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:\UN1i\UZING SETTLING TIME IN A DISC DRIVE SERVO SYSTEM 

Fjeld ()f the Invention 

This invention relates !!enerallv to the field of disc drive data storage - . ~ 

5 devices. and more particularly, but not by way of limitation. to reJucing the time 

required to settle a head onto a destination track during a disc drive set:k 

operation tllrougl1 aJaptive current compensation. 

10 

l3Jd~£round of Invention 

Disc drives are typically usee..! as primary data storage devices in modern 

computer systems and networks. due to the efficient and cost-effective manner in 

\.vhicll large amounts of computerized data can be stored and retrieved. Disc 

Jrives of the present generation have data storage capacities measured in excess 

of several gigabytes (GB) and can be used alone (as in a typical pt::rsonal 

15 computer configuration) or in multi-drive data storage arrays (as with an internet 

network server or a mainframe computer). 

i\ typical disr.: drive comprises a plurality of rigid magnetic storage discs 

\\,'llich are a:<ially aligned and arranged about a spindle motor for rotation at a 

const:tm high sp..!ed (such as around 10,000 revolutions per minute). An array· oC 

20 read/write heads arc provided to transfer data between tracks of the discs and a 

host computer in which the disc drive is mounted. 

The heat.ls are mounted to a rotary actuator assembly ant.! arc controllably 

positioned adjacent the tracks by a closed loop servo system. More particularly. 

the acruator assembly includes a coil of a voice coil motor (VCivl), so that the 

25 sef\'1.) 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: 

sel!king and track following. A seek operation entails moving a selected head 

JO t'rom ;m initial track rn a Jestination track on the associatcu disr.: surface through 
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the initial acc.:elt:ration and suhsequem 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 

5 for the seek. Corrections to the amount of current applied to the coil during the 

seek are made in relation to the difference between the estimated velocity and the 

desired velocity. 

At sucfltimt: that the head reaches a predetermined distance a\vay frori1 

the destination track (such as one track away), the servo system transitions to a 

lO settling mode wherein the head is settled omo the destination track. Thereafter. 

the servo system enters a track following mode of operation wherein the head is 

caused to follow tbe destination track umil the next seek operation is performed. 

Disc drive designs thus typically use proximate time optimal control with 

a velocity profile to control a selected head during a seek. a state estim~tor ha~ec.J 

15 controller with relatively slow integration to settle the head 0nto the destination 

track, and the same state estimator based controller with relatively fast 

integration for trac.:k following. 

One problem with this approach is that, at such time that control is 

switched from set:k mode to settling mode. an initial velocity variation can cause 

20 large 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 designs because 

the acceleration constant of the VCM changes \vith temperature and relative 

position of the coil. These and other such factors tend to introduce vt:loc.:ity 

25 errors during seeks. undesirably extending settling times. 

A typical high performance disc drive has a specified seek time of arounll 

eight milliseconcls (msec). which includes the time necessary for the heau to he 

moved across the surface of the disc and settled onto the destination trat:k (over 

the track cemer \vithin a specified tolerance). as well as the latency time required 

30 for the desired data sector ro reach the head as the disc rotates rdative to the 



2 5 JUL2002 

-3-

l1ead. Signitkantly. such velocity variations at the beginning of the: settling phase 

can extt:nd the seek time by one to two milliseconds. Because the disc drive is 

typically unavailable to transfer data between the discs and a host computer 

Juring a seck operation. consumer demands for continually improveu Jata 

5 transter performance bas led designers to find ways to improve servo control and 

n.:duc<.: settling time during seeks. 

Several methods have been recently proposeJ w reduce settling. time using 

:1 tedmiquc: generally rdt:rreu to as initial value compen~ion. See. for example. 

an :mick by Eddy t:t al. entitled "Bias in Disk Drive Rotary Actuators: 

10 Characwrization. Prediction and Compensation." IEEE Trwzsac:rions on 

lnciusrrial Electronics. Vol. 33. No.3. 1997, pp. 2424-2433. \Vhich describes :t 

backward search methodology for proper comrolkr initialization. However. this 

approach places relatively large real-time computational demamls upon the 

systt:m, limiting its usefulness in real world disc drive applications \Vher;;: 

15 proct!:;sing resources are usually limited. 

Three additional methodologies were proposed by Yama~uchi et al. in 

"Design of l\lode Switching Controller with Initial Value Compensation and ib 

Application to Disk Drive Servo Control," IFAC JJ" Triennial Wor!d Congress. 

