize the operation of the programming configuration
of FIGS. 3-6. At step 302, the DSP code is first generated for use in a computer
based software emulation module, step 304. A dynamic model of relevant
electrical and mechanical portions is generatad at step 306, and a dynamic
linking program suitable for the dynamic model and emulation module is created
25 and compiled at step 308.
The user next selects the respective run rates (processor cycles per time
step) at step 310, and, as desired, selects additional inputs for the simulation run
312. Such inputs can include, for example, an external disturbance spectrum
(injected by the disturbance block 260 of FIG. 6) to model the effects of



el ectrical and nechanical portions is generated at step 306, and a ngm%ﬁm
| i nki ng program suitable for the dynam c nodel and enul ati on nodul e®i daa
created 25WaAY638Bnpiled at step 308. The user next sel @grfsbodigsrheSpective
run rates (processor cycles per tine step) at step 310, and, as desired,
selects additional inputs for the sinulation run 312. Such inputs can

i nclude, for exanple, an external disturbance spectrum (injected by the

di st urbance bl ock 260 of FIG 6) to nodé3- the effects of 2 1 GCT N WO

00/ 63893 PCT/ US00/ 10410 - 13 externall K applied vibration during the

si mul ati on run. ¥Rl ARPlad; vilnation duting the dpnlatiincrup| Biretenmabtioh mathde, | ki ng

program are t heggamt lmﬁh{ggéltag@lm&%l- y.the conputer, step 314,
and the user eval uatcgﬁs the results goﬁﬁ%g%%aﬁ%ﬁgu%eﬁnggxeP%$ ends at
step 318. 5 It Y thp corpRptesestep d4rand e ser ealyates senesultnatarp 806, Thes enbodi ed

herein, presentgqsaU&] Glis Sis beg cant advantages to a disc drive
manuf acturer during the developnent phase of a new disc drive design.

First, Yhe eval uati dhwidinopths cisartha theproes sertichpsembsdiedheiein,vi r t ual " di sc
drive allows t Largel compl et ed and debugged before the HDA
mechani cal desihlgﬁ&%gg%\;g%égg?lh%f@a?g%%s tﬁ@tdlfﬁgﬂ?‘“e qcﬂlfﬁ"gt“i“lﬁﬁ‘c and the HDA
el ectrical desidgmelopro¢rd phade ofieatewciise @tiid design. dRifSRARY ShiutibnGf e Weds) have
been conpl etely devel oped .and, are physi.cal]y available. This can
potentially al ITB%&F ﬁ‘?odgﬁlf’%ﬁ Vd’l‘“a\’mﬁg‘i)é driye ﬂ“’é"ﬁ&eic%ﬁ_ tppelaggelli red to as the
"bread board" sdofgitefand @sbagea ek thd DA SnRRMAERSLA haRldeliOs¥RES are
genera&gd in an atten(‘)pt to. physically create a first version of the disc

drive bef or é°tpiRhFonfewrtinn andtheHBA< estigd! dpsigm(motar dsivergitenits,The pr esent
i nvention furthRmodkihtBSirdui gathered in a
0 i 1{%&'@?9&9U&nﬁ&@l?'&veﬂ{pr?ﬁ%dﬁag{@g%ﬁasﬂy

very short anmount of tine. ere can be |Iitera of tolerance
conbi nati ons arAyfilpblendhissan paientiallyealiowieliminationofivwhetiahisatallyoefometent s f r om
a nom nal desi gfas & BrBE BRI staddiof Sevalsl urer uld have to

bui l d 20 hundreds of ‘éi sc dri::'/aeggoan‘a'glto'g\ﬁs?t&t’tr(ﬂ{e}ggee{i]l r"J\?glgsf’er%pe?BﬁrFat ory
condi ti ons overgergratedintap atesept trephiysichlly orente adirst gersivmbithe disd drivevar i ous

ef fectg of t he%@fo&eollirﬁi @c@fgﬁ%eci&gns have been fully made.

