
;e3eoXo,p26TXv]'! d S 3 l  25 JUL 2002  Field of (he Invention This
invention relates generally to the field of disc dime data storage 3
devices, and more particularly, but not by way of limitation to reducing
the time required to settle a head onto a destination track during a disc
drive seep operation through adaptive current compensation. Background of
Invention I U Disc drives are typically used as primary data storage
devices in model n computer system and networks, due to the efficient and
cost-effective manner in which large amounts of computerized data can be
stored and retrieved. Disc drives of the present generation have data
storage capacities measured in excess of several gigabytes (GB) and can be
used alone (as in a typical personal 15 computer configuration) or in
mufti-drive data storage arrays (as with an Internet network server or a
mainframe computer). A typical disc drive comprises a plurality of rigid
magnetic storage discs which are axially aligned and arranged about a
spindle motor for rotation at ;c constant high speed (such as around 10,000
revolutions pernunute). :1n array of ?0 read/write heads are provided to
transfer data between tracks of the dues anti a Host computer in which the
disc drive is mounted. The heads are mounted to a rotaly actuator assembly
and arc controllably positioned adjacent the tracks by a closed loop servo
system More particularly. the actuator assembly includes a coil of a voice
coil motor (VC\,~I), so that the servo system controls the position of the
heads through the application of current to the coil in response to
detected and estimated positions of the heads. as well as command inputs
indicating desired positions of the heads, The servo system primarily
operates in one of two selectable modes seeking and track following A seek
operation entails moving a selected head ~U tion an initial track to a
destination track on the associated disc surface through   1  2 5 ~ a ~.
zooz 



the meal acceleration and subsequent 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 estimated (based on
measured position) and compared to a velocity profile defining a desired
velocity trajectory for the seek) Corrections to the amount of current
applied to the coil during the seek are tirade in relation to the
difference between the estimated veloitv and the desired velocity. At
suchtime that the head reaches a predetermined distance away from the
destination track (such as one track away), the servo system transitions tn
a t0 settltne mode wherein the head is settled onto the desttnatton tract;.
Thereafter . the servo system enters a track followtne mode of operation
wherein thr head v caused to i'ollow the dcstinatton track until the next
seek operation is pert'ormed Dtse drive desyTns thus typically use
proximate time upttmal control tvlth a velocity profile to control a
selected head during a seek, a state estimator haled l~ controller with
relattvelv slow tnte~ration to settle the head onto the desttnatlon track,
and the name state estimator haled controller with relatively fast
tr~te~ratton for track followtn<r. One problem with this approach is that,
at such time that control Is switched from seek mode to settling mode, an
tnittal velocttv variation c~tn cause 20 lart=.e overshoot or undershot 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 because: the
acceleration constant of the VCNI changes with temperature and rclattve
positron of the coil These and other such factors tend to intrc~dttce
~~elo~tt~~ errors during seeks. undesirably extending settlin<7 times. A
typical hi~~l~ performance disc drive has a specified seek cn>>e c>t around
ei!~ht milliseconds (msec), which includes the time necessary for the head
~ he moved across the surface of the dlsC and settled onto the destination
trash (over the track center within a specified tolerance), as v~ell as the
I;ttencv time reclmre~. 30 1'or the desired data sector to reach the head
as the disc rotates relative t~ the   ,J z 5 ~u~ zoos hecrd. Sr~nitrcantly,
such vefocitv variatrons at the he~tnnrn~~ of the settlrn~ phase can extend
the seek time by one to two milliseconds. Because the drsc drive is
tvprcally unavailable; to transter data between the discs and a lust
computer during a seek operation. consumer demands for continually
irnprove~l data J tral7sf-er pert~ormance has led clesi;=hers to find ways
lU lmprUl'e ~~r VO COIltr01 nncl reduce sett(rn~ trine durrn seeks. Several
methods have been recently proposed to reduce; Settlin~~ tune usrn~~ ,r
technrclue ~lencrall~ rc:tcrred to as rnitta) value cotnpensattorr See. for
example. an artrclc by Lddy et al enutled "Bias in Drsk Drive Rotar~~
Actuators 



1l) Charactcrrzatwn. I'redictron and Compensation," IEEI~
TI-(iII,S'aC'll!)rT.S' orr Irrcltr.str-ral Elcctrvrrrcs. Vof. 33. No. 3,
l997, pp. 2-F?~l-2A33, which clescttbes ,r backward search methodolo~~y for
proper controller rnitialrzattotr. However. thv approach places relatrvely
lame real-time computatronal demands upon the system, Lrmrtrn<~ its
usefulness tn real world drsc clrrve atppficatr~ns where 15 processin~~
resources are usually lrmited. Three additional methodologies were proposed
b~~ Y~inlrr~~uchl et al in ,.Dcsryn ~f Mode Smatchtn~~ Controller with
Initial Value Compensatron and rte ,~ppUeatic.rn to Drsk Drrve Servo
Control," IFffC 13'' 7~rterurtal lS'rhi Cor,~EJrc~~s. San Francisco.
C:rlrfornra. US~~, l996. pp. =l71--Q76. and "De~r~Tn of l~Iod~ `?0
SwrtchrnU Controller with Initral Value Compensatr~n and its Applrcation to
f-I~a~l I'oattionrn~ Control on Magnetic Drsk Drrves," IE~~
Tl'CIIISCIL'llUllS lJrr Irrelrrstr-ral Ele~ctronrcs. Vol. 43, No. 1, l996,
pp. G~-73. The: irrst two nletltodol0~te5 prUPosed by 1'ama~uchr et al. in
the fore~~mn`~ papers m.~nives resetting= controller (observer) states at
settlm~ mode rnttialization. rllthoualr '_'S operative, such approaches, at
least to some extent, impede other crrtical tasks of the disc drive servo
system. such as settiny~ tin-truck check criterion. ttdahtr~~el~~ calibr-;
rtin~ ~aln. cte. 1'he third ll1et110do10'~' proposed by Yarna~Tucht et al.
involves vancelrn~~ all closed-loop poles of the crack i'~Ilwim; controller
and replacing, these pops at desired positrons. IIowever. like the
methodulo~~v 30 hr oposed by Eddy ct al.. this approach can he undesrrttblv
uorllpfex. tn that an   t J z ~ a a ~ Q002 additional hreh order
compensator is necessary for the initial value ol' the states .~llsa. there
is generally no eas}~ way to adapt the system to account for chines rn
temperature and similar factors which tend to adversely affect servo
performance. Accordingly, there is a continual need in the art for
lmpl'UVelTl~iltC whereby settling characteristics of a disc drrve can be
adaptively c~ptirmzed m tl~~ presence of parametric variatrons which tend
to introduce si!,ntficant levels of Lead ~*C-loclty errors. lU Summ;~ry n!
the Invention The present invention provides an apparatus and method for
mmm~zrng ~ettlin<7 time rn a disc drive In accordance with a preferred
ernhodrment, the disc drive v Provided with a head which is controllably
positronahle ad~ucent a rotatable disc c>n which 1 ~ . plurality of tracla
are defined ~'~ motor, such as a voice coil motor lVC\t), is operably
coupled to the head for positional control of the head in resPon~e to
current applied to tl~e motor. .A servo circuit is provided to settle the
head onto a destination tract, at tl:e conclusion of a reel: operation by
determrnm velocity of the head at a selected ~0 distance from the
destination track (also referred to as a settlrn<, transition poont)
comparing the velocity to a desired velocity of the head at the selected
distance from the destination track, ttpplyin~~ a settlin~ current
correction value to a current command sr~nal to uenerate a modified current
commend sr~~nal, and tlSrrlL the I110dltlf:d current command si~lnal to
settle the head onto the destination track. `rhe settlrn~ current
correction value rs determined rn relation to the CSt1111ated velUCltl' and
position of the head as the head reaches the tr;rnmtiun point between
seektn`c and settling (which  a selected distance t'rom tire destination
track, such as one track away). The settlin~~ current corre:ctron value
serves to add an additional zero to the response of the serve circuo. woh
tlrr ~U ~rlacement of the zero adaptively determined in relation to a wei;
~htrn~l ~~i tli~   t 