San Francisco. California. USA. 1996. pp. 471-476. and "Design of Mod~ 

20 S\vitching: Con.roller with Initial Valut: Compensmion and its Application to 

Head Positioning Control on l'vlagnctic Disk Drives," IEEE Trcmsaccions on 

lndusirial Electronics. Vol. 43. No. L 1996. pp. 65-73. The first two 

methodologies proposed by Yamaguchi ct al. in the foregoing papers involves 

resetting controller (observer) states at settling mode initialization. Although 

25 operative. such approacht:s. at kast to some extent, impede other critical tasks of 

the disc drive servo system. such as seuing on-track check criterion. adaptivt:ly 

calibrating gain. etc. The third methodology proposed by Yamaguchi et al. 

involves canceling all closed-loop poles of the track. following controller and 

replacing these pol~s at desired positions. However. like the methouulog.y 

30 proposed hy Eddy cl al .. this approach can he undesirably complex. in that an 
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additional high order compensator is necessary for the initial value or the stares. 

Also. there is generally no easy way to adapt the system to account for changes 

in temperature and similar factors which tend to adversely affect servo 

performance. 

Accordingly. there is a continual need in the an for improvements 

whereby settling characteristics of a disc drive can be adaptively optimized in the 

presence Of parametric variations which tend lO introduce significant levels Of 

head velocity errors. 

10 Summ:try of the lovemion 

The present invention provides an apparatus and method for mmimizing 

settling time in a disc drive. 

In accordanc\! with a preferred emhndiment. the disc drive i.s pro\·ir.kd 

with a head which is controllably positionable adjacent a rotatetble disc on which 

15 a plurality of tracks are defined. A motor. such as a voice coil motOr <VC\1). ts 

operably coupled to the head for rositional control of the head in response to 

current applied to the motor. 

A servo circuit is provided tO settle the head onto a destination track at the 

conclusion of a seek operation hy determining velocity of the head <ll :t selected 

10 dist:lnce from the destination track (<liso referred to as a settling transition point). 

comparing the velocity 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 gt:oerate a modified current command signal. a!1ll 

using the modified current comnund signal to settle the head onto the Jestination 

25 track. The settling current correction value is determined in relation to the 

estimated velocity and position of the heaJ as the ht:ad reaches the transition 

point hetween seeking and settling 1which is a st!lecteJ distance !'rom the 

destination track, such as one track away). The settling current correction value 

serves to add an additional zero to the response of the servo cin.:uit. with the 

30 placement of the zero adaptively determined in relation to a weighti·ng t.lf th;; 

epatent
25 JUL 2002
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loc:..~tions of the slowest two poles (i.e .. the two potts that arc closest to one in 

the z-Jomain). 

Preferably. the servo circuit comprises an observer which generates 

estimates or heaJ position and velocity and a settling table which aJaptively 

5 outputs the settling current correction value in response to the estimated heaJ 

position anJ velocity of Ihe heaJ at the transition point sdect<::J distance from the 

destination track. Moreover, the servo circuit preferably comprises a 

progranunable processing device having associated programming to settk the 

i5 

head onto the destination track. 

These and various mher features as well as advantages \V"hich characterize 

the present invemion will be apparent from a reading of the following uetailcJ 

description and a review of the associateJ drawings. 

Brief Description of the Drawings 

fiG. l is a top plan view of a uisc drive constructed in accordance with a 

preferred embodiment of the presc:m invl:ntion. 

r-IG. 2 is a functional block diagram of the disc drive of FIG. l. 

FIG. 3 is a functional hlock diLl gram of the servo circuit of FIG. 2. 

FIG. -J. provides a graphical illustration of a velocity profile of a selected 

:o head of the disc drive Juring a seek operation wherein the head is moved trom an 

'­_.) 

30 

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 cui\ motor (VCM) of the disc dri\'e 

during the seek operation illustrated with respect to FIG. 4. 

FIG. 6 provides a graphical illustration of the trajectory of the head at the 

:;ettling phase of a seek. illustrating problems with both undershoot {wherein the 

head takes too long to approach the destination track) as \ve\1 as overshoot 

l wherein the head overshoots the destination track and provides an oscillatory 

response). 

FIG. 7 is a control diagram representation showing the nperation of the 
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servo system of FIG. 3 in accordance with a preferred embodiment of the present 

invention. \Vith the control diagram of FIG. 7 being generally representative of 

the progranuned operation of the digital signal processor (DSP) of FIG. 3. 

FIG. Sis a representation of a portion of a selected track of the tlisc.: 

5 drive. showing the relative arrangement of servo blocks and user data blocks in 

accordance with an embedded servo scheme utilized by the disc tlrivt:!. 

iO 

15 

FIG. 9 is a now chart illustrating an ADAPTIVE SETTLE routine. - ' 

indicative of the programming orthe DSP of FIG. 3 and setting forth more 

clearly the operation of the control diagram of FIG. 7 during a seek oper<ttion. 

FIG. l 0 provides graphical representations or the results of computer 

simulations. showing the improvements in settling performance obraincd through 

use uf the control diagram and routine of FIGS. 7 and 9. 

Derailed Description 

Turning now w the clr~l\vings, and more particularly to FIG. 1. shown 

therein is a top plan vit:w of a disc drive 100 constructed in accordam:c with ;1 

preferred emhodimem of the present invention. 

