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SETTLING TIR~I1; IN A DISC DRIVE SERVO SYSTEiVI f=ield o1~ the Invention
This invention relates generally to the field o1~ disc drrve data storage
devices. and more particularly, but not by way of limitation, to reducing
the time i cduired to settle a head onto a destination track durtn~ a disc
drive seek uperatrun throu~~h adaptive current compensation. l3ack~ round
of Invention 1 U Disc drives tire typically used as primary data storage
devices in medei n computer systems and networks, due to the efficient and
cost-effective manner ir: which large amounts of computerized data can be
stored and retrieved. Disc drives of the present eneration have data
storage capacities measured in excc:,s c>f ac:veral ti~_abytes (GB) and can
he used alone las in a typical personal l ~ computer configuration) or rn
multi-drive data storaL.:e arrays (as with an Internet network server or a
mainframe computer). !~ wpieal disc: drive comprises a pluraliy of rigid
maUnetic storace discs wlricli are axially alr~_ned and arranged about a
spindle motor for rotation at a constant hr~~h sped (such as around 10,00U
revolutions per minute) :\n ,trra~. of ?U iead;writc heads are provided to
transfer data between tracks tit the discs and a Lost computer tn which the
disc drive is mounted. The heads are mounted to a rural v actuator assemhlv
and arc controllably positioned adjacent the tracks by a closed loop servo
system. ivlore particularly. the acNator assembly includes a coil of a
voice coil motor (VCVI), so that the ~> servo system controls the position
of the heads through the application of current to tlrc curl in response to
detected and estimated positions of the heads. as well as command inputs
indicatin~~ desired positions of the heads. The servo system primarily
operates in one of two selectable mode5~ seul.tr:~; and track following. A
seek operation entails momn a selecteu head ~U riom ;t11 lllitral tract. t
<t destination track tin the associated disc surt;t~e tlirou~~h   2 5 GUI.
2p02 ,, 



IhC: 1111LIal ac:ccleratiun and Suhsequent deceleration of the head away
from the initial track and toward the destination track. A velocity control
approach is used whereby the velocity of the head is repeatedly ~stim~tted
!based on measured position) and compared to a velocity profile defining a
desired velocity tra~ectorv for the seek. Corrections to the amount of
current applied to the coil durinn the seek are made in relation to the
difference between the estimated velocity and the desired velocity. At
suc(i tome that the head reaches a predetermined distance away from the
destination track (such as one track away), the servo system transitions to
;~ t0 settJrn~ mode wherein the head is settled onto the destination track
Tiiereaftei . the servo system enters a track following mode of operation
wherein the head 1S caused to follov~ the destination track until the next
seek operation t~ performed Disc drive desi~Tns thus typically use
proximate time optimal control with ~i velocity protilc to control a
selected head during a seek, a state estimator hale 1 ~ controller with
relaovelv slow integration to settle the head onto tl:e destination track,
and the same state estimator haled controller ~~~tth i~elativel~~ fast
inte~ratiun for track iollowin. One problem with this approach is that, at
such time that control i; switched from seek mode to settling mode. an
initial velocity variation can cause 20 IarLe overshoot or undershoot of
the head relative to the destination track, undesirably extending the time
required to settle the head onto the destination track. This velocity
variation is inherent in modern disc drive desi~~ns bec;rus~ the
acceleration constant of the VCM chan;es ~ith temperature and relative
position of the coil These and other such factors tend to introduce
veJocit~~ ~5 errors during seeks. undesirably extending settling times. A
typical high performance disc drive has a specified seek time oh around
csiht milliseconds lmsec), which includes the time iiecesstrr~~ for the
mead to ire moved across the surface of the disc and settled onto the
destination track lover the track center within a specified tolerance), as
well as the latency time reduirec, 30 i'or the desired data sector to reach
the head as the disc rotates relative to the   2 5 J U ~. 2002 !read.
SlgnifiCantly. Such velocity variations at the begtnnlng of the settling
phase can extend the seek time by one to two milliseconds. Because the disc
drive la tvprcall`' unavailable to transfer data between the discs and a
host computer ~lurrny a seek operation. Consumer demands for continually
Improved data transfer performance has led desi~~ners to find ways tU
Improve vervo control and rCduCC settlinC time durln~, seeks. Several
methods have been recently' proposed to reduce Settling time u5ln~~ ,i
technidm ~Tencrallv referred to as initial value: compensation See. for
example. an articlC by Eddy et al. entitled "Bias in Dish Drive Rotary
Actuators 1f~ Characterlzatlun. 1'redictlon and Compensation," IE~'E
Trcrrr,suctrnns nrr Irrclrt.strral Electronics. Vol. 33, No. 3, l997, pp.
2=12~-2433, which des;:llbes a haCkward search methodolo~~y for proper
controller inrtiallzatlori. llo~~~e~~el . tills approach places relatively
large real-time computational demands upon the system) lrrrriung its
usefulness In real world disc drive applicatlUns where t5 processln~~
resources are usually limited. 