2 5 J U h 2002 _;_ locations of the slowest two poles (i.e., the two poles
that arc closest to one tn the z-domain). I'reierably, the servo circuit
comprises an observer which ~~enerates estcmates oi' head position and
velocity and a settltn~ table which adaptively outputs the sealing current
correction value tn response to the estimated l:cad posoion and velocity of
the head at the transition point seleeacd dtstan c:e from tl~e destination
track. Moreover, the servo ctrcutt preferably comprises a proranunable
processing device havtna associated programming to settle the head onto the
destination track. l C) These and various ether features as well as
advantanes which characterize the present tnvenuon will be apparent from a
readine of the follomn detatlcd descriptcon and a review ot~ the associated
drawings l3rcet fescripUOn ~f the Drawcnas 1 ~ PIG I ~s a top plan view of
a dvsc drove constructed tn accordance wnh a preferred embod~mcnt of the
present tnventton FIG. '_' is << functional block dia~~r~tm of the disc
drive of f;IG. 1 FIG 3 is a tuncttonal hlock dta~~ram of the servo circuit
of FIG. ~' FIG .I provtdcs a graphical illustration of a velocity profile
of a selected ~0 mead of tJte disc drme durm~ a SCek operation wherctn the
head ~s moved from a;~ cntttal track and settled onto a destination track.
FIG. 5 provides a ~raphtcal illustration of a current profile, showcng the
current that is applied to the coil of the voice curl motor (VCwI) of the
disc drive during the seek operation illustrated with respect to FIG. 4
FIG. G provides a graphical illustration of the trajectory of the head at
the ~ettltti~, phase of a seek. illustrating problems with hoth undershoot
(wherein the head takes too ton<' to approach the desttnanon track) as well
as overshoot vwhcretn the head overshoots the destination track ittld
pI'()Vtdt;S all t)SC:Illat0l'\' response l . 30 FIG. 7 cs a control
cita~~ram representation shown~~ the operaoi~n of the   'r .~ 5 ~u~ goo -6
servo system of FIG. 3 rn accordance with a preferred embodiment of the
present invention. with the control diagram of FIG. 7 hein~~ ~Tenerally
representative of the programmed operation of the digital signal processor
(DSP) of FIG. _~ FIG. S is a representation of a portion of a selected
tract: of tlic disc 



i drive, showing the relatrve arrangement of servo blocks and user- data
blocks rn accordance wlth an embedded servo scheme utilized by the drsc
drive. FIG. 9 is a i7ow charm 111ustratin~T an ADAPTIVE SETTLE routine,
indicative of the proerammin!~ o-t`the DSP of FIG 3 and setttn~~ forth more
clearly the operation of the control diagram of FIG. 7 durtn~ a seek
cyerat;on 10 FIG 10 provides graphical representations of the results of
computer Simulations. showrn~ the improvements rn settltn~ pert~ormance
obtained throulTlt use of the control dia~Tram and routine of FIGS. 7 and 9
hetalled Descriptmn 1 ~ Turning now te> the drawings, and more
particularl~~ to FIG. 1, shown therein is a top plan view of a disc drive
l00 constructed in accordance wuth a preterrc:d embodiment of the present
invention. l~he disc drive 100 Includes a head-disc assembly (I-ID.A) 1U1
and a drs~ drive printed wtrin~~ assembly (PWA) which is mounted to the
underside of the ?0 I-IDA 10l and thus, not visible rn FIG. 1 The PWA
provides crrcuitr~ necessary to control the uperatu~n of the HDA 101 and to
transfer data between the I iD:A l01 and a lost computer in which the disc
drive 100 can he mounted ire a user environment. The HD:'1 J01 includes a
base deck 10? to v,-~l~rcli various disc: drive e:omponents arc mounted. A
top cover, which has been omitted train FIG. 1 t~ expose interior
components of interest, cooperates with the base deck (0? to forty an
internal environment for the disc drive l00 with controlled air prc~sure,
humidity and cleanliness levels. A spindle moral 104 is provided to rotate
a stack of discs 106 at a 30 constant hi~_h speed. wrath a disc clamp 10S
securing the discs 1U6 to tile splndlc   ) r 2 5 a a ~ zooz nwtor 104. It
will be understood that a plurality of nominally concentric traces ~ not
separately illustrated) arc; deftned on etch of the surfaces of the discs
106 In a conventional manner. 'ro access the tracks, a controllably
posrttonable rlctuat~r assembly 11U IS provided whrch rotates about a
cartridge bearin,= assembly l 1 ~ I11 response to (:UrrCIlIS applied CO a
CUII (a pUrllOn Uf ~VlllCtl 1S S11U1,1'il at I 1 ~) UI a Vc~ICC CUII motor
(VCM) I14. The actuator assembly 1IO includes a plurality of arrns 1 If)
born which correspondin~_ flexure assemblies 1 18 extend. I leads I ~0 arc
provided at distal ends of the t~exure assemblies 118 and are supported
ov(,r the lU discs l06 by air hearings established by air currents sec up
by the rotation of the discs lU6 The heads 120 are preferably characterized
as ma~~neto-tesistlve ( l~I IZ ) heads A latch assembly 12? is provided to
secure; the heads over l~uroliry~ zc)nes ( riot desr~~r.~ttcd) at the
Innern)ost drarneters oI' the discs 1U6 14~t1~I1 Il)e dts~ dr~r~~e 15 lUU
is deactivated A flex circuit assembly 124 provides elects Ical
C:UIllnlunlCltloll paths between the actuator assembly L IO and the clrac
drme PV';1 ~nwunted to tie underside of the drsc drive lUU as mcntroned
above) FIG '_' provides a functional block diagram ol' the disc drlvr; 1(iU
of I~IG L, uperablv connected to a host computer 140. As Shown tn F1G. ~',
tile m::ultm `_'0 used to control the f-iDA 10l includes a spindle control
circuit I-I~'. .l servo 