The disc drive 100 includes a head-disc assembly (1-IDAl 101 anJ a disc 

drive primed wiring assembly (PWA) \vhich is mounted to the underside of the 

20 I-IDA 101 and thus. not visibk in FIG. l. The PW A provides circuitry necess<try 

to control the operation of the I-IDA 101 and to transfer data hcrween the HDA 

101 and a host computer in which the disc drive 100 can he moumed in a user 

enviromnt:nl. 

The: HDA I 01 includes a base deck 102 to vv·hich various disc drive 

25 ~.:omponems arc mounted. A top cover. which has been omitted from fiG. 1 to 

expose interior components of interest. cooperates \Vith the base deck 102 to form 

an intt:rnal environment for the disc driv<.: 100 with comrolkd air rn:ssure. 

humidity :md clean! iness levels. 

A spindle motor 104 is provided to rotme a stack or discs 106 at <l 

30 constant high speed. with a disc clamp 108 securing the discs 106 to the spintlk 
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motor 104. It will be understood that a plurality or nominally Clmcentric tracks 

<nor separately illustrated) ar'! defined on each of the surfaces of the discs 106 in 

a conventional manner. 

To nccess tht! tracks, a controllably positionable actuator assembly 110 is 

5 provided which rotates about a cartridge bearing assembly 112 in response to 

currents applied to a coil (a portion of which is shown at 113) or a voice t.:oil 

motor (VCM) 114. The actuator assembly 110 includes a plurality of arms 116 

from which corresponding flexure assemblies 118 extend. Heads 120 arc 

provid~d at distal ends of the t1exure assemblies 118 and are supported over the 

10 uist:s 106 by air bearings established by air currents set up by the rOtation of the 

discs 106. The heads 120 are preferably characterized as magneto-resistive 

(ivlRl heads. 

A latcll assembly 122 is provided to secure the heads over landing zont:s 

(not designated) at the innr.:rmost diameters or the discs 106 when the disc drivt: 
\ 

15 100 is deac[ivated. A tlex circuit assembly 124 provideselectrical 

communication paths between the actuator assembly 110 and the disc dri\·e P\\'.'\ 

(mounted to the underside of the disc drive 100 as mentioned above) 

FIG. 2 provides a functional block diagram of the disc drive I 00 of FIG. 

l. operably connected to a host computer 140. As shown in FIG.::. the t:irt:uitry 

20 used to comrolthe HDA 101 includes a spindle control circuit 142. a servo 

<.:ontrol circuit 144 and a read/write channel 146, all operably connected to a 

system processor 150. It will be recognized that the system processor 150 

communil:ates with and controls the operation of these circuits in a known 

manner. with tl1e exceptions as discussed below. Additionally. an interface 

25 circuit 152 is shown cormected to the read/writt: channel 146 ami to the system 

processor 150. with the interface circuit 152 serving as a data interface and 

buffer lor the disc drive. The interface circuit 152 includes n sequencer <not 

separately shown) which comprises hardware used to establish varying timing 

sequences during the operation of the read/writ<! channel 1-1-6. 

30 The spindle C\lntrol circuit 142 controls the rotational speed of the spindk 
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motor 104 (FIG. 1). The servo control circuit 144 (also referred to herein as 

"servo circuit") controls the position of the heads 120 with respect to the discs 

106 hy applying current to the actuator coil 113 in n::sponse to servo information 

read by the heads 120. The read/write channel 146 operates to write Jata ro the 

5 Jist:s 106 in response to user data provided to the channel from the imerface 

circuit 152 by encoding and serializing the data and generating a write current 

utilized by the head 120 to magnetize portions of a selected track on the disc 106. 

Correspondingly, previously stored data an:~ retrieved hy the read/write 

channel 146 bv decoding the data from the read sil!nals generated hv the head 120 
"" - - .... .. 

10 as the head passes over the selc::cted track on the disc 106. Various operations ol" 

the Jisc drive 100 arc controlled by the system processor 150. in accordance with 

programming stored in memory (MEM) 154. which preferably t:omprises both 

volatile memory devices such as dynamic random access memory (DRAt\! l as 

well as non-volatile memory devices such as nash memory. 

15 Referring now to FIG. 3. shown therein is a functioml block diagram ot 

the servo circuit 144 of FIG. 2. As set forth by FIG. 3, servo information is 

read hy the selected head 120 and amplified by a preamplifier circuit !56 

("preamp"). The preamp 156 is preferably disposed in the HDA 101 :md 

mounted to a circuit hoard of the actuator assembly 110. as shown in FIG. I. 

20 The amplified readbac!\. signals an: presented to a dt:modulator ctrcuit 158 

("demodulator." or "demod") which conditions the signals (including analog-to­

digital conversion) and provides the same to a digital signal processor (DSP) 160 

The operation of the DSP 160 in accordance with a prefern~d embodiment 

or the prt!sent invention will be discussed in grt:atcr detail bel0\.1.': generally. 

