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SERVO PROCESSOR CODE EVALUATION
USING A VIRTUAL DISC DRIVE

Field of the Invention
This invention relates generally to the field of disc drive storage devices,

and more particularly, but not by way of limitation, to improvements in the

creation and evaluation of disc drive firmware code.

Background of the Invention
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.
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rotatable disc (108). The programming is first generated (302) as al 3o LT 2003
of instructions executable by the progranmabl e processor device.

Processor svaudoasdspn software is provided (304) to sinuledwuseweaaist i on of

the instructions in a conputer. A dynam c nodel of electrical and

mechani cal portions of the disc drive is generated (306) using plant

sinmul ation software. A dynamc |inking program is configured (308) to
synchroni ze and transfer data between the processor emul ati on software and
the plant sinulation software. Al three prograns are thereafter
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f
operation o thaedeflfn% M}(ngthg%&?e)spo rdsl; +SEJ ]At[tl?e{ﬂ’e%mfung Jeei [ €1

[err] [err] err Terr]
[err] [err] t&eﬁro@éfﬁr them@s@@@epawmﬁmnuw@ of & d8RVO PROCESSOR

CODE EVALUATI O}Irajec ory 101 @1 }‘{ aliﬂ;gs%h og) Esgn%loyge e‘lail(l e. %e num%er Pt tract on
5 from the initial track to the destination track). Thereafter, the processor
repetitively determines velocity error as the difference between the desired
velocity and the actual velocity of the head, and outputs current command
signals to cause the head to follow the desired velocity trajectory and come to
rest over the destination track.

10 Track following involves the continued positioning of the head overa
selected track., During track following, the processor receives position inputs
from servo data transduced from the track and outputs appropriate current
command signals to maintain the head in a desired relation to the selected track
(such as over the center of the track). It will be noted that data are written to and

15 read from data blocks (sectors) on the track during track following. Processor
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.
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25 2 1 OCT 2003 WO 00/ SgSES PCT/ USOO 10410 -2 A seek invol ves the novenent
of a s¥ ected Y ial track to a destination track on the
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out put 5 CUrre nt geﬁé}mm 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.



signals to cause the head to follow the desired velocity trajectory a{mbg
cone to rest over the destination track. 10 Track foll ow ng invol vgs t 2003
continued p@siégedi Ng of the head over a selected trackecrfdfolibdetrack

foll owi ng, the processor receives position inputs fromservo data
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I nvention
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
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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
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bl ock representation of programm ng of the servo processor used to effect
position control, such as during track followwng. FIG 6 is a control

bl ock representation of the dynam c plant nodel of the 20 disc drive used
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read operation, 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)
i 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.
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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.
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a user-defined interface subroutine that
desired. FIG. 3 shows a user-defined mterface 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.
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characterized as a Dynamic Link Library (*.dll) file and is integrated
into the DSP emnul ati on nodul e 200. As will be recogni zed 25 by those
skilled in the art, a *dll file allows *Pinking at real-time and executes
call functions and_data input/output (l/QO transfer functiaons. It will be
recogni zed that a %P?lg’tﬁyeg?‘“ﬁﬁgﬁ"ﬁ?%@?r F@P%?P%aél\siéﬁlqlaibﬂg‘*ﬁrﬁoma
number of diff g6R¥08 andepefatedsn Mbdxﬁbu&ﬁ(té;ﬁés@&%%s&ﬁ%bﬁh@f?ﬂuﬂﬁ@lﬂﬁees with
simlar features. WO 00/63893 PCT/USQ0/ 10410 -8 FIG 3 further shows a

pl ant nodel 202fqrsmensioped Micraseft {-erparationjiVindows NU® operaing systym, asghech i s a

dynani ¢ si nul atwRowORNT®peralipl &l a&@ﬁkﬁé&ﬂsﬁﬁﬁen][nﬁs thB&hReaRbcal |y model

the rel evant el ectro-nechanical configuration of the disc drive 100. The
pl ant rodel 20Zxpatian elmytiple progigmy. I programeningsto e evptnatedf(fepresented shel f°

sof tare packageos mBlitedts i chiiigfbifiodhid 06, BROUHAFIMAGIRihC Model and

eval uate di sc ani cal and e ecprlca1 response aracteristics.
For ref er ence,infarmation déscrbing the Hiat drive dssigrt Gpresentedodt 24D is mpovtided t&i nul i nk(r)