control circuit 144 and a rc:ad/write channel 146, ail operably connected
to a ~vstem processor I ~0. It will he reeoQnized that tile system
processor I~U communicates with and controls the operation ~t' these
circuits In a known manner, with the exceptions as discussed below.
Additionally, an interface ~Ireutt 1~? is shown connected to the readlwrite
channel 14G and to th~~ system processor 15U, with the interface circuit
I52 servtn`~ as a data rntert~tce and buffer for the drsc drive. `rhe
interface circuit 1~? includes a seduencer (not separately shown which
comprises hardware used to establish vitrytn~, tlmln sequences durlne the
operation of the read/write channel 146 sU The spindle c()ntrol circuit
I-1? controls the rmational speed ut the spindle   z 5 a a ~ 2ooz -s motor
I U4 (FIG. 11. 'the servo control circuit 144 (also reterred to herein as
"servo circuit") controls tile position of the heads 120 with respect to
the discs 106 by applying current to the actuator coil 113 in response to
servo information read by the heads 1?U. The readlwrite channel 1:I6
operates to write data to the discs 10G in response to user data provided
to the channel from the intertace circuit 15? by encoding and aurializin!~
the data and neneratin~ a write current utilized by the head 1?0 to
mannetize portions of a selected track un the disc 106. - Correspondingly)
previously stored data are retrieved by the rradievr ire c:harinel 1-16 by
decoding the data from the read signals generced by the head 1~'0 10 as the
head passes over the selected tract; on the disc 106. Various operations of
the disc drive 1U0 arc controlled by the system processor 150. in
accordance with pt'U;;t'ltnltlllll~ stored in memory (MIriVI) 154, which
preferably comprises both volatile memory devices such as dynamic random
access memory (DRAiVt ) a~ well as non-~~olatile memory devices such as
tlash memory. l ~ Referring now to FIG 3, shown therein is a tun::tional
block dia<<<ram of the servo circuit 14=4 of FIG. 2. .As set forth by FIG
3, servo informattc>n i5 read by the selected head 1'?0 and amplified by a
preamplifier circuit 15G ("prcamp") The preamp 156 is preferably disposed
in the HDA 101 anti mounted to a circuit bciard of the actuator assembly i
10. as shown tn FIG. 1 ~'0 The amplified readbacl: signals are presented to
a demodulator circuit 15S ("demodulator," or "demod") which conditions the
signals (including analo~~-todigital conversion) and provides the same to a
digital signal processor (DSP) 160 The operation of the DSI' 160 in
accordance with a l,referred embodiment of the present invention will he
discussed in greater detail below; ~.:ener,tlly. >> however, the DSP 160
venerates a positron error signal (PESI indicative of 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 contra!
inputs provided to the DSP I60 by the system processor 150 IFIG ~ ~. the
USP 16U outputs a correction signal to a coil driver l62 which in turn
applies current to s0 the cciil 113 to adjust the position of the held 1?O.
2 5 J U L Z00 _y_ Retorting now to FIG. ~, shown therein is a graphical
representation of a tailllly ut veloc;lty protlles (denoted generally at
l70), with f;ach VeloCltl' profile ~ettntn~~ the desired tra~ectorv of a
selected head 12U of the disc strive lU0 durltl~~ a seek operation wherein
the head l20 is moved from an initial track and settled onto a destination
crack The t'timily of velocity proi'iles 170 Is plotted aS~ainst an x-ails
172 indicative of tracks imeasured in tracks to Sao, with track "0" belnrt
the destination track) and a y-axis 171 indicative o1' the velocity of the
head 1?0. As shown In FIG. ~4) a deceleration trajectory portion 176 is
aubstanttallv c:ummon to each of the family of velocity profiles 170) with
the clec~leraoon lU tra~~ctory portion l76 indicative of the desired
velocity of the h cad 12() a5 fife 