Three a;Iclltionai methodologies were proposed by ~r'anta~uchl et aI. In
''Delin of iV.Iode Swltchln~_ Controller with Initial Value Compensation
tend Its ,app!iCatiUn to Disk Drive Servo Control," IF,~1C Is'' !)-renrrlal
lVvrlc. CUrryres~. San Francisco. California. USA. 199G, pp. =171--Q76, and
"DeSI!~rl Ut f~lOd;: '_'U Switclnnu Con~roller with Initial Value
Compensation and its Application to ll~ad I'o5rtionln~ Control Un
l1'Ianetic Disk Drives," IEEE Trcrrlsacuurrs vrl Irulrtstrial
Elc~ctr-onrc.r. Vol . 43, No. 1, 1996, pp. G~-73. Thc: t il st two
met!todoiogtes proposed by 1'amaguchi et al. in the fure~Toln~~ papers
rnwW~es resetting controller {observer) states at settlin_ mode
initialization. .^~IIlloUall ~'J operative, SUCK apprUaChcS, at least to
some extent, llTtpede ()thCr C:rlIICa1 LaShS of the dlSt, t~rl~'C 5CrV0
SySIenl, SUC11 aS SetIln~T on-track Check criterion, adaptively calibl-;
ttin~_ gain. etc. The third metfiodolo~ty~ proposed by Yama~~uc!it et al
Involves cancelln~t all Clused-loop poles of the traCl. i~~llc~wln~~ Cc;
ntr~llel and replacin_ these poles at desired postttuns. Ilowever, lll`c
the methodulo~~v 30 proposed by Fddv et al.. this approach can he
undesirably Complev. In t!~at an   2 5 J U L 200 additional high order
compensator is necessary for the initial value of the states Also. there is
generally no easy way to adapt the system to account for chan~tes in
temperature and similar factors which tend to adversely affect servo
performance. AccurdinIly, there is a continual need in the art for
improvements whereby settlin; characteristics of a disc drive can he
adaptively optrmized rn the presence of parametric variations which tend to
introduce st~~ntftcant iCVels of Dead velocity errors lU Summary ~~1 the
Invention Tfie present invention provides nn apparatus and method for
mtnimrztne vettlm~T trine in a disc drive. In accordance with a preferred
emhodtment, the disc drive s Provided with a head which t5 controllably
postttonahle ad~ac.ent a rotatable disc on which I ~ a Plurality of tracks
ar a defined. A motor. such ass a voice cool motor IVC~I), is operably
coupled to the head for Posttional control of tlte: Bead rn response to
current applied to the motor. A servo crrcutt is provided to settle the
head onto a desttnattun track ut tl~e conclusion c;t a seek operation by
determtntn~l velocttv ut the head at a selected ~0 distance trom the
destination track (also referred to as a settltn~~ transit:oti pc>tnt)
comparing the velocity to a desired velocity of the head at the Selected
distance from the destination track, applytn~~ a settling current
correction value to a current conunand siunal to generate a tnudifted
current c:ommanci 5t~,nal, and ustns~ the modttit:d current command st~,nal
to settle the head onto the desttn;ttion track. The settltnn current
correction value rs determined in relation to the CSItlnafed velocity and
Positron of the head as the head reaches the transrtrun point between
seekin~a and settling lwhich is a selected distance from the destination
track, such as one track away). The settling current corrt;ction ~~alur
serves to add an additional zero to the response of the serve, circuit.
~.wtf~ tlic ~U placement of the zero adaptively determined rn relation to a
wer~_htrn~a ~~i the   2 5 ~ U 1. 2002 locations of the slowest twc> poles
(i.e , the two poles that are closest to one in the z-domain). 



I'reterably, the servo circuit comprises an observer which ~~enerate~
esumates of head position and velocity and a settlrn; table which
adaptively outputs the settling current correction value in response to the
estimated head ~USILIU(I and velocity th~ the head at the transition point
aclected distanm from tltc destination track. Moreover, the servo circuit
preferably comprises a pro~~ranunable processing device having associated
programming to settle the feud onto the destination track 10 'fhe5e and
various ether features as well as advantages which characterize the present
invention will be apparent from a readtn!~ of the lollowin~z ~letaile~l
description and a review of the associated drawines l3rref IW criptton ~f
the I~rawin~~ 15 FIG I is a top plan vie~.e~ of ;.t disc drive constructed
in accordance wok n preferred embodiment of the present invc:ntton FIG '_'
is a functional block dia~~ran~ of the disc drive of I=IG 1 FIG. 3 is a
tunetional block dia~~ram of the servo circuit of FIG '' FIG -~ provides a
graphical illustration of a velocity profile o1 it ~el~cte~.l ~0 head of
the disc.. drive during a Seek operation wherein the head is moved trorn an
initial track and settled onto a destination track. FIG. 5 provides a
graphical illustration of a current profile, Showing the current that is
applied to the coil of the voice coil motor (~'C~I) of the disc drw~
durin~~ the seek operation illustrated with respect to FIG. =I FIG. 6
provides a ~rraphic~tl illustration of the trajectot y t the head at the
Scatlltl'~ phase caf a seek, illustrating problems with both undershoot
(wherein the head takes too long, to approach the destination track) its
well as overshoot twhciem the head overshoots the destination track and
provides an uscillatotv response). ,0 FIG 7 is a control dia!~ram
representation showiiy~ the opei ~lti()il (~t the   2 5 J U L 2U02 -6 servo
system of FIG. 3 in accordance with a preferred embodiment of the present
invennun. with rite control diagram of FIG. 7 being ~uenerally
representative of the pronrammed operation of the di~itat signal processor
(DSP) of FIG. =~ FIG. S is a representation of a portion of a selected
track ut tl7c disc drive. Showing the relative arrangement of servo blocks
and user data blocks in accordancC with an embedded servo scheme utilized
by the disc drive. FIG. 9 is a slow chart illustratin<~ an ADAPTIVE SETTLE
routine. indicative of the programmin<' o'f`the DSP of FIG. 3 and setttn~~
furtii more clearly the operation of the control diagram of F1G. 7 during a
seek operation 10 FIG 10 provides graphical representations of the results
nt computes 



simulations. sUowin~ the improvements in settling performance obtained
thCOU!~Il use e.~f the control clia~lr~tm and routine of FIGS 7 and 9.