25 however. the DSP 160 generates a position error signal (PES) indicative or tht: 

position of the heac.l 120 with respect to the disc 106 from the signals from the 

demodulator 158. In response to the resulting PES. as well as control inputs 

provided to the DSP 160 by the system processor 150 (FIG. 2l. the DSP 160 

outputs a correction signal to a coil driver 162 which in turn applit:s current w 

30 the t:oil 113 to adjust the position of the head 120. 
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Reft:rring now to FIG. 4, shown therein is a graphical represemmion of a 

family of vt!lo<.:ity profiles (dt!nott!d generally at 170). with each velocity profile 

Jdining the desired trajectory of a selected head 120 of the disc d~.ive t 00 during 

a seek operation wherein the head 120 is moved from an initial track ami settled 

5 onto a Jestination track. The family of velocity profiles 170 is plotted against an 

x-axis 172 indicative of tracks 1measured in tra<.:ks to go. with track "0" heing the 

destination track) ami a y-axis 174 indicative of the velm::ity of the head 120. 

As shown in FIG. 4, a deceleration trajectory portion 176 is substantially 

common to each of the family of velocity profiles 170, with the deceleration 

10 trajectory portion 176 indicative of the desired velocity of the head 120 as the 

head approa<.:hcs the destination track. The de<.:eleration trajectory portion 176 

extends to a maximum velocity V~1 M; (indicated by Jotted line 178) which is a 

maximum \'C::locity that the head 120 obtains as the head moves to the destination 

track. As shovm in FIG. 4, the Jcceleration trajectory ponion 176 meets the 

15 V ~ 1 ,\x line 178 at a track denoted as X:, which is a selected number tlf tracks 

20 

a\vay from the destin:Hion track 0. 

FIG. 4 further shows a number of different acceleration trajectory 

portions 1SO, 182 and 184 (begiiming at tracks X1• X~ and X 1 • respectively). 

When the disc drive 100 performs a seek operation from tr9-ck X, to track 0. th~ 

head 120 is accderated along portion 180, coasts nlong line 178 at V\IAX and is 

then decelerated along portion 176 to the destination track 0. A seek fro1n trac.:!\ 

X: is similarly performed, except that the head 120 spends kss time at V~ 1 A.\ 

(i.e .. along line 178) because track x~ is closer lO track 0 than track XI. In 

some <.:ases. a seek length can be short enough that the head 120 does not rt.!acll 

25 the maximum velocity V ~~M:• such as generally shown hy accekration portion 

184. That is. lO seek from track X~ to track 0. the head 120 is accelerated along 

portion 184 until it rt!aches the deceleration portion 176. after which the head 120 

is decelerated to the dt:stination track 0. 

It will be understood that relatively short seeks can he performed using a 

30 position and velocity comrolkd methodology, SL) that the velocity controlled 
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seeks contemplated herein are relatively long st:eks (such as 60 tracks or mort). 

ln this regard. the x-axis 171 of FIG. 4 should not be <.:ansidered as being 

nt:cessarily drawn to scale (i.e .. the relative distance hetween tracks 0 and 1 is 

not necessarily indicative of tht! rt!lative spacing of remaining tracks on the axis l. 

5 However. it will be understood that the velocity controlled approach discussed 

herein is provided h;· way of illustration and i.s not limiting. 

FIG. 5 provides a generalized representation of a current profile 186 

applied to the coil 113 during a seek from track X: lO track 0. The current 

profile 186 is plotted against an x-axis 188 indicative of tracks (in terms of tr:1cks 

10 tn go) and a y-axis 190 indicative of current magnitude. From FIGS. 4 and 5. it 

can be seen that a large amount of current is initially applied (as shown at 192 of 

the profile 186) to accelerate the head 120 toward the target track 0. Once the 

head 120 reaches V\1Ax (portion 178), relatively little current is required to 

mainrain the heau at this velocity, as shown hy curve 186. When track X is 

15 detected (i.e .. the he::.td rt:aches beginning of the deceleration portion 176 of riG. 

4 ). a corresponding large amount of current of opposite polarity (as sllO\vn at 19-i 

of the profile 190) is applied ro the coil 113 to decelerate the head 120 to tt1c 

track 0. 

When the tmck reaches a selected distance from the destination track 0 

20 (such as one track away. as indicated in FIG. 4). the servo circuit 1-1.4 transitions 

from a seek mode to a settle mode. and attempts to senle the head 120 onto the 

destination track 0 in as short a time as possible. At one trac:k away from the 

destination track 0. the head 120 should desirably have a velocity Vs, as indicated 

in FIG.-+. 