Bead approaches the destination tract.. The deceleration tra~ectorv portion
1 7 G extends to a maximum velocity ~'~1,~~ (indicated by dotted line 178)
which Is a maximum vcloctn~ that the head I'_'0 obtains as the head nwves
to the destination track. As shown in Ij'IG -1, the clecelerrttion
tra~ectorv porl1U17 176 meets flee 1~ ~'",;~ line 178 at a track denoted as
Xa, which is a selected number tit tracks a~,vav from the destination track
0 FIG. ~ further shows tl number of different acceleration tr~t~ector~
puroons 1 S0, 1 S'_' and 1 S4 (bed wmn~ at tracks `~i , ~, and X,, I
espectively i When the disc drive l00 performs a seek operation from track
~, to track 0. tl~u '?0 head 1?0 Is accelerated along portion 180) coasts
along line 178 at V~,,,~ and l~ then decelerated along portion l76 to the
destination track 0. A seek Crum track ~, is similarly performed, except
that the head l20 spends less time tit V",~~ ( I.C., along line 178)
because track X, is closer to track 0 than truck y, Iii suave crises, a
seek length can be short enough that the head 120 dues nut reach tits
mawmum velocity Vst,w, such as generally sh()wl1 by tlcceleratiun portion
181. That is, to seek from track X, to track 0. the head l20 Is accelerated
alon~a portion 1S-1 until U reticltes the deceleration portion 176, after
which tUe head 120 is decelerated to the destination track 0. It will be
understood that relatively short socks can he pert'urmcd usin~_ a ~0
position and velocity controlled methodology, su that the velocity
controlled   I z 5 a a ~ zoo2 -10 peeks contemplated herein are relatively
lc~n~, seeks (such as 60 tracks car morel In this regard, the x-axis 17? of
FIG. -I should not be considered as hetn~T necessarily drawn to scale
(i.e.) the relative distance between tracks 0 and 1 to not necessarily
indicative of the relative spacin~~ of rematntn~~ tracks on the axis y
However, it will he understood that the velocity controlled approach
discussed herein is provided by way of illustranon and is not limttin~~.
FIG ~ provides a generalized representation of a current profile 186
applied to the coil 1 I3 durine a sec(: from track ~ to track 0. The
current profile I86 is plotted against an x-axis 188 indicative of tracks
(in terms of tr,~cks l0 to ~To) and a v-ails l90 indicative of current
magnitude. From FIGS =; and ~. it can he seen that a larec amount of
current is initially applied (as shown at 19'_' 01 the profile 18G) to
accelerate the head 1?0 toward the target track 0 Unce tile head 1?0
reaches V",~.` (portion 178), relatively little current is required t~
maintain the head at this velocity, as shown by curve 186. ~~~hen tract: X,
is 1 ~ detected (i e.. the head reaches beginnine of the deceleration
portion 17G of FIG 4), a correspondin~~ large amount of current of opposite
polarity (as shown at l9-1 



of the profile 190) is applied to the coil 113 to decelerate the head 1-'0
to tfie track 0. When the track reaches a selected distance from the
destination track 0 ''0 (such as one track away. its indicated in FIG. =1),
the servo circuit 1~-1 tranwion5 from a seek mode to a settle mode, and
attempts to settle the head 1'?0 onto the destination tract; 0 iii as short
a time as possible. At one track away from the destination track 0, tl~e
head I?0 should desirably have a velocity V1, as indicated w FIG. -L '_'S
Due to various effects inherent in modern disc drive desiens, however.
velocity errors can arise at this transition point, resulting in either
undershot tus represented by undershoot settle trajectory curve 19~ in FIG.
61 or c~ersfioot ta5 represented by overshoot settle trajectory curve 196 f
FIG. (i) Both the curve 195, 196 are plotted in FIG 6 aeainst an x-axis 197
~Tenerally indicawe ut ,0 elapsed seek time and a v-axis 19g indicative of
position (with 0" ~~n the y-<i~;s   2 5 J U L 2002 -11 198 of PIG. G
currespurldin~ to the center of the destination tract` U of FIGS ~l and >
>. The undershoot trajectory curve 195 of FIG 6 arises when the actual
velocity of the head 1?0 at track 1 is too low, resultln; in the head 1?O
Il~lVlrl~ tnsutficicnt velocity to reach a predeterrntned tflreshold
(capture limit) about th c center ut track 0 (such as  101 of the track
width) detlntn a range within which read and write operations can be safely
performed. Lil:ewlse. the overshoot trajectory curve 19G arises when the
actual velocity of the head 120 at track 1 is too hr~h, resulting In the
head 1?0 cumlnU in tuu tast and undesirably usclllatln~_ about the center
of the track 0. lU To minimize such overshoot and undershoot condltlurls.
FIG. i llas been provided w111C;h SIlOwS a control block diagram of the
servo c;ircult 1-1=I of FIGS and 3. constructed In accordance with a
preferred embodIlent of the present invention. It will be understood that
FIG. 7 is ~~enerally representative c~f the pro~ratnlmng of tile DSP 1G0 of
FIG. 3 and sets forth filnctional aspects of tile 1~ DSP 1G0 in accordance
with a preterred embodRent. V'lth reference to FIG. 7, a plant block 200 Is
shown, irldicatlve ut relevant mechanical aspects of the disc drive l00.
Including the head 120. floe wll i 13. the discs 10G. the v olce coil motor
11-I anti the demodulator l58 Tile plant 200 receives a current conulland
signal Il,ln on slanal path ?02 to position a ?0 selected head (not shown)
adjacent a selected track (also nut shown] of the plant '00. In response to
servo information on the track, the plant IOU ~~:nerates a PCS which is
output un signal path 20.i. The control dia~_=ram of FIG. 7 also shows an
observer ~'OG based on ,i plant rnodU havln~, nominally the same:
input/output response: characterlstlcs as '_'S flit plant ?00. i~S \~'tll
bC r'eCO~IIIZC.d by those skilled In the art. tiw ubsc:rver '_'U6
!,Cll~r'ilteS a pOSltl()n eSllnlalt: 1~SI. :1 VelOCIII` l.StlIIlaIe VAST
~lnd il bl~rS estllllat~ 