1-)et,iiled De~crtpttan 1~ TurninU 110W I the dra~e~ings, and more
particularly to FIG. 1. shown tl~erem i5 a top plan view of a disc drive
I00 constructed m accordance with v preferred embodiment of the present
invention Tlie disc drive 100 includes a head-disc assembly (IiD;~) lU1 and
a clay drive printed ;vtrw~ assembly (PVVA) which is mounted to the under
side of the ?0 I-ID.A 101 and ttluS, not visible in FIG. 1 The PWA provides
circuitrl tl;;cessar~~ to control thr ~peranon of the HDA 101 and to
transfer data between the IIDA 101 and ;i Host computer in which the disc
drive 100 can be mounted in a tac:r envirotunent The HDA 101 includes a
base deck 102 to which various disc drive ''s components arc mounted. A top
cover, which has been omied tram FIG. I to expose interior components of
interest, cooperates with the base deck 10~ to torm an internal environment
for the disc drive 100 unth controller! air pressure, humidity and
cleanliness levels. A spindle motor 10~ is provided to rotate a stack of
discs 106 ,rt ~t 30 constant htl_h speed. with a disc clamp 10S securing
the discs 1U6 to Llle spindlC   Z 5 J U L ZU02 motor 10-1 It will he
unaerstood that a pluraltts~ c~l~ nominally concentric rrachs t not
separately illustrated) are detlned on each of the surfaces ut the discs
1U6 In ;~ ~utlvcrtttotlal manner 'ro access the tracks, a controllably
posltlonahle actuator assembly 1 10 is provided whrch rotates about a
cartridge hearrn~, assembly 11? in response to currents applied to a call
(a portion of w111C11 1S Sll()WIl at 1 1 ~) of a yoke: wli motor (VClV1)
11=t. The actuator assembly 110 includes a pluraUty ui~ arms 116 l ram
wfltch correspondin~a flexure assemblies 118 extend I Ieads 1'_'0 arc
provldc:d at distal ends of the flexure assemblies 118 and are supported
over the lU discs 106 by air hearings estahlished by air currents set up
17v the rotamon ut' the discs 1U6 The heads 120 are preferably
characterized as nla~~neu7-resistive ( iVI It ~ heads ,A latch assembly
12'? a provided to secure the heads over I~111c1II1~~ zone c not deslnated)
at the mn~rmost diameters of the discs lUO when the disc drl'e 15 lUU is
deactlyated. :~ flex circuit assembly 1'?-1 proyldes ele:ctrlcal
e:omntunlcatton paths betwern the actuator assembly 1 10 and the cl;sc:
clrm~ PV':1 tnlounted to the underside of tile disc drive LUU as mentioned
ahc~ve) FIG ~ proytdes a functional block dlasram of the disc c!rme 10U cat
WG 



1, c~perahl~' connected to a host computer 140 AS shown In FIG. ~', tl~c
~Ire:ultr) ''0 used to control the I-iDA 101 includes a spindle control
circuit 1-1''. a servo control circuit 144 and a read/wrlte channel 14G,
all operably corltlectcd to a SVSteill prUCeSSOr la~. Ir Will be CeCOaniZed
IllaL the SVSIem processor 1J0 C:On1n111111C:atvs lylth and cUIItrUIS the
operaClOn of LlleSC CIrCUIIS In i1 l~nl.WVl1 planner, Wlth the exceptions
as discussed below' Additionally, an Interface clrcurt 1 ~? is slroWn
connected to the read/wrrte channel 14O and te7 the system processor 15U,
Wtth the interface circuit 16? servrn~~ as a data Interface and l7ut l~er f
or the disc drive. 'the rnterface clrcurt 1 ~? Includes a sequences t rot
separately shownl which comprises hardware used to establish varyln,~
timm~t sequences during the operation of tile readlwrlte cittinn rl 1-+6 ,U
The spindle control circuit 1-1? controls the rotational speeu of the
spindle   2 5 ~ a ~ zooz motor I U4 (FIG. I ). 'fhe servo control circuit
144 ( also reterred u> herein as "servo circuit") controls the position of
the heads 1?0 with respect to the discs l06 by applyin~T current to the
actuator coil 113 in response to servo information read by the heads 1?U.
The readlwrite channel I=t6 operates to write data to the discs 106 in
response to user data provided to the channel from the intertace circuit
IS? by encoding and serializing the data anti generating t~ write current
utilized by the head I?0 to magnetize portions ot-a selected track un the
disc 1U6 Correspondingly, previously stored data are retrieved by the
rradiwrite channel I46 by decoding the data from the read signals gene;
rated by the head 1'_'0 10 as the head passes over the selected track on
the disc I06. 1'arious operations of the disc drive 100 arc controlled by
the system processor 15U. in accordance wrath pru`_ramming stored in memory
(IVIGLvI) 1 ~4, which preferably comprises both volatile memory devices
such as dynamic random access memory (DRAi`t i av well as non-volatile
memory devices such as flash memory lS Referrin~ now to FIG. 3, shown
therein is a functional Lock d;a~~ram of the servo circuit 1=I4 of F1G. 2.
As set forth by FIG 3, servo informaoon ns read by tile selected mead 1~0
and amplified by a preamplifier circuit 1 ~G ~"prcamp"). The preamp 1~6 is
preferably disposed in the HDA 101 and mounted to a circuit board of the
actuator assembly l IU. a s shown in FIG 1 --'0 The amplified readbach
signals are presented to a d~modultitor circuit 1~S ("demodulator," or
"demod") which conditions the signals (tncludinn anaio-tudigital
conversion) and provides the same to a digital signal processor (DSPi 1 G0
The operation of the DSI' 160 in accordance with a preterred embodiment of
the present invention will he discussed in greater detail helow:
~~enerally. 3 > however, the DSP 160 generates a position error signal
(PESI indicative e.~l the position of the head 1?0 with respect to the disc
10G from the signals from tile demodulator 1~8. In response to the
resulting PES, as well as control inputs provided to the DSP 160 by tile
system processor l~0 (FIG ~ 1. the DSP 1 CPU outputs a correction signal to
a coil driver 16? which in turn applies current m 30 the coil I 13 to
adjust the position of the head I?0.   2 5 ~ a ~ 2ooz -9 Iteterrine now to
FIG. -t, shown therern rs rt ~raphrcal representation of a fatnrly ~t
veloc:it~~ profrles (denoted generally at 17U), with each velocity profile 



Jet'intn~~ the desired tra~ectorv of a selected head I20 of the disc drive
lU0 durrn~ ,i seek operation wherein the head 1?0 is moved from an initial
track and settle onto a destination track. 'The fatmrly of velocity
profiles I70 is plotted a~atnst an x-ahlS 17'_ indicative of tracks t
measured in tracks to Sao, with track "U" hern~ the destination track) and
a y-axis 171 indicative of the velocity ol' the head 120 As shown in FIG.