Dynam ¢ Syst em. Si.m.at i r i e fraom Th
Mat hwor ks, | ncm,le "ﬁgl[aﬁ%d(s?ﬂwglsgg&a%’ﬁﬁtshg %%@@E@"#@L‘ glg?rt Ptﬁ&ﬁyf s‘ﬁfgdul e al so
operates in a I&tiddfexastdt cyClos painrtsteps(aVindidared by inputibirck 212)gand yighem

envi r opnent (suchu?s W ndows NT(r) version 4.0). The Sinulink(r) Mdule
al so al¥% ows usEFEHS MHPIEETS: ser - defi ned progranmi ng subroutine that is

call ed once every siAitdchidspottitd s, sybomatatedite pidiict iflemithOplantndpdélne stat e of
t he sinul at ed nanj c s%/séem t o, a;xfélgct he outcone 15 of the sinmulation.
Dat a transf er s PAAS BPUytofhe gmplatiop modulg 2 GRment cppnpdisigpals args  desired.

FIG 3 shows a pasgdeddidfd heshilntosnioacie 26014 ik td ehe(pldit AB&el ROX") at 203,
which is incorporated into the plant nodel simulation and is preferably

charact eri zed £utpptdatgpne alsp penerajed @5 dlssisee) by thipragrays g8 rearesoited by al so

referrgd to as yckd 31306 4l OV, AFechit] .va(}am Flekdhif1d) he RulakiBs €' f aci ng,
bet ween t he DSP ecrrul ation nodul eﬁefoo I)gn th}go epﬁlﬂi'li;/lﬂnt r?odéll 202. The |ink

204 is pref er amhodulel?80 san vanite 2 &l¢ shewing the gxasuted iiERs angregisieneanientsethe) il e
L 0, 5o BhPapdd 2 UG RN Ll i a1 0
link 204 can write a transfer file showing the data passed dur'ing 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



di scussed nore fully below, the |ink 204 establishes and regul ates the
respective 25 sinulation timng of the enulation nmodul e 200 (execut igoih 0cT 2003

cycl es) andwbhesgbrant nodel 204 (tine steps), passes d%ﬁ‘/[@ﬁ)}‘l\ﬁﬁgn t hese
two nodul es, and generates interrupts for the enul ati on nodul e 200. The
DSP I/F 201, Plant I/F 203 and 1link 204 are preferably witten using

Vi sual Basic C++ v6.0 or other suitable progranm ng | anguage and
subsequently conpiled into the desired f@rmats. 2 1 OCT 2003 WO 00/ 63893
PCT/ USCQO' 10410 -9 Initially, the enulation nodule 200, plant nodel 202 and

the |ink 204 arélant madd)l Senu dofenatied by the headdeflodilaeP(IRIYIad by dashed
box 206) runnin e aforementioned M crosoft. Corporation Wndows NT(r)
operating syst e%loaeg)stotp FloeVlJCW ﬁ%‘bz\}\gosl\?lg(’rsbg“%lp‘@?‘%\}i‘Fﬁ‘ﬁ“‘gﬁf’s‘t”él?ﬁhaﬁﬂéﬂﬁeégeousl y
pernmits the si npdsitibh@osumniingiacioh 28T o@koviaelfiddPAcR tdhOs@&Br 22PSP progr anmi ng
to be eval uated (re&rI sgnt ed at 208) is provided to the enulation nodul e
200. Disc drive conflgu IEPCELS POFORY ks corle vhed dyring ppsitiqnrrentolsc dri ve

desi gn {1 epr eseshesomlsuchldd kulis RERHIERHe! An obddfreSI I WhhisBIoSHS zpa\ﬁ'ar eto

formthe plant nodel 202. The user inputs the desired ratio of execution
cycles to time RISEIE eftiguatss yiich qreapulyiglied By respestivecaieing Ky) Kx atrgdint hen 10

