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This invention relates to direct ac:c=ess storage devtces. More particularly this invention 

:relatcS to a saw sy5tem architecture and a mctho~ or operating the servo systena. i:n 

devices such as a disk driw. 

~rwundArt 

High c>n:cision and low power electromechantcal system deslp iS required for tbture 

dirs't accc:u storage deW:es (DASDs). particUlarly WJCted for mobile computer 
' 

syste1ls. Without limiting operating vibratiOn pcrformua, servo arChitectu1'9 or a . . 

DAS:) should be capable of providjng low positiODing error without exctMing a 

compitltive power budget. 

Con\~ ntional meth~ attempt to achieve minimum positioning error by reducing the 

re~ .. 1ble runout (RRO) component, that is any deviation from an ideal circular 

t.-aclc., dile to fot example mecbJmical tolerances or servo writing, at the manufacturing 

1evcl ~,y icposing very severe m&nufac;turing tolerance requirements, or by 

implementing gain eJlhanc:ing algorithms, S\lcb as feedf'OlWatd or narrow band mters, 

at Rl~O spectral frequencies. These approaches either require high cost :nanufacturing 
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methOds or increased track following voice coil motor (VCM) power. In track . 
f~ DlOde a disk actuat.Or smvo is designed to miDimm bead positioning error m 
the p.msence of repeatable and non-:n:peatable nmout ~omponcmts (NR.RO) that are 

pn:sent in the position ermr signal (PES). Traditional methodS attempt to minimize 

either the RRO component at source by reflnina the manufacturing process or 

suppress R.RO by implementing JUg)i-jainleivo schemes. Minimizing RRO at the 

· source has a man'Dfacmriug c:ost penalty whila a servo solution that effectively 

~ frequency specific current to the voice QOil motor (VCM) has a po1lrCr 
I penaey. 

1 

A iypat DJ\SD servo as shown in Fjg. 1 has a PES aonerating block 10, seivo 

comp~tation block 12., and a diaital-to-analog conveiwr (D~C) block 14. Figure I 

also slows a feed.forward scheme includin& a misposition corra;tion signal genera.tor 16 

augiI:· nting the conventional servo to improve RllO track foJlowhlg capability. The 

output of generator 16 is added to the OUtpUt of blcx:k. 12 at a SllJD:Odng node 18. The 

added output of node 18 is then provided to DAC block.14. The analog output of 

DAC •block 14 is provided to a current driver 20 which provides cumnt to the VCM 
. . 

(not ~own in Figure 1) of the actuator b~ 22, which represents the mechanical 

co111~t.s that control the J)OSition of a transdw:er (not shown) which interacts with 

a data storage medi\llJi (also not shown in f'ia. 1). 

In th·: conventional servo a.Nhitectnre the control signal js first comput.ed from PES 

signa i jeriVed from the data surface, and then the conuol. Signal generated by the servo 

com.pl tation block 12 is moclifsed by the mispo&ition correction signal {also called a 

feedf'crward signal) from block 16. The PBS gmierating block dorived from the data. 
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surface invariably contains both RRO and NRRO components, represcntGd by hloc.k 

24. Ii will be understood that the signal sent to block 10 is the relative difference 

between a head position signal received from block. 22 and the runout componDDts of a 

track. as repteSClltecl by block 24. While a subtraction node 2S is shown, it will be 

undemood that this is a themctfca1 node because it is only the difference, wmch is 

generated by block 10 that is available When the .recording head Signal iS pl'OQ:SSed for 

use by the savo loop. 

SUMMARY OF THE INVINTION 

The p~ of RRO not only impedes precision of track-to-track spacing but also 

I 

servo algorithm avoids uacking the RRO component rather than suppressing the R.RO 

comp .. Gent. The RRO component of the PBS is removed by subtracting the "locked 

arm• no prior to generating the servo controller outpuL The No-RRO Servo 

ArchiT.ecture produces high precision track spacing while maintaining conwntional 

c:roSsover frequency. The Jocked-arm RRO matrix for each sector (referred to as 

RR.O .. ) c:an be either measured-and-stored at the manufacturing facility soon aft.er the 

servo-sectors are written or it can be post computed from product PES and stored 

using an algorithm. 

Basic co die invention is the ability to estimate the unlcnown RRO* components in the 

pl'eS(.!:CC of the servo-loop using an invtl'S: flltering conc:epL The invention 

simu·i;.aneously minimizes VCM power and PBS magnitude, thus pro~ a new path 

for h: _ll track de!lsity DASDs at low cost and power. Depending on the 
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implementation xesourc:es available on board such as RAM space or computational . 
power:, the architecture can be invoked to etther save only idle power, or hnprove both 

precision and power. The mvmt.ion may bo implemc:nt.cd, for oxam.ple, in a 3.5" 

DASe to enhance pnx:isiOJl iii track following mode. The RRO* .is measured and 

stored ·m RAM in this configuration. Approximately a "4Y• reduction in position error 

sigiiaJ. RMS value is achicwd without sacrificing vibration rejection perfcmnancc. 