~VasT all si~tlal paths ?08. ? IO and ? 1~', respectively. which correspond
to estimates of head position, head velocity and bits force. The bras force
estnate ~~`LST takes into account sprln~~ forces exerted upon the actuator
ris a result of tile ~0 flexure assembly Ouch as 1?4 oC FIG. 1 ), winda~e
f'urces u~lun th;: heads. and the   z 5 a a ~ ~oa~ -1~ like. Additionally.
a reference generator ?1~ is provided which provides positron reference
X,zeF, velocity reference ~'~rF and current reference IRi.F sl<~IIiIIS
indicative of the desired position, velocity and current seuines for the
plant ?00. s These: signals are output on paths 216. 21 S and ''?0.
respectively and have values Which <renerallv depend tipon the particular
operational mode of the servo circuit. such tip track fnllnwing or seekin~.
As will he recognized. the velocity reference V,seF~reilerally corresponds
to the appropriate velocity piottle tsuch as discussed above with reference
to FIG. 4) during a seek operation. 10 A summin!T function 2?'_' determines
a position error lr~R as the difference between the position reference
X,~FF arid the position estimate Xesr. tls shown. Similarly, a summing
junction 2~4 determines a velocity error 'ERR as the difference between the
velocity reference '~'Rr,: and the velocny estimate V~,T The position error
trait is provided to a ~g ain block '_'?6 havlil~ a scalar gate of 1~ h,c
and the velocity error Vc,ik Is provided to a ~Tain hlock '_''_'S havinn a
scalar gain of h,,, so that the output duantities are summed by a summin~~
function ?30 The output of the siimmin~ function ~ ~0 is turtlier summed
with the bids cstunate ~t~'rsT rind the current reference IRrF at a summine
junction ~'32 Tlie output sum of the summiri~~ junction ?32 is provided
alon functional path ~'33 m ?0 summnlg junction ?3~, whlCh addltlUnally
I'eCelvCS tin input from a settle table hlock ?36, as described more fully
below. At this point, however, it will be noted that the output of the
summing junction 231 is provided on signal path ? 38 as a control input to
the observer 206 and 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 ~f the plant '_'00. the output of the summing
~uncoon ?3~l is also provided to a gain block 2~0 having a ~~ain Iir.. so
that ilic output thereof comprises the current command Ic."" si~~nal on
path 20~. As will he recognized, the Gain Iii can be adjusted in a
conventional manner to ensure the observer ?06 maintains an accurate model
of the plant ?00 30 1=finally, the PES on si~ntil path ~'0~ is summed with
the ~USIIt()il (:SLIIII~aC   z 5 ~ m zooz -13 208 by' a summing junction
242 to generate an o si~~t~al as an input to the observer 20G on path 240.
Accordingly, normal operation of the control system of FIG. 7 (absent the
selective operation of the settling table 236) is initially s:overned as
follows. 5 .1 mr~~ _ .l~ncr - ,1't.s ~ ( I l~~rai< - ~ ;tee - 1 r.sr (~)
CJLyr~. = I'ES - -~~LS'I (3) ~c,~rn = (.~Lm,J`, r 1 ~fnn~'i' + ~rLF i
It~L-S/)(j`~~) lU 



To facilitate a discussion of the maiuier in which the settle table block
'? ,6 ("table") of FIG. 7 operates to adaptivel~~ improve the settling
performance ~I' tlic plant ?00) it will first be helpful to hriefly refer
to FIG. 8) which shows a pUI'tioll of a selected track 250 from the discs
IOG. The disc drive I00 employs an 15 embedded servo scheme, So that set vo
blocks 252 are periodically disposed on the same disc sut faces as data
blocks 254 used to store user data. 'flie servo blocks ''S? contain servo
information used by the servo circait 144 and are written during disc drive
manufacturing so as to be arran~~ed as a plurality of radially extending
wedges, like spokes of a wheel. The data bloc!, 25=I arc: 20 thereafter
created between adjacent servo blocks 252 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 the host
computer 140 (FIG. 2). The PFS (path 204 of FIG. 7) is generated as each
servo block 25? tn turn ~J IS I ead 17v the head l20 The observer 206 is
characterized as multi-rate, in that a selected number of position,
velocity and bias estimates (such as four) arc provided between successive
PES values. The rate at which the observer 206 ~;~nerates 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. 3U
Accordingly, the estimated position, velocity and bias for the next sample
(l. + 1 )   ~ 5 ~ U L 2002 -14 atter the sample k is set forth by the
following general relat~~~t~. ) ,1'l..~l(~) T~~.vr(k+1) - ~ T~r.vr(h) T
13u(k) ~ l.(PE,S - ,ly..w(k)) (~) ~~~~i.~i~k+t ~, ~j~r.~~~k) where ~:~sT(k+
1), VEST(k+ 1) and Vl'~5~.(k+ 1 ) are the estimated position, velocp~ and
bias for sample (k+ 1 ). XEST(k), VrsT(l:) and '~sT(k) are the estimated
position, velocity and bias for sample k) A and B are matrices describing
the a plant 200, u(k) is the current correction signal at path 233 (output
by the summing block 232), and L is the gain of the observer 206. As
provided above, 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 l20 as it is moved toward
10 the 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 PIG. S above), which in turn is
controlled by a cur rent commend signal (such as output by summing block
232 on bath 233 in FIG. 7~ Also, no output is provided by the settling
table 236 during the seek mode. sc~ 1 ~ that the servo circuit 144
generally operates in accordance with ec(uations ( 1 ) through (4) above.
At such time that the head reaches the settling transition point (such as
one track away from the destination track)) the settlin; 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: 



L(;~(~i) = rl(~i) + ~2((0) (G) where u,,(k) is the modified current command
signal output by the SUIlltlllrl~ block 234 on path 238 (FIG. 7) and used
to control the application of current to   i ~ ~ a a ~ 2002 -15 4, u(k} is
the current command signal provided 234 on path 233, and ~u(U) is the
settlin' current correction value provided by the settling table 23G to the
summing junction 234 on path 237. It will be understood that the sample
reference "0" i11 ~u(0) denotes the fast sample of the scttlin~ node (i.e,
k can be considered as beinb reset to "U" at the first sample of tlrc
settling mode) as the settling transition point is reached). Although the
manner in which the settling table 23G generates the ~u(0) correction value
will be discussed in ~~reatcr detail below, generally it will be noted at
this time that the correction value is determined in relation to the 10
esomatcd position X~S~. and the estimated velocity V~sr at the settlin~~
transition point. Further, the operation of the settling table 23G is
adaptively controlled in relation to feedback provided by the P):S on path
204, as shown in FIG. 7. It will be r~eco~nized that the modification of
the current command signal (i.e.) generation of u,~(k) during settling)
results in a modification of the response 1~ of the servo system. In other
words, the operation of tire table ?3G can be characterized as the
placement of an additional zero in the system response to improve settle
performance. To more fully' illustrate this point, the following dCSCt'tbeS
a discrete-time state space model of the plant 2U0: td(~' + 1 ) -
'`Ial,r~k) + ~~r~(~) (7) Y(~) = C~v~k) (8) with sample rate k, state x~
(i.e., position X and velocity V), output y, input a 20 and matrices AJ, B~
and C~ describing the plant. Such discrete-time state space modeling is
commonly employed by disc drive designers; see for example U.S. 