4) a deceleration trajectory portion 17b is substarltra111' common t~ each
of the faintly of velocity profiles 170, with tine deceleration 10
tra~~ctorv portion 17G indicative of the desired velocity of the head IZU
as tire Bead approaches the destination track. The dec:eleratrun tra~ectorv
portion 17G extends to a ma~,tmum velocity ~',i,~~ (indicated by doued line
l78) which a a maximum velocity that the :read 1'_'0 obtains as the head
moves to the destination track As shown in P1G -1, the deceleratron
tra~yectorv puCtlUrl l76 rlleets tile I J V ",~t l rne 178 at a trac:l:
denoted as X,, which is a selected nuniher of tracf;s a~.vav from the
destination tracf~ 0 I=IG. -~ further sf~o~s tr number of different
;rcceleration trti~ector~ p(7ltl(7IlS ISO, ISZ and 184 (beginnin; at tracks
X,, 1, and X,, iesp~ctrvely) When the disc drive l00 performs a seek
operation troin track X, t~ ti acl: 0, the ''0 Bead 120 is accelerated
along portion 180) coasts along lrne 178 at ~'.,,,,,, and r5 then
decelerated alone portion 176 to the destination track 0. A seek from trick
X, is similarly performed, except that the head 120 spends less time at
V",~~ ti.e , ttlon~ line 178) because track X, is closer to track 0 than
track 1,. In some cases, a seek length can be short enough that the head
120 does not reacU '_'J fife mawttlum velocity V~~,~~, such as generally
shown by ttccelerati~n portion 1 i31 That ts, to seek ft om track X, to
track 0. the head l20 is accelerated alon~a portion 18-I UrlLi1 it reaches
the deceleration portron 17G, alter which the head IZU is decelerated to
the destination track 0. It will be understood that relatively short seeks
can he herfc~rmed usin~_ <i ~U position and velocity controlled
methodology, so that the velocov controlled   2 5 J U L 2002 -lU weeks
contemplated herein are relatively lon!~ veekv (such as 60 tracks or more
In tuts regard, t11(; \-AXIS 172 of FIG. -1 should not be considered as
hetn~T necessarily drawn to scale (i.e.) the relative distance between
tracks 0 and 1 ns not necessarily indicanve of the relative spactn~; of
remainin~~ tracks on the axi5> However, it will he understood that the
velocity controlled approach discussed herein is provided by way of
illustration and is not limittn~~. FIG. ~ provides a ;eneralized
representanon of a current profile 186 



applied to the earl 1 13 durine a seek from track ~ to track 0 'the current
prattle 186 is plotted tr~atnst an x-axis 188 indicative of tracks ( in
terms cit ti webs t0 to ~o~ and a v-axia 19U indicative of current
magnitude. From FIGS =1 and ~. tt can be seen that a farce amount of
current to initially applied (as shown at 19~ of the profile 18G7 to
accelerate the head 1?0 toward the target track U Unce the head 1'?0
reaches V~,,~~ (portion 178), relatively little current m required t~
maintain the head at this velocity, as shown by curve 18G. When track \~ is
1~ detected (i.e , the head reaches heginnine of the deceleration portion
17G of FIG 4), a corresponding lure ;imount of current of opposite polarity
(as shown at l~O ~t' the profile l90) is applied to the coil 1 13 to
decelerate the head 1 ~0 to tfie track 0 ~~'hen the track reaches a
selected distance from the destination track C' ~0 (such a5 one track away.
as indicated in FIG. 41, the servo circuit 1-1-1 tranwuons f rain a seek
mode to a settle mode, and attempts to settle the head 1?0 onto the
destination track 0 iii as short a time as possible. At one track ttv-ay
from the destination track 0, the head 1~0 should desirably have a velocity
~'~, as indicated in FIG. -1. '_'S Due to various effects inherent in
modern disc drive desiens. however velocity errors can arise at this
transition point) resulttn~ in either undershoot tas represented by
undershoot settle trajectory curve 19~ in FIG. 6) or civershoot t~ts
represented by overshoot settle trajectory curve 196 of FIG. G) Both the
curve 19s, 196 are plotted in FIG G against an x-axis 197 ~Tenerally
indicate a of ~0 rlapsed seek timC and a v-axis 198 indicative of position
(with "0" on the v-arms   2 5 J U 1. 2002 198 of rIG. G correspondrn~ to
the center of the destlnatlon track U ut FIGS and ~ ~. The undershoot
trajectory curve 195 of FIG. 6 arises when the actual veluclty ut the head
I20 at track 1 is too low) resulnn~~ In the head 1?0 I1~IV111~ Insutflctcnt
velocity to reach a predetermined threshold (capture limit) about the
center of track 0 lsuch as  10% of the track width) detinrn~~ a range
within \\'llich read and write operations can be safely performed.
Lll:ewtse, tile ewcrshoot cra~ectorv curve 19G arises when the actual
velocity of the hr:ad 13U at track 1 Is tou bleb, resulttn~ in the head 120
cumrn_ in tuu tact and undesirably uscrllatin~, about the center of the
track 0. lU 'ro minimize such overshoot and undershoot conditions. FIG. ~
11a5 been pIU\'IdCd which sflov,'s a control block diagram of the serve)
circuit 1->r-1 of FIGS and 3. constructed in accordance with a preferred
embodllnent of the present Invention. It \v111 be understoud that FIG. i is
~ellerally representatl\'c t~f the pro~ranuntn~~ of the DSP 1b0 of FIG 3
and sets torch lunctlonal aspects of tile 1~ DSP 1GU in accordance with a
preterred embodiment. VJlth reterence to FIG. 7, a plant block 200 is
shown, Indicative c.~t relevant mechanical aspects of the disc drive 100.
tncludln~ the head l20. tile cull 113 the discs l06. the \olce coil motor
11.I and the demodulator !~8 Tlle plant 200 recet\'es a current command
signal 1<"~ oil slenal path Q02 to l7c~s:ttorl a ?0 selected dead (plot
sho\vn) adjacent a selected track (also not shaven) of the p1.111! Q00. In
response to servo Intormation on the track, the plant ~OU ~~enerutes n
I'IrS \vhich is output on signal path 204. 