The present invention further allows a tremendous amount of data to be

gathered in a very short amount of time. There can be literally thousands of
tolerance combinations among the various electrical and mechanical components
from a nominal design; in the past, disc drive manufacturers would have to build
20 hundreds of disc drives and test these drives in laboratory conditions over an
extended period of time to evaluate the various effects of these tolerances. By
contrast, the plant model 202 can be readily adjusted and the interplay between
these adjustments and the code can be immediately evaluated without ever
building a single drive. The actual time scale can be adjusted as desired, and the
25 time steps can be more frequent than the sampling periods normally used during
actual drive operation. For purposes of illustration, the configuration of FIG. 3
can be run, for example, at a 2000/1 ratio, so that 2 milliseconds of disc drive

operation can be simulated in 2 seconds.




contrast, the plant nodel 202 can be readily adjusted and the inteppj 0CT 2003
between these adjustnents and the code can be i medi ately eval uat ed

Wi t hout ev¥O 00463893 di ng a single drive. The actual tine mxmaissoman be
adjusted as desired, and the 25 tine steps can be nore frequent than the
sanpling periods normally used during actual drive operation. For
purposes of illustration, the configuration of FIG 3 <can be run, for
exanpl e, at a 2000/1 ratio, so that 2 7 |iseconds of disc drive
operation can be sinulated jn 2 seconds. 2 1 OCT 2003 WD 00/ 63893

PCT/ US00/ 10410 - 14 ARpH&ienidiram advantagr s tha ek sayings associgird wihsthe savi ngs
associ at ed W t Bres&if invBhtRf iernt bf 8Rhialdh dqliph@hit TR Dficd BMliBlid A atfogui PENt . A
typical emulation station (which allows a "procéssor enulator™ to be
physi cal |y pl u§tjeigh fliaws at"precessos emplator'ttp ke physicallysdiegediinte thpsitiofg dri ve)
costs several Rfifodlsol AQURATAHSARE) ok bak! ARbrndaROi dulieatised by 2
single user. By contrast, the present invention can be nade avail able
on-1iné wit hi ncan epdsbyusedieprmsinghevser. Byl dooiish gherprasent friventippsasbe 0 access t he
various |ibrari ' [ cJ ' "of f-the-
shel f" emul ati gﬁlﬁ?m u?ﬁéé %ﬁ%‘e&ﬁ?\%ﬂ:ﬁg%e%%gS‘éﬁgrgligﬁtbdruggé%n@&ml%%gtsg%r dance with
preferred enbodicessithsyarivhdibparies andtfilesnusing thoconmingerddlydivaimblegthffthe-a net hod
and apparatus for,eval uatin rogrami n 12 used by a progranmabl e
processor devi S@Efl§’6‘ui|aﬁ°nam%cgusegan§g?'%lci@gdeﬁﬁg%r3$rf"§7$'out servo control of a
head 118 wi th respehtactéoddadcd witheyrefbired etiibddimbiS, thaysledesit ifv@ntisrois Spi n-up and
nor mal, operatiqn of, a spi.ndl e notor 106 about which, t di 108 is

j ourndfed. Thegﬁ?céeéirt% efhgd e apparatps fopeva W&Pr%méfn’é‘é%%‘éseagylanstructions
execut abl e 15 pRgrahin@abRIpa@ERNRYICE 1 ViR 6 856 BivedOU t@rry BiaeRs SorropMul at i on
software 200 is_ used.to, sinulate execution of the instructions in a

comput er 206. Af#ik5ad M &withisepert top rotatahls disc 108 andyie camtroh spin-8BAdyor ti ons of

the disc drivenjsnal6Resioh 6ch iiiRGnotdH 105 hbont Whikidink @ $0¥ it YRkRId02. A
dynam c |inking program 204 is configured to synchronize and transfer

dat a between the pr egrpmping isfirst genesaysd ana seriea Atingtnietions exacatablesi nul at i on
sof twgse. Al B{r‘{h%‘gf Mﬁ@f&.@&oﬁJé@fc&aﬁ&c%so?éﬁ?lﬁtﬁeo%@oﬁé&%bdi§ne°“5| y In

t he conputer to ev ate r time operation o
used to simulate execution of the instructions in a computer 206. A dynamic

model of electrical and mechanical portions of the disc drive is generated using
plant simulation software 202. A dynamic linking program 204 is configured to
synchronize and transfer data between the processor emulation software and the
20 plant simulation software. All three programs are thereafter executed
simultaneously in the computer to evaluate realtime operation of the
programming.
It will be clear that the present invention is well adapted to attain the ends
and advantages mentioned as well as those inherent therein. While a presently
25 preferred embodiment has been described for purposes of this disclosure,
numerous changes may be made which will readily suggest themselves to those
skilled in the art and which are encompassed in the spirit of the invention

disclosed and as defined in the appended claims.



programming. It will be clear that the present invention is well ad t1egm 7_‘]03
to attain the ends and advantages nentioned as well as those inherehnt

t herei n. Wwoeoaspresently 25 preferred enbodi nent hasP@?@EﬂOﬂﬁﬁ&” bed for

pur poses of this disclosure, nunerous changes nmay be nade Ich wll

readi |l y suggest thenselves to those skilled in the art and which are
enconpassed in the spirit of the invention disclosed and as defined in

t he appended clains. 2 1 OCT 2003 WD 001563893 -15 C ai ns: PCT/ USOQ 10410

1. A nethod for evaluating progranmm ng used by a programmuable processor
device in a di Sdaitsi ve to carry out servo control of a head with respect