25 Due to various effects inherent in modern disc drive designs. however. 

velocity errors can arise at this transition point. resulting in either undersho0t ! as 

represented by undershoot seule trajectory curve 195 in FIG. 6 l or overshoot (as 

rcprt:sented by overshoot settle trajectory curve 196 nf FIG. 6). Both the curves 

195. \96 are plotted in FIG. 6 against an x-axis 197 generally ind icativc: of 

30 elapsed seek time :tnd a y-axis 198 indicative of position (with "0" 1.m the y-a·\is 
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!98 of riG. 6 wrresponding to the: center of the destination track 0 of FIGS. 4 

and 5 J. The undershoot trajectory curve 195 of FIG. 6 arises when the actual 

velocity of the head 1::?0 at track 1 is too low, resulting in the head 120 having 

insufficient velocity to reach a predetermined threshold (capture limit) about till: 

5 center of track 0 (such as ± 10% of the track width) defining a range within 

v./hic.:h read and write operations can be safely performed. Likewise. the 

uvcrshoot trajectory curve.:! 196 arises when the actual velocity of the head 120 al 

track I is too hiah. resultina in the head 120 coming in too fast and undesirablv 
- ~ -· r 

10 

l)Sci!lating about the center of the track 0. 

To minimize such overshoot and undershoot conditions. FIG. 7 has been 

providt!d which shows a control block diagram of the servo <.:ircuit 14-4 of FIGS. 

2 and 3. constructed in accordance with a preferred embodiment of the present 

invention. It will be understood that FIG. 7 is generally representative of the 

programming or the DSP 160 of FIG. 3 and sets fonh functional aspects of the 

15 DSP 160 in accordance with a preferred embodiment. 

With reference to FIG. 7, a plant block 200 is shown, indicative of 

rdevam mechaniGll aspects of the disc drive 100. including the head 120. tile 

coil 113. the discs 106. the \'Oict: coil motor 114 and the demodulator 158. The 

plam 200 receives a current conunand signal Ic~10 on signal path 202 to position a 

20 sl.!lected head (:1ot shown) adjacent a selected track (also not shown) of the plant 

200. In response to servo information on the track. the plant 200 gent:rates a 

PES which is output on signal path 204. 

The control diagram of FIG. 7 also shows an observer 206 hase<.J on a 

plant model having nominally the same input/output response ct1aracteristics as 

25 the plant 200. As will be recognized by those skilled in the art. th..: observer 206 

generates a position estimate XEsT· a velocity estimate V r:sr and a bias estimate 

WEsT on signal paths 208. 210 and 212. respectively. which correspond to 

estimates of head position. head velocity and bias for~.:e. The bias force estin1ate 

\VEST takes into account spring forces exerted upon the actuator as a result ot' the 

30 !lexun: assr::mbly (such as 124 or FIG. 1). windag.r:: forces upon the heads. and the 
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like. 

Additionally, a reference generator 214 is provitkd which provides 

position reference XREF• velocity reterence VREF and current reference IRE!' signals 

indicative of the desired position. velocity and current setrings for the plant 200. 

5 These signals are output on paths 216. 218 and ::!20. respectively and h3ve value:~ 

which generally depend upon the particular operational mode of the: servo circun. 

such,a:- u.ac.k followim! or set:!kin1!. As will be recol!nized. the velocitv reference - - - . 

10 

VnEF generally corresponds to rhe appropriate velociry profile (such as discussed 

above with reference ro FIG. 4) during a seek operation. 

A summing junction 222 determines a position error XERR as the 

difference between the position refen::nce XREF and the position estimate XEST· <1S 

. shown. Similarly, a summing junction 224 determines a velocity error \'ERR ils 

the: difference between the velocity reference VRr:r: and the velocity estimate VE~T 

The position error XERR is provided to a gain block :226 having a scalar gain ot 

15 Kx and the velocity error V ERR is provided to a gain block 2:28 having a sc31ar 

gain of Kv. so that the output quantities are summed by <1 summing junction 230. 

The output of the summing junction 230 is further summed with the bias 

estimate W csr and the current reference !REF at a summing junction 232. The 

output sum of the summing junction 232 is provided along functional path :233 tll 

20 summing junction 234. \vhich additionally n:ceives an input from a s~ule tablt: 

block 236. as dt:scribed more fully below. At this point. however, it will be 

noted that the output of the summing junction 234 is provided on signal path ::?.33 

as a control input to the observer 206 and is a current correction input indicative 

of the amoum of current to be applied to the plant 200. To accoum for nominal 

25 variations in the operation of the plant 200. the output of the summing junction 

234 is also provided to a gain block 2-1-0 having a gain Kr·· so th:H the output 

thereof comprises the current command lcMD signal on path 202. As will he 

recognized. the gain Kr can be adjusted in a conventional manner to ensure the 

observer 206 maintains an accurate model of the plant 200. 

30 Finally. the PES on signal path 20-1- is summed with the position estimate 
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Xli.sT on path 208 by a summing junction 242 to generate an observer error (tRR 

signal as an input to the observer 206 on path 240. 

Accordingly, normal operation of the comrol system of FIG. 7 (absent the 

selective operation of the settling table 236) is initially governed as follows: 

()t:I<N 

- (X,.,.J.I\. ,. + 
._ \\ . 