The control dia~~ram of FIG. 7 also shows an observer '?06 based on a plant
model havtn~_ nominally the Same Input/output response: charac:terlstlcs as
'_'S the plalll ?00 its will 17e recognized by those skilled In tile art,
the c7bserver 2U6 ',CIlt'.1'ait'.S a poSlLlOn CStlnlat(: ~CS1, a VeloClll'
eSLInlaIe UCST Mild il blaS eSt1111aIC "CST U11 SlUnal paths ?U8, ~ 10 alld
21~, CeSpeCIIVeIV, \V111Ch C(7CI'CSpo(ld Io CSLInIaIeS Ut head posltlUn,
1103d VeIOCIIy Illld l7t(tS lUr(:e. Z~17C 17111S tCll'Ce CSIilllalt'. ~`~
CST takC;S IL1L0 aCCOUnt SpCln~~ forces e`Certed upon the actuator 1t5 Il
I't:SUII ht IIIC U flexurr: assembly l such as 124 of FIG. 1 ), \vtndage
fc7rces upon tilt IlCads, and the   15 J U L 2002 -12 Irks. Additionally. a
reterence generator ? 14 is provided which provides position reference
\itEF. ~~eloctty reference VRrF rind current reference lRr.s `si`=t~`rls
indicative of the desired position, velocity and current settings for the
plant ?00 a These signals rare output on paths 216. 218 and '??0,
respectivel~~ and have ~~alue~ which ~Ienerall depend upon the particular
operational mode of the servo circuit. `uc.h .oa track t~nlJouung or
seeking. As will he reco~~nized, the velocity r~terence ~IftrF g'en~raliy
corresponds to the appropriate velocity prattle tsuch as cllscllsserl above
with reterence to FIG. 4) during a seek operation. 10 A summin~ function
2?'' determines a position error XrpR as the difference between the
position reference XkFF and the positron estimate ;~~5; , a~ shown.
Similarly, a summing junction 224 determines a velocity error ~'ERa `is the
difference beteveen the velocity reference VR=r and the velc.,city estimate
~'=;T Tlie position error X~a,t is provided to a ~7ain block '_'?6 havin a
Scalar ~atn of 1~ f~~ and the velocity error VEHk 1S provided to a gain
block ~'2S having a scalar gain of ~,,, So that the output duantities are
summed by a summm~~ function '?30 The output of the summing ~uncUOn ?:>0 is
further summed with the bias estimate `~~~ST rind the current reference
IRrF at a summing function ''3~ Tlle output sum of tlic summing Junction
?32 is provided alon=~ functional path '_'~ ; t;, ?0 Summtng function
''3-t, which additionally receives tin input tram a scale table block ?3G)
as described more fully below. At this point, however, it will be noted
that the output of the summing function 234 is provided on signal path ?38
as a control input to the observer ?OG arid is a current correction input
indicative of the amount of current to be applied to the plant '_'00. 'to
account for nominal '_'~ variations in the operation of the plant '?00. the
output of the summing junction ?3-t is also provided to rt gain block 3-1-0
hriving a ~riin f~.. sci tltrit the output thereof comprises the current
command I~.~,ii, si~~nal on path 20'_'. ~,s will he recognized, the Qain hr
can he adjusted in ri c:citwentional manner to ensure the observer ?06
maintains an accurate model of the plant ?00 30 l~inall~~, the PES on
si~nril path '_'0-1 is summed witi~ tile positic~ti estitn;ite   2 5 ~ a ~
2ooz -13 



~~a r ot~ path 208 by a summing junction 242 to generate an observer error
O~Rr si~~nal as an input to the observer 206 on path 240. Accordingly,
normal operation of the control system of FIG. 7 (absent the sclectiw
operation of the settling table 236) is initially governed as follows: ,\ t
r; rr = .l~ucr - ,~'ts r ( 1 ) 1'rnu - l~;tcr - lIr-sr (2) CJ~r~r; - I'L'S'
- ~~~c.sr (3 ) ~o;,:n = (.\~m;l`~ ,. l~rr;r;~'i + ~r,~~ ~ ll~r~5/)(Iv~)
(.1) 10 To facilitate a discussion of the manner in which the settle tablr:
block `_' ,6 ("table") of FIG. 7 operates to adaptively improve the
settling perfot mince of tltc plant ?00, tt will first be helpful to
hriefl}~ refer to FIG. 8) which shows a p~rti~n of a selected track 250
from the discs l06. The disc drive 100 employs an 15 embedded servo scheme,
so that servo blocks 252 are periodically disposed on the same disc
surfaces as data blocks 254 used to store user data. Tlie servo bIUCkS ~J~
COIICaIn SCr~'0 lnfoI'II1i1t1U11 Used b5' the servo circuit 144 and a~ r
W'i'lttCIl during disc drive manufacturing so as to he arrany~ed as a
plurality of radially extending wedges, like spokes of a wheel The data
blocks 254 are 20 thereafter created between adjacent servo blocks 25?
during a disc drive formatting operation and accessed during subsequent
disc drive read and write operations to transfer data between the data
blocks 254 and tl~e host computer 140 (FIG. 2). The P)rS (path 204 of FIG.
7) is generated as each servo block 25? in turn is read by the head 120.