5 to a rotatable disc, conprising steps of (a) generating the progranm ng

as a series of instructions executable by the programuabl e processor

devi ce; (b) providing prbcetediforemihaing poganhingarsed Bonfrb bitO simul ate
execution of th eries.of instructions by the programable 10 processor
devi ce, wherei r???c}%sesorpc‘r?e%ggéns% lsce%Fﬁ’t‘iaHH OWSPIY O OB%tagﬁ%‘%W%’feF@ﬁ‘t command
si gnal $ i ndi catto ueotahbledisde, esthprising2ps gfppl i ed to an actuator notor used to
control head positi ?n i n .rgﬁ)gonse to position inputs indicative of head

position; (c) using@ BHITALEs s PreragesIsAsEses of stgicHanssrecutabltyriani ¢ model

of 15 electrical and mecheplog@mmaRe bice&Sor@bvitdre di sc drive including the
head, the disc and the actuator notor, wherein the plant sinulation

sof tware out puts he8d Ppyiding rsecessprgmulagion sefiveage dopfigusdd tojsisadaterosi ti on in
response to the current &m&pg&tﬁggg@go?;nsﬁg&io&r@%gé{g&a&mquam c linking

program configured to transfer the 20 current comma signals fromthe
procesor emul ation sof tRregegsor deyice.iyehepsingthe pro¢essor emillationsoftvar e and t o

transfer the head positigfhuts current command signals indicative of current to be
applied to an actuator motor used to control head position in
response to position inputs indicative of head position;
(c) using plant simulation software to generate a dynamic model of
15 electrical and mechanical portions of the disc drive including the
head, the disc and the actuator motor, wherein the plant
simulation software outputs head position signals indicative of
head position in response to the current command signals;
(d) providing a dynamic linking program configured to transfer the
20 current command signals from the processor emulation software
to the plant simulation software and to transfer the head position
signals from the plant simulation software to the processor
emulation software; and
(e) simultaneously executing the processor emulation software, the plant
25 simulation software and the dynamic linking program in a

computer to evaluate realtime operation of the programming,

2. The method of claim 1, wherein the instructions generated by

generating step (a) comprises instructions used to carry out velocity control of



signals fromthe plant sinulation software to the processor enul atz qnggy z(m
software; and (e) sinultaneously executing the processor emulation o
sof tware, tWR03¥At 25 sinulation software and the dynaci/osdoiiesé ng
programin a conputer to evaluate realtinme operation of the progranmm ng.

2. The nethod of claim1l1, wherein the instructions generated by

generating step (a) conprises instructions used to carry out velocity
control of 2 1 OCT ZOQ@B WO 00/ 63893 - 16!%PCT/ US00/ 10410 t he head duri ng a
seek operation and instructions used.to carry out position_ control of the
head during a ttﬁealgﬁ%d %ﬁufgoavﬁeﬂ(g(’pfﬁ?g?'haf"ldW?m%‘.ongf‘ﬁéym%ﬂ“@?s‘@fhi m 1, wherein
the dynam ¢ nodehtraifof thehexd datigga trdek fsldowingldpbrgtiontodel s a spi ndl e not or used
to rotate the disc, and wherein the processor emul ation software of
providing step (b) further outputs spindle notor speed correction

signals. 10 4. The pet hoﬂle%eﬂﬂd%if@ihi%I,WEkﬂ%edé@%uﬂ{cinﬁdQ%fﬂsiF%% of: (1)

provi ding a di sturbance spectrumto the plant atiron so eto

si mul afe ext er A& fisphes Bofclpgsnindig metpioirediigirotatg theidisc and wheteithof  t he

si mul t aneousl y W(TeR PR A eTols) .m, 1. wherein the
dynam c | i nki né)r%f%gl;géﬁrﬁ?gﬁE%vag‘ﬁ%f%@%déﬁkg?@tas arrlglté?%%:gﬁtlﬁaaé %mtf’;. exe) file
operabl e in a Mpeedgemactionyignabbws NT(r) version 4.0 conpatibl e operating
system environnent. 6. An apparatus for eval uating programm ng used by a
progranmmabl e processor device in a disc drive to carry out servo control
of a 20 head wi th réspeckhemnetimd oHitlaimal fether comprisifigea pepagy anmi ng conpri si ng

a seri,es of instrugtions. execut.able by the . progranmabl e processor device,
t he aplgar at us conpﬁ %’P%‘g‘:ng 338'5“ J?eéPe%HWF%&gaﬁg%’ﬁr?&n SH&W?’

simulate externally applied vibration during the operation of the simultaneously

=

executing step (e).