Pateru No. S,GG8,G80 issued September 1G) 1997 to Tremaine, assigned to the
assignee of the present invention. Correspondingly, an observer model can
be stated as: .e ,(h~I) _ ~,r.v,,(~) a I3,r ar(l~) ~ L,[o(h~!) -
L~~r-~,(~'+I) (9)   `f 2 5 J U ~ Z002 -16 where x(k) is a matrix of ~XESi ,
VFS1'}. A controller mode( can be stated as: zr~.(k) _ -h~ t~,(k) ( 10) 5 A
single sided z-transform is liven as: .l(~) _ ~ x(k) = -~ ( 1 11 ~ >U Thus.
z~.(x+1)1 - .(.t'{=) - .(0)1 mO and _ -~r~ a~,(=) + c~u{U) (1~) 10 where
~rr(0) = r~(U) + h~x,(U) (1=1) with ~u(0) being the settling current
correction value of eduatton (6) above. Takin~ the z-transforms o!
eduations (7) to ( 1 U), subst~tut~n~ into eduation ( 1 ~) an tl solviti~
i'or Y(z) yields the following: 15   J J.~ ~~ ~( L)l) )'(:~ C',~I=r - ~,~ '
~~r~`~1=I - .t,)-'L,C',,i,~l~i l_,o,~u) - u,~a_r - :~,n'_,~,(u~l~lr - ~~,(n
- .ay-')r~ oucu) where ~I = fI r - LCyr`~n - Boa ()~) 5 At the Settling
transition point) let X~(0)=XCO). Substituting z=z, into equation (!5),
with z, a zero of the system response, ),(= i ) - 0 10 



(17) 1^urtl~er) from equation ( 15), identifying a 1 x? matrix M (wUh terms
Ml, , ICI,) anti a scalar II a(ld C:OIIID(nltl~ with equation (17) yicld5
Q11 -~;~,(0) - n ~t~(0) = 0 so that ,11 .~',(0) ~u(0) _ ` - ~.s,t 'l~cst(0)
+ h.si' l~csn0) n (1~) (19) with settling gains Ks~ and KS~, determined by
Ksh=M,/n and KS~.=M,In. The 1 ~ the settling current correction value Du(0)
is determined by the settling table 236 In accordance with equation (20).
That is, at preferably each settling transition point) the estimated
position and velocay XEST and VL~T are provided to the   ,z 5 ~ a ~ 2002 -I
s settling table 236, which outputs the appropriate settling c ~u(0) in
response thereto. Of course, the various terms in the foregoing analysis
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 recognized that ~u(0) serves to place a zero (z,) in
the numerator of Y(z). One design method could be to choose tile zero z, so
as to cancel the slo4vest closed-loop poles of the track following mode
controller, 10 similarly to as suggested by Yamaguchi et al. above. A
si~~nil'tcant 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 anti the second slowest closed-loop poles are p,
and p_, the adduional zero z, ~s l~ selected such that ~, = aPi + (1 -a)h2
(?0) ~,vl~ere a is a weicht value ranning from zero to one (i.e.. 0 = a <_
1). More particularly, a set of different position and velocity settling
gains KS~ and hs,, are selected for different values of a (such as from 0
to I 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 Sains for a=0.6). 25 To further
explain the operation of the table 236, FIG. 9 shows a SEE1; 



WITH ADAPTIVE SETTLE routine 260, setting forth the steps performed by the
servo circuit 144 in accordance with a preferred embodiment. At step 262,
the disc drive 100 initiates the seek mode of the seek   ~ 5 J I.~ L 200
-19 operation whereby a selected one of the heads l'_'U is moved from an
initial track toward a destination track. Fir clarity, it will be assumed
that the Initial o ack uc~rr~esponds to track X, (FIG -1) and the
destination tr~lck is track U (FIG. 4t Durit~~~ step ?G2, tl~e Bead is
initially accelerated and then decelerated In accordance with the current
curve 18G of FIG ~ ao that the head 1?U notninallv follows the trajectory
defined by velocity profile portions 18U. 178 and 17h of FIG. -t ~1s the
head 1~0 Is moved from tract. \, to track U. as shown by decision step
?6-I. the servo circuit 1=1-~ continually determines the hosltion of tlm
heal IU tusin the estimated position l~Sr) until such time that the head
1'_'U reaches the settlm~~ ntodc transition point one track away from track
0. When the settlin~~ mode transition point is reached, the servo circuit
144 dl: t(:i'111111eS thl: estllnaled pos1t1011 X~ST and estimated velocity
V~SI. step 2GG. and outputs the appropriate settling current correction
value ~u(U1 w settle the head 1~ 12U unto tile destination track, step Q70.
During settling) as shown by step ?7?. the PES (path ?04 of FIG 7) is
provided to the settling table '?3G to improve aettlm~ performance by
adjusting the set of settfin~ gains I~~ and Ii",. Finally. the routine of
FIG 9 ends at 27-l, after which the serve cvrcuo 14-I operates m track
t'ullowing mode until commanded to pcrtorm the Next seek tu5in~1 tf~e ne~~~
?0 values of KS~ and Iy~,) Having concluded the fore~~oing discussion of
the servo circuit t44. reteience is now made to FIG. lU. which shows the
results of computer omulattons of the operation of the control diagram of
FIG. 7. l~~tore partlcularlv . FIG. 10 sets forth an uncotnpensated settle
curve 28U and a compensated settle curve ?90, both of which are plotted
a~,atnst an x-axis ?9~ indicative of elapsed aettlin~~ time (in
milliseconds) and a y-axis 29-1 indicative of pusitlon. Tile "U" mark on
the y-axis 294 corresponds to tl:e ct`nter of the destination track. Dotted
lines 29G and 298 indicate positin5 -~ lU`i( (with respect to track width)
away tram the center of the track. W1L11 UpCC~ltiU11U1 t~lUll ,U
;:onditlons declared during read or write operations when the head 1'_'0
evcee~l,   