The observer 206 is characterized as multi-rate, in that a selected number
of position) velocity and bias estimates (such as four) ate provided
between successive PES values. The rate at which the observes' 206 ~;
oneratcs these estimates is referred to herein as the sampling rate of the
servo circuit 144, with the identifier k used to generally denote a
particular sample 30 Accordingl~~, the estimated position, velocity and
bias for the next sample (k+ 1 )   15 J U 1. Q002 14 after the sample k is
set forth by the following general relationship: f :1~,."(ki I) .~~,.~.,(k)
1~,.,Ok+J) _ ~ r~,.w(k) T Btr(k) ~ L(PE,S - .l',...Uk)) (~) fi'r 1.r(k+ I )
T t', .~,(k) where X~sT(k+1), VEST(k+1) and Vr~s~.(1;+1) are the estimated
positron, velc>cp~ and bias for sample (k + I ) ) XEST(k) ~ `'esT(k) and
~'~'~sr(k) are the estimated position, velocity and bias for sample k, A
and B are matrices describing the 5 plant 200, u(k) is the current
correction signal at path 233 (output by the 



surruning block 232), and L is the gain of the observer 206. As provided
ahove, a seek operation generally comprises a seek mode followed by a
settling mode. During the seek mode, the appropriate velocity profile is
utilized to govern the trajectory of the head 120 as it is moved toward 10
tf~e destination track. The head 1?0 is initially accelerated and then
decelerated (such as set forth by FIG. 4 above) in response to current
applied to the VC~~I 1 14 (such as shown by FIG. 5 ahove), which in turn is
controlled by a cur rein command signal (such as output by summing block
232 on path 233 in PIG. 7) Also, no output is provided by the settling
table 236 durtnQ the seek mode. sc~ 1 ~ chat the servo circuit 144 general
ly operates in accordance with equatrons l l ) through (4) above. At such
time that the head reaches the settling transition point (such as OIle
Crack away from the destination track), the settling mode is commenced so
that a settling current correction value is output by the settling table
236 to 20 venerate a modified current command signal) as follows: u,r(k) =
rr(k) + ~tr(0) (6~ where u,~(k) is the modified current command signal
output by the summing block 234 on path 238 (FIG. 7) and used to control
the application of current to   ~ 5 a a ~ zooz -15the VCM I14, u(k) is the
current command signal provided to the summing block 234 on path 233 ) and
~u(0) is the settling current correction value provided by the settling
table 236 to the summing junction 234 on path 237. It will be understood
that the sample reference "0" in ~u(0) denotes the fast sample Uf the 5
sculin` mode (i.e, 1; can be considered as being reset to "U" at the first
sample of flit settling mode) as the settling transition point is reached).
Although the: manner in ~.vhich the settling table 236 generatca the ~u(0)
correction value will be: discussed in greater dClall below, ~~erlel'Vlly
it will be noted at this time that the correction value is determined in
relation to the 10 estimated positron X~S~. and the estimated velocity V~5
r at the settling transition point. Further, the operation of the settling
table 23G is adaptively controlled in relation to feedback provided by the
PIrS on path 204) as shown in FIG 7 It will be recognized that the
modification of the current command signal (i.e. , generation of uA(k)
durrn~ settling) results in a modification of the response 1 ~ of the servo
system. In other words, the operation of the table 236 can be characterized
as the placement of an additional zero in the system response to 



improve settle performance. 'ro mor a fully illustrate this point, the
following di:SC1'ibCS a discrete-time: state space model of the plant 200.
- ``l~rL,~~) + ~yr(k) ( 7 ) .v(k) _ (8) with sample rate k, state x~ (i.e.,
position X and velocity V), output y, input a ?0 and matrices A~, B~ and CJ
describing the plant. Such discrete-time state space modeling is commonly
employed by disc drive designers; see for example U.S. Patent No. 5,668,680
issued September 16, 1997 to Tremaine, assigned to the assignee of the
present invention. Correspondincly, an observer model can be stated as: .l
~lt f ~ ~ = rt ~ .l',~h) ~ ~>'~l :l{n~ ' ~,~l'~~' ~ ) - ~nl 't.~~ ~ ~ ~ (9)
2 5 JUL 1UU2 -16 where x(k) is a matrix of {XES~, VFS1.}. A controller
model Call be stated as: ar~.(k) _ -h~ x ,(k) ( 10 > .5 A single sided
z-transform is given as: .1'(~) _ ~ x(k) = -" ( 1 1 I=U ThtIS, ~fl~ck+! ))
- =(.u(=) - ~(0)1 and L'(=) _ -h~. y.(~) + ~u(U) (l~) 10 where Orr(O1 =
rr(U) t h~x.(U) (14) with ~u(0) being the settling current correction value
of equation (6) above. Takin~~ the z-transforms ol' equations (7) to ( lU))
subsntuUng into equation (ls) and solving for Y(z) yields the followin~w 15
2 5 J U L Z002 



-17 Y1:1 '~~,i)=I ~I,, ~ L',rl'~1_l - .1 ) 'L,C~,rl,r)n (1~) 1=.t~,~u~ -
~,~,c:r - :a,~ ':.~,(u~lIl - ~~~.~(:r - .~,~~'Jrs oucu) where :l = tt r -
LC~;r`l~l (lh) 5 At the settling transition point, let X~,(0)=Xr0).
Substituting z=z, into cquatloll (15)) with z, a zero of tl~e s5~stc;n
response, ~1?) rultller, f~rorn equation (l~), Iclenofyn~; a 1~2 mama 1\~I
(wltlY tci'Itlv i\-l;, ~l,t on~l 1() 1 S:;~tIMI Il aIlCl comomin~~ with
equation (17) ylcld5 <<I .t,(0) - li r~tr(U) = U so tJ2at (1~) .11 .~-,(U)
Llu(0) _ ` - ~.s~.t~ ,l~csr(U) + ~`sn l ~csi(U) n with seal ing Qains Ks~
and KS,, dete rmined by Ksa = M, I n and Ks~ = M~I n. The 1 ~ the settling
current correction ~,~alue 0u(0) is determined by the settling table 23O In
accordance with equation (20). That is, at preferably each settling
transition point) the estimated position and velocity XES- and VLST are
provided to tlYe   2 5 J U L 2002 -1 s settling table 236, which outputs
the appropriate settling current correction value ~u(0) in response
thereto. Of course) the various terms in the foregoing analyses will depend
upon the configuration of a given disc drive design. Well known numerical
software) such as Matlab by The MathWorks, Inc. of Natick, 5 Massachusetts,
USA can be used to derive the appropriate values for the table 236. It will
be recobnized that ~u(0) serves to place a zero (z,) in the numerator of
Y(z). One design method could be to choose the zero z, so as to cancel the
slowest closed-loop poles of the track following mode controller, 10
51n1t1a1'l~' to as suggested by Yamaguchi et al. above. A significant
problem, however, is that such an approach yields a design that is overly
complex, as well as sensitive to disc drive parametric variation and
unmodeled resonances Accordingly) in a preferred embodiment, assuming that
the slowest and the second slowest closed-loop poles are p, and p,) the
additional zero z, is 1 ~ selected such that. 