executes the preiBianse, 288 R roh ASEINE LS L Eline N SRRy or © br ovi ded

fromthe plant nmodel 202 as inputs'to the atiron no 0 and
current conmmand®¥; Estmaiediies front e pereryer 23d iy ummed atsuamniingjunaidu 242 200 as

doirod) by he s el idlec ol e b I TRFuMAIR AR TS Lna 216

desired) by the programs, as represente
respectd vel y. BepinvllgckaX44 éwigingslireK p)ttd generatel aatuirem commahidl signa00 tieaitantvr i t € A

file show ng t e s..and ister..cgntents, . th l,ant nodel
202 can di spl a;@ {?gﬁggﬁ)'ygs %%fglgt ﬁegvﬁ dﬁ{rﬁ%&%?‘?egm’ H\X&\"fg’f%ér ‘?'Fé‘*,ﬁﬁlﬁ@d e link
204 can write ah¢ plamsihceel) fo previdemuaitng positortkignal, pakh &duttel Reth ke

si mul ati on opergti oc? sinplified functional block

. 20 FIGS. .4 and 5
di agrans gener arigae %ﬁ%‘é’g@?ﬂ’m?ﬁe’%‘g%w??\%rtggpvﬁéﬁﬁ%?ﬁ’ﬁf‘ﬁbe OOSEFVE al uat ed by

the emul ation m3dule 200 of FIG 3. Particularly, FIG 4 represents
portions of the cod sed duri velocity contrall ed seek. A profiler
bl ock 1%20 out put s a%}g'l ‘g’éiatswpb‘?'g‘i ‘%P@“’&:%l blpck disgraw ol the@scdevmnd vel ociti es.
An observer 22%oﬁﬁ@&aioﬂalme@tmgpkhﬁﬁddg%zwﬁ@.3.0f1t$vﬂﬁ)ep' ant nodel 202

and provides estimates of head position an
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



velocity. The estimated velocity is summed with the demand vel ocity2ay QCT 003
summ ng junction 224 to generate a velocity error which is filtered by

notch fil Q0083883 The output of the filter 226 i s sumech/vsobhosdp bi as

value at summng junction 228 to forma current command signal which is
provided to the plant 2 1 OCT 2003 WO 00/ 63893 -10 PCT/ US0O0/ 10410 (pl ant
nodel ). Servo data transduced by the head are denodul ated (by the plant

nmodel ) to provide an actual position stlgnal, which is summed with the
estimated position at sunmng junction 232 to provide feedback to the
observer 222. ptegtioss, tlefance gHpas, p6v eandrselentively éntrodered tosmerletivariony posi ti on

control 5 oper adHi-}Rrid SHeitioRs by MbtliBghck bRGkadoo! | OW ng. An observer 234
outputs velocity and position estimates Ich are multiplied by

respective gains KvThdoutpt fremithe HDA owRisniz@bdlocR 388 mpbvided taesul ti ng
products are sypusd, imat ed .bi as fromthe
observer 234 |g sUMe la%g) g&m%dﬁg@?%g é%ﬁflé 5’%03%“81&55“? is fed back
t o t heSobser vedata zead firoil thexdisds o prayjtie smforciallmogttumar uputd @ thrpeniuldonck 244
(wth gain Kp) ur r.e mmnd Si ant (plant
model ). As bef c‘ﬁ°§“‘ggg‘?v§¥e§ P%“%?‘P%H%aaﬁ@écf’°5‘;}°‘tﬁe @éb’agﬁaé'gﬁ%ﬁodul ated (by

t he pl ant rmdehx)foﬂmtlm (Gta;d@da)nma@&mﬁhnmﬁle&d B9desitedN The dedddeig2i s sumred

with the estinate ition at. su ti.on 246 to provi de feedback
to the observepf®* 31331"@?“%“‘1“??&‘] Q?XHMJP‘% o£§lG-@ncti onal bl ock di agram

of the disc drlve Iwmbeguéaa&dﬁan?ﬂc? U4 chelDBP 10 Pidvides i mepdel 202 of
FI G 3 It will understood that FIG 6 t%row des an accurate, high

or der Podel of SRF& pasrel to gorseol thy potatjonalispeed gf aﬁﬁnq*\%@ﬁf&hi%lThEOHponents of
the disc drivecdfiQ T;%] gxﬁmmgqlsed%%vﬁre%hyfuh&doﬁ%smtreﬁuﬁmpl%éﬁéasSed in