- ,,, - T/ 
liEF ,. EST 

PES - .\'t.:sr 

f'f./11/.:.,. + IRLF + 1~-'nT)(f\.,,) 

(1) 

(2J 

(3) 

(4) 

To facilitate a discussion of the marmer in which the settle table block 236 

("wbk") of FIG. 7 operates to adaptively improve the settling performance of tllc 

plant 200, it will first be helpful to briefly refer to FIG. 8, which shows a ponio11 

of a selected track 250 from the discs 106. 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. The servo 

blocks 25.2 contain servo information used by the servo circuit 144 and are 

written during disc drive manufacturing so as to be arranged as a plurality ol" 

radially extending wedges, like spokes of a wheel. The data blocks 254 an: 

20 thereafter created between adjacent servo blocks 252 during <l 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 PES (path 204 of FIG. 7) is generated as each servo bl~)ck 252 in turn 

25 is read by the head 120. The observer 206 is characterized as multi-rate, in that 

a sel<:cted number of position, velocity and bias estimates (.such as four) are 

provided between successive PES values. The rate at which the observer 206 

generates these estimates is referred to herein as the sampling rate of the st:rvo 

circuit 144, with the identifier k used to generally denote a particular sample. 

30 Accordingly, the estimated position, velocity and bias for the next sample (k + 1) 
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after the sample k is set forth by the following general relationship: 

XL<;1(k) 

= A V1,.s7(k) + Bu(k) + /.(PES - X
1
,s

1
(k)) 

H'/:XI(k) 

25 JUL 2002 

(5) 

where X~;sr<k + 1), Y Esr<k + 1) and W m·(k + 1) are the estimated position. velocity 

and bias for sample (k + 1). XEsr(k). Y Esr(k:) and W Esr(k) are the estimated 

position, velocity and bias for sample k, A and B are matrices de"Seribing the 

5 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 seck 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 the destination track. The head 1~0 is initially accelerated and then deceler<ltt:d 

(such as set forth by FIG. 4 above) in response to current applied to the VCiv1 

!14 (such as shown by FIG. 5 above), which in turn is controlled by a current 

command signal (such as output by summing block 232 on path 233 in FIG. 7). 

Also, no output is provided by the settling table 236 during the seek mode. so 

15 that the servo ~ircuit 144 generally operates in accordance with equations (1) 

through (4) above. 

20 

At such time that the head reaches the settling transition point (such as 

one track away from the destination track), the settling mode is conunenced so 

that a sen! ing current correction value is output by the settling table 236 to 

uenerate a modified current command signal, as follows: 
~ -

u .. 
1
(k) = zt(k) + L\u(O) 

where uA(k) is the modified current command signal output by the summing 

blm:k 234 on path 238 (FIG. 7) and used to control the application or current to 
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the VCM 114, u(k) is the current command signal provided to the summing block 

234 on path 233, and ~u(O) 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(O) denotes the first sample of the 

5 settling mode (i.e, k can be considered as being reset to "0" at the first sample of 

the settling mode, as the settling transition point is reached). 

Although the manner in which the settling table 236 gcnenttt!S the ~u(O) 

r..:orrcction value will be discussed in grcat<.:r detail below, generally it will be 

noted at this time that the correction value is determined in relation to the 

I 0 estimated position XssT and the estimated velocity VEST at the settling transition 

point. Further, the operation of the settling table 236 is adaptively controlled in 

relation to feedback provided by the PES 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) during settling) results in a modification of the response 

15 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. To more fully illustrate this point, the following 

describes a discrete-time state space modd of the plant 200: 

x (k+l) =Ax fk) + B u(k) d d ,f, d (7) 

{8) 

with sample rate k, state xu (i.e., position x'and velocity V), output y, input u 

20 and matrices Au, Bu and Cu 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. Correspondingly, an observer model can be 

25 stated as: 

(9) 
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where x(k) is a matrix of {XEST• V F.sT}. A controller model can be stated as: 

uJk) = -Kc x,.(k) (10) 

5 A single sided z-transform is given as: 

~ 

X(.:) = L x(k) z ck (11) 
k~u 

Thus. 

Z[x(k+ I)] ·· .:[X(:) - x(O)} (12) 

ami 

U(.:) = - Kc ·',_.(.:) + 6u(O) (13) 

10 where 

llu(O) = u(O} + K,.x,.(O) ( 14) 

with 6u(0) being the settling current corret:tion value of equation (6) above. 