=, = ahi + (1 -a)P~ (20) where a is a weibht value ranging from zero to one
(1 e., 0 - a <_ 1) i\Iore particularly) a sr:t of different position and
velocity settling gams I~~ and 1~5,, are selected for different values of a
(such as from 0 to 1 using a resolution of 0.1 ). 20 Thereafter, an initial
set of settling gains KsX and Ksv is selected) corresponding to a
particular value of a (such as a=0.5). If, from the PCS (path 204 in FIG.
7) the settling performance is less than optimum (i.e, some amount of
overshoot or undershoot is detected), then the table can be incremented for
the next seek (using, for example) the settling gains for a=0.6). 25 To
further explain the operation of the table 236, rIG. 9 shows a SEEK WITH
ADAPTIVE SETTLE routine 260, setting forth the steps performed h~~ the
servo circuit 144 in accordance with a preferred embodiment. r1t step ?62)
the disc drive 100 initiates the seek mode of the seek   2 5 ,~~~ 2002. -19
operatron whereby a selected one o1' the heads 12U Is rnovcd tram an
Initial tract. to'ard a destination track. Fc7r clarity, it will be assumed
that the initial track corresponds to track X, (FIG -I) and the deatinatron
track is track U (FIG. 4i Durin~~ step 262, the head is initially
accelerated and then decelerated in accordance with the current curve 186
of FIG ~ so that the head 12U nomlnallv follows the tra~ecu~ry defined by
velocity profile par turns 18U. 178 and 176 0l FIG. -I, r1s the head 120 is
moved from tract. 1, m track U. as shov'n by decision step ?6-t. the servo
circuit 14-t continually determines the l7osttion c)l tUe head lU (usln the
estimated positron ~.ESr) until such Illnc that the head 1''U reaches the
settlm~~ niodc transition point one track away tram track 0. When the
settltn~~ mode transition point Is reached, the servo circuit 14=)
dl:Iel'I111Iles till: eStllllated poSII1011 X~s.r and estimated velocity
~'~ s, . step 266. and outputs the appropriate settlin; current correction
value c~u(U) to settle the head 1 ~ 12U onto the destination track, step
Q70. Dul rng settlin~~, as shown by step ~7~'. the I'ES (path 204 of FIG 7
) is provided to the settltn table Q36 to rmpro~.'o settlrn~ pertormance by
ad~ustin~ the set of settlrrl~ ~_ainS I~~ <tnd h~,, htnallv. the routine of
FIG 9 ends at ?7-I, otter wflich the servo c cult 1=14 opertrte5 II1 track
tullowins~ mock until conunanded to pertorm the next Seek (usrn~~ tile
nee.' _'0 values of Ks~ and Iisv). I-Iavrnt~ concluded the tore~~orn~
discussion of the Demo err curt 1=I=t. 



reference is now made to FIG. IU, which shows the results of computer
simulations of the operation of the control diagram c7t FIG. 7. i`'Iore
partlcularlv. I=IG. 10 sets forth an uncompensated settle curve 28U and a
compensated settle curve 290. (70L11 Uf which are plotted a~~ainst an
x-airs ? 92 indicative of elapsed settlin~~ time (in tnillrseconds) and a
v-airs 29-I rrldlCirtlVe ()t pUSItIUtI. The "U" mark on the y-axis 294
corresponds to tile center of the destination tract: Dotted lines 296 and
298 indicate positrons = lU`T (with respect to track wldtll) awirV tI'C)Ill
Llle CCnLI:I' ()t tllC tl'aCk. W'llll U17C1'altlUllctl titUlr sU
Cond1t10r15 dCClafed durtn~~ read or write operations when the head l'_'U
r:\CCedv   Z 5 J U L 200Z o these boundaries. AS shown by I:IG. 10. the use
of the control dta~ram of FIG 7 results in a suhstanual reducnon in
settfin~ time for the compensated settle curve ?90 as comptlred to the
uncompensated settle curve ?80. While curve '?80 uc:hieves a J settle time
of around two milliseconds (? msec), curve ?9U achieves a vettlc: time cit'
less than one millisecond ( 1 cosec). Thus, the present m~entton not only
achieves substantially improved scttltn~ performance over what is tvpicaly
achieved under nominal conditions, but further adyantaeously operates to
adaptively accommodate lar~ze parametric variations that would otherwvsC
induce I O the types of undershoot and overshoot shown in FIG. ~ that can
undesirably extend the settltn~ time by one or more milliseconds As can be
seen from the torceoine dISCUS51U11. ~'LlrlollS adVt111LF1~~CV are
associated ~tth the present invention (as embodied above) rust, the system
is relatively simple to implement in a DSP such as 1(0, as compared to the
is previously mentioned Eddy et al and ~'ama~~ucht et al approaches.