FIGS. 1 and 2. 20 e enul ati on dul e 200 provi des the ‘af orenmenti oned

current conmma Al soihgnagt deendnciuded i thawepressntationgiof the DSR|pregtamming ofyul se wi dt h
nmodul ation (P¥ds Q'aﬂdﬁait “ﬁl%@s‘&ﬁ‘lc%gtt@%ﬁlha??ﬁ%ﬁﬂér%toﬁ%@ed é’c‘{%%@ converts

the input digital values to correspondin transfer
function bl ocksigmpis preyided Sromthe ‘mlﬂpwnmdelhamh@ta&“’l@t(%@ oeﬁvetthre PV

S o e

t he phy5|cal al portrons o e disc
drive 100. Th ecuresub 1a|sp|gdla matoo block268ewhich 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



command signals are passed to a power anplifier 256, which generatef 1t Bﬁ
coil currents which are applied to a HDA nechani cal bl ock 258 1 2003
represent atfQ¥3 t he actuator 110 and the discs 108 (RGTHSOWI4I0EKt er nal

di sturbances (such as 2 1 OCT 2003 WD 00/ 63893 PCT/ US00/ 10410 -11

vi brations, tolerance effects, etc.) can be selectively introduced to

nodel various real-world condl tions byl di sturbance bl ock 260. The out put
fromthe HDA nechanical bl ock 258 is pr3V| ded to a denodul ati on (denod)

bl ock_ 262 whi Cf%hlcﬁxghéj&l?&r‘d&ﬁe?%&p%ﬁeatdcO”d' tions servo 5 data read from

the discs to provide servo data positional inputs to the emul ati on nodul e
200. These inputs |ﬁnirmﬂéiSa@-tSuaMllpmmlieluodermdmthe&istatekcaxadrgeaddress

i nformation ( [oX0) i.nd rmation, etc.. as desj The denod 262
general |y mdel@qtﬁtggg%@? L{{ﬂfgﬁ%ﬁl Cfﬁ}gcéfg?ﬂmo%@d&fgnﬁlf &-ﬁ’d Sfln%let will be
recal | ed from midter sﬁeeﬂha:trechbkes@ﬁﬁ fﬂoﬁﬂth@élﬁMhtdﬁSno‘ameadd)ﬁtH@ﬁlﬂ{t 10 speed
control to control rotati Q spe of the s&lndl e notor 106. The

controP progr arﬁ‘ﬁdﬁ]gzog <4 pf’%tlcﬁ'r‘ F’&Pé’o’ﬁ‘ FefP@ the, plant mggle! 204:tosae qmulation

i mpl enent ed arm,dara2baspmhntseﬁd9at¢ﬁmizhtiiﬂd)fthesetﬂa@grmae%ﬁhmtIOns of the
DSP programm ng of _FIGS. 4 and | t be sufficient to note that a

spi ndl e not or dpyebEd %@%@Bﬁ“@?@#&fth?’é’r‘ﬁ’r“@?\}h“(féﬁfuqlﬁeé?ﬁ“fﬁ%a@ﬁhl ation
modul e 200 to 3R s wth@ﬁegﬁﬁls %rexé&t@%csaraeﬁm@ﬁlﬁﬂ So4alfdivs wer  Si gnal

used by a spindle notor ‘driver fo appfy current to a spindle
mot or bl ock 268W¢ pieBtems & mmwéky qahela@phmxtenmdm set (g yhe ottRur i ng spi ndl e
not or ;pot or po? sgjmgrp sensing, rise-tine neasurenent of actual spindle
not or current esponding to command current driven by the spindle notor
driver bl ock 266 i sThelink 204 Girtherrsyechodinizes the pperationofthetespastivt at es 20 by

ot or L Ter D1 el e FRbERUS R L BIDGRADR LR gl o

nodul e 200 sot t-up curren |n|t|al
driving com‘rut(prbcessmrM)eaudahejﬂmtmldeimawmmmhemhedwpbmg ofthendl e notor