When RAM space is not available,. the no• Is estimated in real-ume i.11 order to 

implement the NO"RRO Servo Architecture. This conftSutation requires extra spindle 

revolliti.ODS, and is effective only to save idle power and not for hi.gh precision tracking. 

The emqy normally spent m tracking RRO components is conserved by this method 
:. 

in which approximately 45% of the VCM RMS powt:r saving ls acbieved. 

.Bnc[.J>gqiption of the Drawig!s 

Pig. 1 is a block diagram of a prior an servo loop. 

P~ 2 is a conceptual block diagram of a servo loop in accordance with thr; invention. 

Fjg. l is a block diagram of a fIISt embodiment of a servo loop in accordance with the 

inven;.ion. 

Fjg .. 4A is a PES spectrum of a servo loop operating in accordance with the invention. 

Fig. 4B is a PISS speer.rum or a servo loop operating in accordance With the prior art. 

F"J.g- ~ ts a reprc:sc:ntation of' a second embodiment of the invention. 

Fig. ;j \. illustraus a variation of the embodiment of Fig. S. 

Pi&. c: is a general flow diagram of a method Which may be U5Cd to implement the 

i:tvm:- .on. 
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Fig. 7 \ is a VCM wmnt spectrum with ud without no-RRO architecture. 

Fig. !· I\. is a typical open l.aOp tranSfer function used to cstimaw RRO• using an 

invmc fllt.cr. 

FJ,g. SB ill'llSttates m.iSDJ.atch between the origiaal llR.o• and estimated R.RO*. 

Fjg. ~A is a inodified open loop zransfer fuuc~ used to improve the estimate of 

RR06 using an io.vmse filter., 

Pjg. 9B illnst.rat.es the original RRO* and F.stfmated RRO• being in good agreement. 

.Dmil§d Qescription of tbe Preferred Emboclinumts 
\ , 

Since the RRO component is known to be stabla over the lif'o of a DASD and has a 

well clefiaed amplitude and phase characteristics, the _. servo arehitectv.re .in 

accotdance With the invention exploits this fact by actively avoiding the RRO signal 

=t.cr..!is the servo computation block of the servo SJStem. In this inVeDtion a 

conventional VCM SCIVO is modified to achieve tow power idle and high precision 

ttaek-~1rack spacDJ.g by elimblating the RR.O com.pcmellt in the PBS signal while 

preserving the desirable vibration rejeCtmn characteristK:s. Alternatively, the original 

track layout is electronically modified and mapped into 'virtual traeks .. that are free of 

RRO components. 

The ' ~o-RRO Servo Architecture" is based on the fact that the RRO that is inevitably 

illolUt'..cd in the PES stream need 11.ot be track-followed. This Js lhe by to this 

l 
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6 
innovation and the conczpt is shown in Fig. 2. The only PBS components that are 

ran~c n are the NRRO and vibration induced PES. 

In Pig. 2, wherein like numerals are used to deScribe like blocks found in Fjg. I. it can ,. 
be ~ that the PBS signal from the data Siirface is corrcctJ:d by removing the RRO* 

component. represented by block 26, by being subtracted from the output of block 10 
I • 

at node 28, by way ot line 30, bcfon: bohJg prtSCnt.ed to the servo computation block 
' 12.. The output of seivo computation block 12 is then presented to the DAC block 14 

with lJ!l further correction such as feedforward compensation. The invenuon can be 

impk·iicntt:d in various fonns whm= the method of gencra1iDg and 5toring RR.O* may 
·' ' 

diffc:: rrom ca.ch other. 

In or1ler to achieve the No-R.R.O Servo Architecture the llRO" corresponding to each 

sector on every track in a DASD under servoless condition must be known iD advance. 

For ex.ample, if a DASO has SOOO t:raQs with ~O sectoIS per track, then the R.RO• will 

be a matrix of 5000 x so dcments. The RRO'* can be either "measured• and st<>red at 

the Jr .. anUfacturlng site or else 'estimated' and st.Ored using product SCIYO and 

micrcc:odc. 

The UR.a• cao. be simply measured while the arm is locked to an ~ reference 

dllI'iug manUf acturi:Dg, and then recorded in the same DASD for future use. This is 

callee measured RRo•. 
F'J.gl&.L ... 3 shows a RAM·based bnplementat!on or measured RRO* in which the R.RO* 

(frou: a DASD 32.. having a disc 34, which intera&iU with a head 36 at the end of an 

actuu or 38, when the disk is rotated by a spindle motor 40 in a manner well known) is 

stare;.! in a reserved data mne of the disk during manufact.urlug, and read into a RAM 



;;;. .. 

7 

42 dliring power up. The RAM-based RRO• is tlum subtraaed from the PBS in the 

track·following mode. 