Second, the w~ei~;ht value a can be used as an <tdaptiye parameter to
compensate for vuri.~oons in disc drtye perl'~rmance cf~aracteristics (such
its with temperature variations. etc.). For example, when the control
diaeram of FIG 7 is confieured au ,t; tc~ accurately model the response of
the plant !so that resonances arc mtmmiz~cJ). the ?U wei~~ht value a can be
selected so as to be close to one; otherwise, the wen~ht value can be
selected so as to be closer to zero. Moreover, the preaent system readily
accommodates the injecnon of values over multiple samples durine the
settltn~ operation ( i.e.) not only can :~ulU) he used, hut also Au( 1 ),
etc ) 



In summary. the present invention is directed to an apparatus and methnJ ?s
for mmimizin~~ scttlin~~ time in a disc drive (such as lUU). 'flre disc
drive includes a li~ad (such ;ts I'_'Ut adjacent a rotatable disc (such as
106t oil ~lltuf~ ,t plurality of trucks (such us ~50) are det'ined and a
motor (such its 11t ~Iticli controllably positions the head in response to
current applied to the motor A servo circuit (such as 1.~-Il is provided to
settle the head onto a ,0 destination track at the conclusion of a seek
operation by determinin~~ ycUmy of   2 5 J U L 2002 -~ 1 tl~e head at a
selected distance from the destination track (such as by 264. 266).
comparing the velocttv to a desired velocity of the head at the selected
distance from the destination track. applying a settling current correction
value to a current command signal to ~~enerate a modified current cornmand
signal in relation to an estimated pusltlun and an esttmatcd veluc:Ity
(such as by 26~). ;lnd ustn~~ tltc: ntudttied current command signal u~
settle tl~e head onto the deattnattun track (such as by '_'70i. The
appllcatton of the settlln gate serves to add an addlounal zero to the
response of the servo ctrcutt. with the placement of the zeI a hteterahly
dctermtned tn relation to a wei~~htin!T of the lucatluns of tl;e clUSest lU
w~u holes ui the response. Preferably, tl~e servo circuit cumprtses an
ubverver (such as Q06) wlltcll ~~enerates estimates of head position and
velocity and a settims, table (such as ~'3G) which outputs the settlin~7
gain in response to the csttmated velocity tit the head at tile sc:.lectcd
dlStallCe from the desttnatlon (rack ~'IOreo~'el') the servo l~ cltcu:t
preterably comprises a pto~rammable processing device (such as 16U) hawn~,
associated pro~~rantmmg to settle the head unto the dewnmlon tract; Fur
purposes of the appended claims, c:unslstentlv with the ture!~oun~~
dtscusslon the term "Sl~tlal" will be understood to Include both analue and
dn_ttal \~71CSSJOIIV Tl~e term "clrcutt" \1'11l I)e ilt7(lc;rSlUUd to
Includr boob llclcWvar~ .Illu ~U ~ott<lrc:iltrrt~~are t_,~pc
Itnplc:menlattons. The phrase "pro<~rammable processing device" well be
understood to describe any number of t~'pes of programmable processors
which cam' out Instructions in assuctated programmin;, such as the D5P 160.
Althou`_=11 certain method claims below are Provided with steps in a
particular order. tt will be readily understood that the claimed invention
is not n~cessarilv limited to the rder of the steps presented. unless
otherwise parttcularlv indlc;ated f%v the lalll'_UaLC Ot the C:IalmS, !t
wilt be clear that the present invention is well adapted to attain tile
ends gild adVanIaLCS 111CIlLIt7Iled as well aS thOSe InheCetlt thla'(:II1
~,Vhllc: plc5eflll~ '0 pteterred etnbudtments have been described tut
purposes of tl;IS dtsclusurc.   2 5 J U 1. 2002 ,.) numerous chanes may he
made; which wall ~eacUlv 5u~<~est tf~emseUcs to tiloSC ak~llccJ m the art
and w~h~ch arc encompassed in the spirit ~t' the tnventton disclosed and as
defined m the appended claims.   E 5 J U L 20U 



- 23  Claims: 1. In a disc drive having a head adj acent a rotatable disc
on which a plurality of tracks are defined, a motor for controllably
positioning the head relative to the disc and an observer providing an
estimated position and estimated velocity of the head, a method for moving
the head from an initial track to a destination track, comprising steps of:
(a) initiating a seek mode to move the head toward the destination track by
10 applying current to the motor in relation to a current command signal
indicative of a trajectory of the head; and (b) generating a modified
current command signal as a sum of the current command signal and a
settling current correction value determined in relation to the estimated
position and the estimated velocity of the head at 15 a predetermined
distance from the destination track, where the motor applies current, in
response to the modified current command signal, to settle the head onto
the destination track. 2. The method of claim 1, wherein the settling
current correction value is further 20 determined in relation to a desired
velocity and a desired position of the head at the predetermined distance
from the destination track. 3. The method of claim 3, wherein the settling
current correction value is provided by a settling table which selectively
outputs the settling current correction value 25 when the head reaches the
predetermined distance from the destination track. 4. The method of claim
3, wherein the settling current correction value is characterized as a sum
of a product of the estimated position of the head and a settling position
gain value and a product of the estimated velocity of the head a 30
settling velocity gain value.   ~ 5 J U L 2002 -24 The method of claim 3,
wherein the settling current correction value is further determined in
relation to a position error signal indicative of a measured position of
the head as the head is settled onto the destination track. 6. The method
of claim 1, wherein the settling current correction value operates to add
an additional zero to a response of the disc drive. 



7. A disc drive, comprising: a head adjacent a rotatable disc on which a
plurality of tracks are defined; 10 a motor, operably coupled to the head,
which controllably positions the head in response to current applied to the
motor; and a servo circuit, operably coupled to the head and the motor,
which: (a) applies current to the motor to move the head from an initial
track and 15 toward a destination track during a seek mode in response to a
current command signal generated by the servo circuit indicative of the
trajectory of the head during the seek mode; and (b) generates a modified
current command signal as a sum of the current command signal and a
settling current correction value determined in 20 relation to an estimated
position and an estimated velocity of the head when the head reaches a
selected distance from the destination track, where the motor applies
current, in response to the modified current command signal, to settle the
head onto the destination track. 25 8. The disc drive of claim 7, wherein
the servo circuit comprises: an observer which generates the estimated
position and velocity of the head; and a settling table, operably coupled
to the observer, which outputs the settling current correction value in
response to the estimated position and velocity of the head at the selected
distance from the destination track. 30   2 5 J U L 2002 - 25  9. The disc
drive of claim 7, wherein the servo circuit comprises a programmable
processing device having associated programming to settle the head onto the
destination track. .A3N.AF3.A.AN.A .A`Y.A,.A.Afn.A`n .A5
.A`l.A[.AE.Afk.AN.A.A@A3l.A9.A.A&.A!3.AlR.Al .Ae5 "+k!nEd=) T  ^ 
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