speed ranp up, r 270 ts of spindle
not or  comut atSYSE) ‘b’g}r‘)’?e 1Py tﬁm e°’%§ﬁk‘8}?{ﬂ‘s&‘¥’l"g’x f?%‘ﬁﬁi <6°r&5l | ow
executison f’f ﬁ%ma&maﬁdg&hansmemixsmreadhabrrcspmamm ﬁnetstr;prfﬁumhuplahthe spi ndl e
not or unti t s|rea s .. rng supnseque erati on,
o0l ar posi &1 THERGAE AP R s 08 PGP HIPRCPT SRS Bt Ro368 t ot he
denmod 262 so t BaferdniCallodHaBio SBR thiEE the @sspdtld minibet ¢l cydlesdritineni NY

information for the head relative to
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 generatgd 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



the di'sc, as well as angular positioning information indicative of 2?; 003
rate at 2 1 OCT 2aa3 WD 00/ 63893 PCT/ US00/ 10410 -12 which the disc- mg &
under the h¥adoe3@som FIGS. 4-6, it will now be underst oggdriR@hedipe data
exchanges facilitated by the link 204 include the current command signals
and spindle notor speed correction signals fromthe enul ati on nodul e 200

to the plant 5 nodel 202, and position information fromthe plant nodel

202 to the enmulation nodule 200. Priorl&art, separate utilization of these
programs has typically involved the generation of "data files" that

provi de the reqt¥&nile’ applirdtvitaation duting the simplatitonn. UEednyativh ;mopilagr ams t o

execute. By congymasio plhddeolid1Rid B4 . prograns to dynamcally
calcul ate the ne)>r<t ionpput data set %gggé%?%‘za%?ﬁreerah%"%rl%gerogﬁexleﬁ‘éte‘?/i nk 204
further synchr oby $esompuicrofiep3df. avd thefuser ealyates fheatsulteat sepdld. elhe t he
emul ati on mdulguglggqhgggnhﬁgggﬁgw the DSP code at a selected rate

ep

(processor cycles), and t ant nodel 202 will sinulate the response of
the systemin tine Ibvipowtsrleattbatdieteesem inventihpseadodsd herdy,pi cal |y, the

DSP code 15 wil i nstructionsg .for each caorresponding tine
step fromthe rgs’r%iﬁt?g iﬁuégﬁég%argllar% 8srt8taidéfﬁ§f‘ﬁeemﬂu t%&uwa'ﬁc provi de the
respective i npudeselbpmérinphasevof a iewalisc dfiSe desiigh.ORYrstahd evhRatfon@® tHeRE9HIN t he

respective nunber of cycles of .time,. steps, and generate the necessary

processor int er?PUt ST c‘}/éceflflﬁ%\f‘ cWETEdFSGrd“&g%EW@eBS@t@@ErEVALUATI ON routine
300 is 20 set domiplebediand Rbagged bbRreIhdMBA indc@hdnlal d-‘é@igﬁ abddBckObisdshe
prograpym ng configuration of FIGS. 3-6. At step 302, the DSE’ code is

first eneratedciglor erndisyration) andthe HRA elegtisel desigrt (motar drivengiremison nodul e,
step 304. A dyngfogulimaircsis) K9k 838 B mALES ikvefRkd j,cal portions
is generated at step 306, an%:l a dynarﬁng -?i.n%f?d%g %@%@%g%tl table for the
dynani ¢ nodel dveflabiey Thisicampaigndalyealiow eliminatieniof wiet ia hidtodicallyiréfemedat st ep
308. The user ne%dhe ArEhitbdati8adeOF RRED r r ssor cycl es per
time step) at step 3‘1r0, and, %gs? de@%%ﬁ&’s‘g{}éﬁe@éﬁgﬁﬁgPlpogon esiarl"?puts for
t he simul ati on gengsatedinan atGuart td piysically ceeateiaficst wetsipn bithe dixadrpkee, an ext er nal
di st urfaance sp il . t sturbance bl ock 260 of FIG 6) to
mdel The.of { oarioretish MlRfns Bhve tdh 1 bl

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.