Taking the z-transforms of equations (7) to (10), substituting into e4uation 

(13) am.! solving for Y(z) yidJs the following: 

15 
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l'f:) ~C,,:I .. A" ' 11,1\,(;/ - A.J" 1L,.C,,..t,)" 1 

· [:XJO) - ll,f:,<:l - .-1.)" 1:.\",(0J]'(I - B.)\,(:1 - A,)" 1 j[JJ~u((l) (15) 

where 

A '" A - LC 4 . - B K c lj ,, (/ d c (16) 

5 At the settling transition point, let Xu(O) = X~O). Substituting z = z1 into cquatio11 

(15). with z1 a zero of the system response, 

r(:) = 0 (17) 

further, from equation (15), identifying a lx2 matrix !\1 (with terms l\-11, r.l~J ;.mu 

10 a s.::alar n and combining \Vith equation (17) yields 

M _\:)0) - n Lu(O) = 0 (18) 

so that 

6u(O) = (19) 
11 

with settling gains Ksx and Ksv determined by Ksx = M1/n and Ksv = M~/n. The 

15 the settling current correction value Ciu(O) is determined by the settling table :236 

in accordance with equation (20). That is. at preferably each settling transition 

point, the estimated position and velocity XEsT and Y r:sr are providet.l to the 
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settling table 236, which outputs the appropriate settling current correction value 

.6.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 .6.u(0) serves to place a zero (Z,) in the 

numerator of Y(z). One design method could be to choose the zero ; so as to 

cancel the slowest closed-loop poles of the track following mode controller, 

10 similarly 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 p1 and p2 , the additional zero z1 is 

15 selected such that: 

(20) 

where cx. is a \Veight value ranging from zero to one (i.e., 0:: cx.:;; 1) . .tvlore 

particularly, a set of different position and velocity settling gains Ksx and K::;v 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 cx. (such as cx. =0.5). If, from the PES (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 cx. =0.6). 

25 To further explain the operation of the table 236, FIG. 9 shows a SEEK 

WITH ADAPTIVE SETTLE routine 260, setting forth the steps performed hy 

the servo circuit 144 in accordance with a preferred embodiment. 

At step 262, the disc drive 100 initiates the seek mode of the seek 
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t"lpcration whereby a selected one of the heads 120 is moved from an initial track 

toward a uestination track. For clarity. it will be assumed that the initial track 

corresponus to track X 1 (FIG . ..J.) and the destination track is track 0 (FIG. 4l. 

During step 262. the head is initially accelerated and then decelerated in 

5 accordance with the current curve 186 of FIG. 5 so that the head 120 nominallv 

follows the trajectory defined by velocity profile portions 180. 178 and 176 oi 

FIG. -l. 

As the head 120 is moved from track X 1 to track 0. as shown bv decision 

step 26-L the sc:rvo circuit 144 continually determines the position o!' the head 

10 (using the estimated position XEsT) until such time that the beau 120 reaches the 

settling mod<.: transition point one track away from track 0. 

When the settling mode transition point is reached, the servo circuit 144 

determines the estimated position XEsr and estimated velocity VEsi· step 266. and 

outputs the appropriate senling current correction value 6u(O) to settle the head 

15 120 onto the destination track, step 270. During settling, as shown hy step 272. 

the PES (path 204 of FIG. 7) is provided to the settling t::tble 236 to improve 

settling performance by adjusting the set of settling gains Ksx and Kw Final!\·. 

the routine nf FIG. 9 ends at 274. after which the servo circuit 144 operates in 

track roliowing mode until commanded to perform the next sc:ek (using the new 

20 values of Ksx ami K5v). 

Having concluded the foregoing discussion of the ser\'o circuit 144. 

reference is now made to FIG. 10. which shows the results of computer 

simulations of the operation of the control Lliagram of FIG. 7. l\·tore particularly. 

FIG. 10 sets forth an uncompensated settle curve 280 and a compensateu settil: 

25 curve 290. both of which are plotted against an x-axis 292 inllkative of elapsed 

settling time (in milliseconds) and a y-axis 294 indicative of position. 

The "0" mark on the y-axis 294 corresponds to the cenwr or the 

destination track. Dotted lines 296 and 298 indicate positions ± 1 O'l( (with 

respect to track width) away from the center of the track. \vitll opcrational fault 

30 conditions declared during read or write operations \vhen the head 120 exceeus 
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thest! boundaries. 

As shown by fiG. 10. tht:: ust! of the control diagram of FIG. 7 rt:sults in 

a substantial reduction in senling time for the compensated senlt! curvt: 290 as 

compared 10 the uncompensated senle curve 280. While curve 280 achieves :t 

5 settle time of around two milliseconds (2 msec). curve 290 achieves a st:ttlc time 

of less than one millisecond ( 1 msec). Thus, the present invention nor only 

achieves substantially improvt!d settling: performance over what is typically 

achit:!ved under nominal conditions. but funher advantageously operates to 

adaptively accommodate large parametric variations that would otherwise induce 

I 0 the types of undershoot and overshoot shown in FIG. 5 that can undesirably 

extend the settling timt: by one or more milliseconds. 