5. The method of claim 1, wherein the dynamic linking program is
15 characterized as an executable (*.exe) file operable in a Microsoft Windows

NT® version 4.0 compatible operating system environment.

6. An apparatus for evaluating programming used by a
programmable processor device in a disc drive to carry out servo control of a
20 head with respect to a rotatable disc, the programming comprising a series of
instructions executable by the programmable processor device, the apparatus
comprising:
a computer having a computer memory;
processor emulation software stored in the computer memory configured
25 to simulate execution of the series of instructions by the
programmable processor device, wherein the processor emulation
software outputs current command signals indicative of current to
be applied to an actuator motor used to control head position in

response to position inputs indicative of head position;



processor enul ation software stored in the conputer nenory configured ﬁ%ﬂ 200
to sinulate execution of the series of instructions by the programragl
processor d¥Qi¥&893\herein the processor emul ation sof t weraisewbqut S
current command signals indicative of current to be applied to an
actuator notor used to control head position in response to position

I nputs indicative of head position; WO 00/63893 PCTI USOO' 10410 -17 5 10 15
pl ant sinmulation software stored in theltonputer menory and configured to
generate a dynam c del. ok.el ectrical and nechanical portions of the

di sc drive incl udi ng}?ﬁgmﬁl Hepn S“?Wéfedpéfél%\mwwtermmcmﬁqu wher ei n

the plant sinulation sof toghératodidpiintic mhRRGE RRFhI AR mebiils | ndi cative of
head position in response to the current conmand signals; and a dynam c

|'i nki ng program conf i gur BYHPRs of fhg dise drive ipduding the hgad ghewdisaad thei gnal s from
the processor enul ation gébdiot@ioRor! WhekdEthe %&tsiw‘ﬁ&{mlsgﬂ&%}g?&g&tg ware and to
e ation

transfer the head position signals from 1 plant sinu software to
the protessor enul ation BfPestion signelp indisptivetofibead positicnain résporsenf i gured t o

si nul taneously execute t#e cuRinP&RssSRE iﬁﬁg;#%d on software, the plant
sinmul ation software and the dynamc Bt 'ng programto evaluate realtine

operation of the pRSyRamiedipking prograth eordigprad tot tramsted the tuaiem dmmiaer ei n t he
metructi ons used t o car o 8L BB R B PR GRS B e R ur 1 n & seek
operation and instructi osisulat@csofiware am to yramifiir tiRABAd poditios SighdlPkoRf the head
duri Ng@ trac k Tollow NG%hd Blgrlit%}nilu?agion %oq:tware to the processor emulation software,
wherein the computer is configured to simultaneously execute the
processor emulation software, the plant simulation software and
the dynamic linking program to evaluate realtime operation of the
programming.
15
7. The apparatus of claim 6, wherein the instructions executable by
the programmable processor device comprise instructions used to carry out
velocity control of the head during a seek operation and instructions used to
carry out position control of the head during a track following operation.
20
8. The apparatus of claim 6, wherein the dynamic model further
models a spindle motor used to rotate the disc, and wherein the processor

emulation software further outputs spindle motor speed correction signals.

25 9. The apparatus of claim 6, wherein the dyhamic linking program
further provides a disturbance spectrum to the plant simulation software to
simulate externally applied vibration during the simultaneous execution of the
processor emulation software, the plant simulation software and the dynamic

linking program.



8. The apparatus of claim6, wherein the dynam c nodel further rmdilfatu 2003
spindle notor used to rotate the disc, and wherein the processor :
ermul ati on YRR furt her outputs spindle notor speed pewussoiodmn si gnal s.

25 9. The apparatus of claim6, wherein the dynam c |inking program

further provides a disturbance spectrumto the plant sinmulation software

to sinmulate externally applied vibration during the sinultaneous

execution of the processor enulation d8ftware, the pl ant sinul ation

software and the dynam | i nki ng .program 210Q0T10Qa WO 00/ 63893

PCT/ US00/ 10410 - 18 T@ %H?aalﬁ?ﬁ%‘r‘sélf G "Tg?’ viersin thedyngmic linking prrgragyisani ¢

| i nki ng progr amharacterizeasteREEBIE (Békefile B3R5I BRIMiclosofEWadolk | € oper abl e
in a Mcrosoft I\}q%ldows NT(r) version 4.0 conpati bl e operating system
envi r onment . version 4.0 compatible operating system environment.