WO 00/ 63893 PCT/ USO0/ 10410 -13 externally applied vibration duri nggtpeoc'[ 2003
sinmulation run. The enul ati on nodule, dynam c plant nodel and |inking
program ar Wa06e6388xf t er si nul t aneously executed by the mommowmai0 step 314,
and the user evaluates the results at step 316. The routine then ends at
step 318. 5 It will now be clear that the present invention, as enbodi ed
herein, presents several significant advantages to a disc drlve

manuf acturer during the devel opnent ptldse of a new disc dr| ve desi gn.

First, the evaluation of the servo processor code using a "virtual" disc
drive allows the coBOhg sighificant advantageds s cest eryingmesseriastdgythpef ore t he HDA

mechani cal - desiaek AR Gensl FEuladh QRIpHRLOR 150 LAURAL Mk and t he HDA

electrical design (notor driver circuits, denodulation circuits) have
been conpl et el Whighallasys@praprgsos erulatey' 3p baphyyicallypiigeedsints theiotof can

potential |y al ly:eleisst RAWARABNOdrive@sts ssvefdl RhLSrfAkdnYs SebfLi &th to as the

"bread board" stage of devel opnent’, where engineering prototypes are
generafed i n asenamybgused by atinalt wat. |By conteast, thegrasent ventionsarobe of t he di sc

drive 15 befor e The present
invention furt él?é gﬂlaﬂg&aﬂ{ér‘gﬁr#@n%%%@ﬁ d%éﬁf IR a?lggIn# L%f%r”%ﬁejsgrséat hered in a
very short anpaeessahe varioes libfdnies snddies, iming the econmhergjallylavaibbled®ffthe- t ol er ance
conbi nati ons a rjligemu <\)/na1{u'> IS gldectrl ca(Lland nmechani cal conponents from
a noninal desi % AR U R0 A% ur er s woul d have to

bui I d 20 hundreds oh‘nadmdanchrwiﬂq&etaﬁdetnﬁﬁtlmteht@,&be;désemeﬁwmﬁodiabor atory
condi tions over ext e@‘gggn eriod ne to eval ua%&jt h vari ous

ft
ef fect? of theg’éecfeéilt%P&}‘? par F §@tuating progrgmuming 593 can be

readily adj ustgﬁg&ﬂdnabteq:mcegs&rdaw15tmhwaﬁadn¢eh©ee> @dwﬁttsemtcsmamd the code
can be i medi at el eval uated wi thout ever _buil di ng single drive. The

actual time scafzhedlhwithgsnsette s roatablediss 10§ a“daW&°‘?tF?éSP2‘5‘“PF“|“Pe steps can be

more frequent Laad1bf ?au%ﬂmélpﬁxﬁleﬁx?cftérfldéam{WEl:ﬁmeHfs@@bs(ib'j’duﬂﬁledaﬁ ual drive
operation. For pur poses of lustration, the configuration of FIG 3 can

be run, for exanpl el Thezprogranaigg isffirst genegatedss aseries opinguctions sxeswébleof di sc
VeGP, P RIS 405 BSGAAF e SRt 00 02052
associ at ed w t hsedteesimulate 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.



present invention in ternms of enulation equipnment. A typical enulati g oct 7_‘]03
station (which allows a "processor enulator" to be physically pl uggg

into the slwoomdsest he processor in a working drive) COSTP%T/%@%ﬁ%&& tens of
t housands of dollars and 5 can only be used by a single user. By contrast,
t he present invention can be nade available on-line within a design
departnent, allowing nultiple users to access the various |ibraries and
files, using the comercially avail abl el5-"of f-the- shel f" enul ati on nodul e
and dynam c nodeling prograns. In accordance with preferred enbodi nents,
the present invdamson is 10 directed to a nethod and apparatus for

eval uating progranm ng 212 used by a progranmabl e processor device 150 in
a disc drive 100 to carry out servo control of a head 118 with respect to
a rotatabl e disc 108. andAnetiodfirredlusipg propameaing usedbyEprogR@Mable ON of a

spi ndl e notor 106 .wWhich the disc 108 is journal ed. The programm ng
is first gener é’? G sgg&leglcgélﬁ‘ggc ‘%’fve goncé':‘fry ﬁ'f:ttsfr&?]%‘l”gﬂ[e‘g&th&%ﬂ with reepepl, "t he