~ 5 J U ~ 2002 a_ these boundaries. As shown by PIG. 10, the use of the
control dra2rarn of FIG 7 results in a substantial reduction rn settling
tune for the compensated settJC curve _'90 a5 comptrred to the
uncompensated settle curve ?80. While curve Q80 achieves a settle time of
around two milliseconds (? msec), curve ?90 achieves a nettle time oh less
than one millisecond ( 1 cosec) Thus, the present rnventicrn not crnlv
achieves substantially improved scttlinQ performance over what rs o pically
'achieved under nominal conditions) but further advanta~~eousy operates to
adaptively accommodate lar~~e parametrrc variations that would otherwusC
induce 10 the types of undershoot and overshoot shown in FIG. 5 that can
undeslr~abl~~ extend the settling trine by one or more milliseconds As can
be seen Crom the tore~ome drscussi~n, various advanta~Tev are
aISS()Clatl'.i~ wall the present invention (as embodied above:). First,
II1C S1'Sr~rll 1S relatively simple to implement in a DSP such as 1G0, as
compared to the 1 > previously mentioned Eddy et al and Y'amaguchi et al.
approaches Secorr;l, tile wei~Tht value c can be used as an adaptive
parameter to compensate for wrr rations in disc drive peri'ormance
characteristtcs (such as with temperature variations. etc. ) For example.
when the control diagram of F1G 7 is conficured s ;rs to :recurately model
the response ~t the plant (so that resonances are minimized ), tlrc ?0
w~ei~,ht value a can he selected so as to be close to one; otherwise, the
wetht value can be selected u~ as to he closer to zero. ivloreover, the
present swtem readily accommodates the injection of values over multiple
samples durrne the settlin~~ operation (i.e , not only can ,ulU) he used.
hut also du( 1 ). etc ) In sumrn~rrv. the present invention Is directed to
an apparatus and rnctlrod ?s for minimizin<T settlin~~ time In a disc drive
(such as 1U0). 'fhe disc drive includes a head (such as 1'_'Ot adjacent a
rotatable disc (Such as l06) Uil V'lll~ll a plurality Ut traC;kJ (SUL;h its
~J~) afe det'lnCd alld a nlOtUl (SUCH w l 1-~! v'111011 c:crntrollablv
positrons the head in response to current applied to the motor .~1 servo
circuit tsuch as 1~.I) is provided to settle tile head ante a ~0
destination track at the conclusion of a seek operatwn by determinrn~
v~locm~ ci(   z 5 ~ a ~ 2002 -~ 1 the head at a aelectecl distance from the
destrnatlon track (such as by 264. 266). wmparing the velocity to a desn~ed
velocity of tire head at tile selected distance from the destination track,
applyln~ a settling current correction value to a current command signal to
~enerate a modified current cornmand stt_=nal tn 



relation to an estimated pusitiool and ail estimated velocity (swh as by
26~). and umn~~ the nludlfred current command signal to settle the head
onto the dcaonattun track (Such as by ~'70). The application of the
settlm~~ gain serves to add an Wdmonal zero to the response of the servo
circuit. with the placement ut'the zuru pteterahlv determined tn relation
to a wei~~htin~ of the locations of the closest 1(J t~u poles u1 the
lesponsc. Prelerahl~', the servo clruuU comprises ail observer (such as
~'06) willcil ~~enerates esttnlatea ut~ Bead position and velocity and a
settling table (such as ~'36) which outputs the: settlln`~ gain rn response
to the estimate! velocity of the head at the selected distance from the
destination track h'Ioreover, the Servo 1~ mrcuo preferably comprises a
pro~ramrnable processing device (such as 1G0) lla\'In!, ~ISSUC:I~tLed
17r0!~r;.lnlIIlIII~ to settle the head utlto the deatlnatton truck Fot
purposes c,t the appended claims, consistently with the turceotn~~
discu55ron the term "sl~nal" will be understood to rnclude hotll analu~~
allcl dl~mtal ~yesstons Ttle term "crrcutt" wall he understood m rncludc
both It,IW,v~~r-c :mcl '_'U wtwmuiUrmware tvpC rrnplementatrons The phrase
"pro~~rammable processing device" will be understood to Wscrtbe tiny number
of types of programmable processors wlltcll cat ry out instructions in
associated pto~rammln~, such as the I~SP 160. Althou~_il c~rtam method
e:lalms below are provided with steps in a particular order. rt wrll be
teadrlv understood that the claimed invention is non necessayily limited to
the order of the steps presented. unless otherwise particularly irldtc;ated
by the lan~_uaLC of the claims It will be clear that the present invention
a well adapted to attain the en:i~ and advantages tnentruned as well as
those inherent thc:rc:in, l,VhrlC plcSeritl~' preferred efllbOdIITI~IltS
11L11'C been dCIC:I'lbCd tUl pUCpOSeS Uf 1111S dISClC7SUrl.'.   Z 5 U U L
2002 numerous chvn~~es may be mach which wll reaclilv su~est tl~emSelcs to
those akVfccl in the art and which arc encompassed ~n the spiro ~t the
mention disclosed anti as defined in the appended claims.   i 2 5 J U L
2002 _7 j_ 



C'IaInIS: l In a disc drive having a head adjacent a rotatahle disc on
which a plurality of mucks arc defined. a motor for cclntrullablv
Positronrn~ the head r elativc: to the disc and an obsc:rvei provitlin<~ an
estimated posrtwu and estirltated velocity oh the head, a method for movinu
the Bead from an initial trash to a dl;Stlnatlon tl-ask, cumpr icing steps
of: tai tnitiatinc a aech mode to move the head toward the destination
track by applying current to the motor in relation to a C111-r-tnI
CU111111a11C1 sl~_nal lndlcauve of a trajectory of the Lead, and ih)
aettlln~ the head onto the destination track by app~ytno current to the lU
motor in relation to a modelled current command ar~znal determined by a sum
of the current command ylnal and a settlln~ current correction value
determined in relation to the estimated positron and the estimated velocity
of the head nt a pru~ietertntnccl distance Drum the dcstrnation track 1~ ~.
~rtl~ 171i`IIIOC~ tit- claim 1, whercrn the settling current car rcctron
value is turther dctermlned in relation to a desired velocm,~ ,tnd a
lltSll'CCI pSIIIC)I1 u1 the head at the predetermined distance t~rom the
destination track 3. The method of claim '', wherein the settling current
correction value is provided by a settling tahle whical selectively outputs
the settUn~~ current ?U correction value when the head reaches the
predetermined distance Iron the deStlnatlt)n track. -t. The method of claim
3. wherein the settlm~T current currecaron value is characterized as a sum
of a product of the estimated pesoion ef the head and ,l settling position
darn value and a product Uf the estimated ~.~elocov ut the head and tt
aettltn v eiocttv aaln value.   a J 2 5 a a ~ zooZ The method of claim ~,
wherein the ~ettltn~ current correction value is further determined tn
relation to a posrtiun error signal rndrcattve of a measured position of
the head as the head is settled onto the destination track 6. The method of
claim s. wherein the settlin~f current correcnon J value operates to add an
additional zero to a response of the disc drive. 7 A-dtsc drive. compnsine:
a Itcad adjacent a rotatable disc on which a plurality of~ tr-:rc.t.~ .ire
delrned. a motor, operahly coupled to the Dead, which controll:rhlv posit
ions the head tn response to current applied to the motor; and lU a cervu
circuit, operable coupled to the herd and the 111()t()1', ~~: itrch: (a)
applies current to the motor to move the head trom an initial tract: and
toward a destination tract: durrnc a s~~k mode in response to a current
command signal ~~enerat~d by the servo circuit indicative of the tra~ectorv
of the i~e,d durrn<~ 