As can be: seen from the foregoing discussion. various advantages are 

associated with the present invention (as embodied above). First. the system is 

relatively simple to implement in a DSP such as 160. as compared ro the 

15 previously mentiont!d Eddy eta!. and Yamaguchi et aL approaches. SeconJ, the 

\Vt:ight value a. can be used as an aJaptive parameter to compensate for v~triations 

in disc drive performance characteristics (such as with temperature variations. 

etc.). for example. \Vhen the control diagram of FIG. 7 is configured Sl1 :ts w 

accurately n1odel the response of the plam (so that resonances arc minimized!. the 

20 weight value a can be selected so as to be close to one; otherwise, the weight 

value can be selected so as to be closer to zero. Moreover. the prest!nt system 

readily accommodates the injection of values over multiple samples during the 

settling operation (i.e., not only can ~u(Q) be used. hut also ~u(ll. etc.). 

In summary. the: present invention is directed to an appararus anJ method 

for minimizing settling time in a dis<.: drivt: (such as 100). The disc drive 

includes a head (such as 1201 aujacent a rotatablt! disc (such as 1061 on whi...:h a 

plurality of tracks (such as 250) are defint:d and a moror (such as 11-1-1 which 

controllably positions the head in response to current applied to the motor. 

A servo circuit tsuch as 144) is provided to settle tht! head onto a 

30 destination track at the conclusion of a seek operation hy determining velncity or 
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the head at a sekcted distance from the destination track (such as hy 264. 266). 

wmparing the velocity to a desired velocity of the head at the selected distance 

from the destination track. applying a settling currem correction value to a 

current command si~:mal to !!enerate a modified current command sil!nal in - - -
5 relation to an estimated position and an estimated velocity (such as by 268). anu 

using tht: modified current command signal to settle the head onto the destination 

tr;.Jck (sucll as by ~70). The application of the seltling gain serves to aud an 

aJJitional zero to the response of the serv_Q_circuir. with the placement of the zero 

preterahly determined in relation to a weighting of the locations of the closest 

l U t wn poles uf tile response. 

Prdcrahl)'. the servo circuit comprises an observer (such as 206) wllicll 

generates estimates of head position and velocity and a settling table (such as 

236} which outputs the st:ttling gain in response co the estimated velucity of the 

hcaJ at the Sl.!kctcd distance from the destination track. ~loreover. the sc:rvo 

15 c1rcuit preferably comprises a programmable processing device (such as 160) 

1lav1ng associated programming to settle the head onto the destination track. 

For purposes of the appended claims. consistently with the foregoing 

discussion the term "signal" will be understood to include both analog and digital 

~xpressions. The tt:rm "circuit" will be umkrstooJ to include both il:trdwarc :tnd 

20 -.;oltwarcifirmware type: implementations. 

25 

The phrase "programmable processing device" \Vi!\ be understood to 

describe any number of types of programmabk: proct:ssors which carry out 

instructions in associated progranm1ing, such as the DSP 160. Although certain 

method claims below are provided with steps in a particular order. it will be 

reat.lilv understood that the daimet.l invention is not nt:cessarilv limitet.l to lllc . -
muer of the stt:ps presented. unless mht:rwise particularly int.lil:ated by the 

language of the daims. 

It will be clear that the present invention is well adapted to attain the· emb 

and advantages memioned as well as those inherent therein. Whik pn!semly 

30 preferred embodiments have been Llescribed for purposes or this disctosur<:. 
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numerous changt:s may be made which will readily suggt:st themselves to rhosL: 

skillet.! in the an and which are encompassed in the spirit ot' rhe:: invemion 

Jisclosed ami as defined in the appended claims. 
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1. In a disc drive having a head adjacent 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 

5 destination track, comprising steps of: 

10 

15 

(a) initiating a seek mode to move the head toward the destination track 

by applying current to the motor in relation to a current command 

signal indicative of a trajectory of the head; and 

(b) settling the head onto the destination track by applying current to the 

motor in relation to a modified current command signal 

determined by 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 a predetermined 

distance from the destination track; and 

(c) adapting the calculation of the settling current correction value in 

relation to a position error signal. 

2. The method of claim 1, wherein the settling current correction 

value is further determined in relation to a desired velocity and a desired position 

20 of the head at the predetermined distance from the destination track. 

3. The method of claim 2, wherein the settling current correction 

value is provided by a settling table which selectively outputs the settling current 

correction value when the head reaches the predetermined distance from the 

destination track. 

25 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 and a settling velocity gain value. 
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S. 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 3, wherein the settling current correction 

S value operates to add an additional zero to a response of the disc drive. 

10 

15 

20 

2S 

7. A disc drive~ comprising: 

a head adjacent a rotatable disc on which a plurality of tracks are defined; 

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 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) settles the head onto the destination track at a conclusion of the 

seek mode operation by applying current to the motor in 

relation to a modified current command signal determined 

by a sum of the current command signal and a settling 

current correction value determined in relation to an 

estimated position and an estimated velocity of the head 

when the head reaches a selected distance from the 

destination track; and 

(c) adapts the calculation of the settling correction value in relation 

to a position error signal. 

8. The disc drive of claim 7, wherein the servo circuit comprises: 

an observer which generates the estimated position and velocity of the 
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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. 

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. 