progr asmabl e prioeasasable disy cafprishigeepsstor enul ation software 200 is used
to simulate execution of the instructions in a conmputer 206. A dynam c

model of el ectrical @ REPHAYERLSPIOSIATIRE 2@ sericsof inptaictiprscexenutable bys” gener at ed
using plant simulation weplop@mmalle grochsdiibasg ¢ | i nking program 204 is
configured to synchronize and transfer data bet ween the processor

emul ati on sof tware ERaTViingImocsssarrmuation seftwarsrronfiguredto simubdte t hr ee
programs are thereafter &xgGH] She SHELUFIRRPEALR 1) d uter to

eval uate realtine operation of thee programm ng%till{br\tl)@ﬁ?iﬁ’%gﬁgcl ear that the
presen? i nvention is welRrocgerapdesige.tvhersin the progdssor emulgtionesofiwamdy ant ages
mentioned as well as thQggulsRRes el Ne i W [ ly 25
preferred enbodi nent has gé%nlgengg%ng%@s%as%ﬁ*z%gvgggc‘%fegfﬁ% di scl osure,
numer ous changes nay be applid tovir ashuater inbtor esadiid opnisel hgmispositibeis el ves t o
those skilled in the ar ich are enconpassed in.the spirit of the

i nvention disclosed ancfgsgg&géﬂbﬁ@ m ORI e %é’iﬁ?ﬁpﬁ‘g‘i’%. 2 1 OCT 2003
WO 00/ 63893 - 15 C afchresingjilaint kifsGlatidDsbfitvark to genefatelaaindmit ndélofat i ng

progr ing used by a pr a | e rocessor .device .in, is¢c drive to
carrqu servo control g&'ﬁgﬁgg@e%aﬁf‘??ip%?ﬁ‘@ﬁ e disc Vemauglmgthe

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



5 to arotatable disc, conprising steps of (a) generating the prografnQp z(m
as a series of instructions executable by the progranmabl e processor o
devi ce; (b)VOPHIB9i ng processor enul ation software confpgousmiésdo si mul at e
execution of the series of instructions by the programmable 10 processor
device, wherein the processor enul ation software outputs current comrand
signals indicative of current to be applied to an actuator notor used to
control head position in response to p’&si tion inputs indicative of head
position; (c) i | ant simul at.i on software to generate a dynam c nodel

of 15 electri c;{ﬁe ge(r%gigtrlrré%ghaasﬁkcoﬁm ?f??”ldé’?fg“%‘f’mt‘ﬁ@g@icg’ﬁy BHiPQEtiemc| udi ng t he
head, the disc canubliohithe hedduinting a ik EsllowMgepabtiont he pl ant  simul ation

sof tware out puts head position signals indicative of head position in
response to the current command signals; (d) providing a dynam c |inking

progr am con i gur ed 0. ¢ rARShdaiod'oh 8P GAEI ke SARADS GRS obg O L he
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processor emul ati on software to the plant similation softwa nd to
transfér the hdQdusshss mopgsa snindigrapter yspdimrotate theldisasand wiredemtthon sof t ware to

t he processor ' ' : .)f?dllﬂlrl xecuting the
processor emnul ﬁ%ﬁ%@a&%ﬁ%ﬁﬁiﬁg antu(ge%eg%%l nu eg?ﬁgﬁ%%?ﬁevégtgr and the
dynam ¢ | i nki ngpgsd efrestion signals. conput er to eval uate real ti me operation of
the progranm ng. 2. The nethod of claim1, wherein the instructions
generated by generating step (a) conprises instructions used to carry out
vel ocity control of42 1 ThEmeRoDBf SMOmOQABBE&XBImpAGind SidgF00/ 10410 t he head
during,a seek operajd on .and instructions ysed to carry ou osition
contrglo of the headE i Ylﬁlélggd{’f"é,%cngBT"InB%'L%%g’CB trséﬁ"i‘lﬁ%.nsghw ¥ et hod of
claim 1, wher eisimildweextyrnalyiappliza didkatiofh duriighig dpefion JF tHeimiéltahddasy nodel s a
spindl e notor used.to rc%t ate the disc, and wherein the processor enul ation
software of pr&HHS P (b) further outputs spindle motor speed
correction signals.