l~ the seek mode; and (b) settles the head onto the destination tract: at a
conclusion oh the seek mode operation by applying current t.~ thm;otor in
relation to a modified current command st~__=nal determined by a sum of the
current command sienal and a settltn~ ~0 current correction value
determtnc:d w relation to an estimated positron and :rn estimated vc:lucrty
ut tfte itcad when the head reaches a sU~cted distance Irom rite
destination track. 8. The disc drive of claim 7, wherein the servo~ctrcutt
comprises. an observer ~t~hicf~ ~_enertttes the estimated position etnd
~~~Ic~citv ref' tl~~ head; and a settlin~~ tahl~. operable coupled to the
observer. which outputs the   i 4 2 5 J U L 2Q02 ;_ settltn~~ current
correctron value in response to the estrmated posrtton and velocity of the
head at the selected distance tram the aCStrnatron track. 9 The disc drrve
cal' clarm 7, wherein the servo c:ircutt cornprrses a i ~r~ozrammablu
processin~~ device Irmn~ assocrated pro~ranunin~~ to settle tire I~c;~d
l)rlto lhC ~lestir~ation track  .AY(.A.E.AY.A.A9[.A.AL.A.A
.AFl.Anl.A.ANl,.A9NYY.AE.ALn2.A5l.Ay,.As.A.AL!.A3.A .A{E.AlU+0xIa;dOnh1
|wrmhc^Y]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c^a]ca]ca
]ca]ca]c^aV]cTa]cTa]caU]ca]caU]caU]ca       1.
(si$u>:{vqlfa\W]ca]ca]c6aU]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]
ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c(aU]c(a]caU]ca!aMsvP Qp `
!q!{vqlgb]Xlfa\W]]ca]ca]ca]ca]ca]ca]ca]ca]ca]c^a]ca]ca]ca]ca]c6aU]ca]ca]caV
]ca]ca]caV]ca]ca]c^a]ca]ca]c^a]caV]ca]ca]ca]ca q!!#_#u##Q$$$$
%%a%p%%&U&&_'''1(S((()Z)))/**++S,|wrmhc^Y]]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]c^a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c(a]c(a]ca]ca]ca]ca]ca]ca]ca]ca]ca!S,`,
,,,,-M./n//A0U0002\2223334R44446y6\8_89"9=|wrmgb]X]]ca]ca]ca]c^a]ca]ca]ca]c
,a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c^a]ca]ca]ca]ca]ca]ca]ca]c6a]ca]c
a]ca!====P>>??@/ABFFF2G;
GkGGGG3HHH1II"JiKKK%LxLLM`N}xsnid_Z]]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]c(a]c(a]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]c8a!`NNNOXOOO$P&P5P:PP,QQQVRRNSSSTTT=UUUU:VV1W;
WW1X&Yzupkfa\W]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c^a]ca]ca]ca]ca]ca]ca]ca]ca
]ca]ca]ca]ca]c:aU]ca]ca]ca]ca]ca]c^a]ca]ca!&Y(Y0Y1Y5Y:YYYZZZj[[[5\\(]z]]F^^
B_``aabkbzbbbb"cvczupkfa\W]ca]ca]ca]ca]c8a]c8a]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]caV]ca]ca]ca]ca]ca]ca]c(aU]c(a]c(aU]c(a!vcceFeff=ggg*hA
h`h~hij?kkkklllll2m-oyoopqVqqrDszupkfa\W]ca]ca]ca]ca]ca]ca]ca]ca]caV]ca]caV
]ca]caV]ca]ca]ca]c8a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!DsFsNs
OsSsXsssssst\ttFuuuvdvvwJx]xxxEyyyyyyBzDzSz}xsnid_ZU]c0a]ca]ca]ca]ca]ca]ca]
ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caV]ca]caV]ca]caV]ca]ca]c(a]c(aU]
c(a]c(aU]c(a!SzXzzz"{t{{|S|||J}}}4~~~)yC.{}xsnhc]X]c0]c&aU]ca]caV]ca]ca]ca]
ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]
ca]ca!4BOy(1:fl!}xsnid_ZU]ca]ca]ca]ca]ca]ca]ca]ca]caV]ca]ca]caV]ca]ca]caV]c
a]ca]ca]caV]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caV]ca]ca]ca!e^_antn/0Kabjuzu;
~xsnid_ZU]ca]ca]ca]ca]ca]ca]caV]ca]ca]c^a]ca]ca]c^a]ca]ca]ca]ca]ca]ca]ca]ca
]ca]c"a]c.aU]c.a]c.a]ca]ca]ca]ca]ca]c^a]ca!;
rV=-siE~|wrmhc]X]c]c(aU]c(a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c&aU]c&a]ca]ca]ca!`PQ3nk!`|wrmhc^X]c]c^a]ca]
ca]ca]ca]c,a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
]ca]ca]ca]c(a]c(aU]c(a!e 



\LaKQ\|wrmhc^Y]c]]ca]ca]ca]c&a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
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1^?mbC 10%&'()-!FYM!10%AA&'()-F10%&'()-10%&'()-!Y10%[[&'()-&10%&'()-.
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