i

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;



—

10 4. The method of claim1, further conprising a step of: (f) provi d2nf; @T 200
di sturbance spectrumto the plant sinulation software to sinulate

external |y WBPM%® vi bration during the operation of thecsivssgibapeous!y
executing step (e). 5. The nethod of claim1l1l, wherein the dynam c |inking
programis 15 characterized as an executable (*.exe) file operable in a
M crosoft Wndows NT(r) version 4.0 conpati bl e operating system
environment. 6. An apparatus for eval uatl-ng programing used by a

pr ogr ammabl e processor. qevl ﬁe i?ta di sc drive to carry out servo control

of a 20 head with rd5pe¥utagonsoftyaresiofqddn the sompytesanestonyandrentifigyredonpr i si ng
a series of instructions guaekhaphanidiodesr NcARLGRIRRL G REOCESSOr devi ce,
t he apparatus conprising: .a caonputer having a conputer mnmenory; processor
emul ation software store °’f‘ﬂ“st‘ﬁ%§‘e€5ﬁﬂmeé}‘°h?£frﬁ)‘h?h@éﬂh¢ disarand the25 t o

si mul at e execution of th@ctﬁa@cfrin%r%heireriﬁhwﬁﬁtisﬂmat% sb are LD ammabl e
processpr device, wherein the processor efulation software outputs
current’ command si gnal s Psedipesitiansigngls indigativeref head poditiorcip pésp@de oo an
actuator notor used to cgy JoT=F:Te ' P b in response to position

i nputs indicative of heaq@tﬁf%rgn%i on; ?/\%%%A/’ 93 PCTI USOQO/ 10410 -17 5 10 15
pl ant sinul ation softdypamic inlingmogram condiguredpuitapsfentberamenamtneadf i gured to

generate a dynam ¢ nodel ical and nechapi cal ortions of the

di sc drive including the" ealasg%og‘ftﬁéb%?essscorglﬁﬁla?wgo %rfﬁpa?‘gl’lr%t or, wherein
the plant sinulation sofsimalaioncafiwart and theanhfed Gl Hedpbsiios Sighds frafli cative of
head ition in respons current command signals; and a dynam c

to.th :
li nki Eg’spr ogram conf | gurte?jplf“bt sl’?'“iﬂ@f’é?ﬁv’faﬁet" AFQERESOLIRHIREIOa soltWaghal s from
the processor emul ati on whekdinvhe orhutdr copfigiidd 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.



sinmul ation software and to transfer the head position signals fron12trqun'mw3
pl ant sinul ation software to the processor enul ation software, wherein :

t he conput KO WE3¥Hnfigured to sinultaneously execute thhECTABIOMRRSOr

enmul ation software, the plant sinulation software and the dynam c |inking
programto evaluate realtinme operation of the progranmmng. 7. The
apparatus of claim®6, wherein the instructions executable by the
programuabl e processor device conprise4§nstructions used to carry out

vel ocity control of  the head duri? a seek operation and instructions used
to carry out positi®n cONEPRFatEo ?Iﬁﬁn ﬁé@areaum thepanyiclinking pragrampisi ng
operation. 20 @hardh@iZ8P@nketTtable (CéxR) file BperdUSin@IMiclobdt ﬁm%gg ¢ nodel
further nodel spi.ndl e notor used to rotate the disc, and wherein the
processor emul 8 mg%fﬁﬁﬂP%mPﬁPP%@F@éﬂWﬁ%ﬂ§“§Enﬁﬂle nmot or speed
correction signals. 25 9. The apparatus of claim6, wherein the dynamc

|l i nking program further provides a disturbance spectrumto the plant
simulation software to sinulate externally applied vibration during the
si mul t aneous execution of the processor emnul ation software, the plant
sinmul ati on software and the dynamic |inking program 21QQT10Qa WO

00/ 63893 PCT/ US00/ 10410 -18 10. The apparatus of claim®6, wherein the
dynam c linking programis characterized as an executable (*.exe) file
operable in a Mcrosoft Wndows NT(r) version 4.0 conpatible operating
system envi ronnent .