Fig. ~ and Fig. 4B show GpC!immltally obtained PBS Spectra with and without the 

No-F ~o Servo A:rdlitectllrc in which the RRO- for each sector is stomd in a RAM 

and s .ibtracted fcom dle PBS stream in track·following mode. A reduction in iota1 

R.Ms error of app~Wly ~ is demoDS1rated in this case. Almost an no 
• 

spectral peaks have been dTcctivcly removed. 

The ·-'Locbd·Arm RR.O"' can also be embedded in the servo pattetn as sbowa in F'ig. 

5. In 1b.is case no RAM space is required. but more SCIYO wrim time ~ needed. 

A track center line SO. :rc:prcscDtccl as a straight line in F"sg. 5, is divided into a plurality 

of sec tots 52. In the prior art, each sector S2 includes St.Ored data for cylinder 

iden~fJCation (ID) 54, servo signal data 56 and finally user data SS. In the practice of 

the ~vention, the R.RO* data is stmcd In a block 57 between cylinder ID data S4 and 

user •Ulta 56. In practlce, a decode electtonics block 60 decodes the data from the disk 
. . 

.34 ud provides it node 28 in a manner analogous ta bl°" 26 of Fig. 2 ot RAM 42 of 

Fjg. ~-

TJ;c digitally encoded loekc'1~arm R.R.O data is decoded and subtracted from the PF.s 

stream by the .microprocessor which conttoJs the servo loop. The reaJ,ization of 
I 

No-R~O servo arcbitecture according to F"l&- s· is identical to the performance of the 

R.Alvf-based method e.xeopt that the cost of RAM is exchanged for the compl~ty ot 
S8l'V<• -.vriting the measmecl RR.O* adjacent to the conventional servo sjpal band. 

As m :..str&ted in Fig. SA. a compromise bet.ween ~ve RAM space and excessive 

servo·'Rrite time can be made by estimating the RRO• using the inverse filter during 

tlie t]':>ical .24 hour test proces5 that each D.ASD undergoes aDd then by ~ording the 

estiu:.1tcd RRO* in the user data .mne as a reserved byte. For example jf the standard 
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data block size is Sl2 bytes, then the S13th byte of the previous data sector will 

contain the estimat.ed RRO• •. This js illustrated in Fig. 5A by data block 62. For the 

nth sector PBS. the pnMous data 1.0nc (n· l) will provide the necessary byt.e 

corre.-pondjng to RRO•. During the read mode of a file this- is a continuous process. 

The hard disk controller must identify the reserved byte from the user bytes and 

present it to the servo controller operation. This may be ara>mplished in a hard clisc • 
controlkr chip 64. During the write process ~are shOUld be exercised tO allow for a 

quick read at tbe resem:d byte. With the inwntion of magnctoresi.stive heads, the 

read and write operations ~ independent and the task of reading RRo• should not 

be or 8.ny concern. 

A second approach is ta use the produet DASD servo system to position the head an4 

then estimat.c thB RRO• matri:L In this case an cxtcmal reference is not requind, but 

the D~D servo system pin inust be accounted for in order to obtain RRO•. The 

eqUiv-llmt of a "'Jocked .. mn RRO• can be estimated and stored using an "inverse 

fi1t&ri: •g algorithm"', which is an altemative meam to implement the 110-:RRO servo 

a:rchit i:cture. The inverse filtering method is applied to generate tho R.RO• matrix and 

st.ore.1 on the disk in a manner similar to the case shown in Fig.3. Both methods 

require RAM space for precision tracking. On the other. hand RR.O* can be estiinated 

in real tlme on a track t.o track basis to conserve idle-mode power without requixinl a 

lane RAM space. 

PJg. cl shows an algorithm. for extracting the JlRO• in three stages. In the first stage 

the PJ s signal comsponcling to a given track is averaged on a seer.or-~ basis to 

estimt ':ie the RRO with the wvo loop active. A microprocessor (MPU) 70 performs 

not m ~ this data handling, but also performs the functions of servo computation 
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block 12 (Fig. 2) to control the servo loop. This operation will produce m 11\lmber of 

da.ta ;c>in1S corresponding to an m sector DASD where m is typically about 50. This 

operation can anploy N number of revolutions where N is about 20 revol11tious. The 

RRO .is the effect or yet unknown locked"'8t&D runout components (earlier defined as 

RRO") ac;tiu.g through the (1/(1 +G)) nsjec:tio1\ transfer fUnction of the 

servo/IJUICb•mcal system when G is the total open loop transfer function of the system. 

At the end of this first stage, the averaged RRO data for lb m points is available in 

block 
1

74 for use in the second stage. 

In stage two the estilnat.ed m·point RRO (With the servoloop activt) is passed through 

a digltal filter 76 with the transfer function (1 + G). The (1 + G) can be viewed ~ a . 
' 

digiul filter operating on the m.-point RRO input to recover the unknown RRO• 

throt..Uh the inverse operation, and hence the tsim inverse mter. The input RRd is 

cone• :enated for several revolutions as represented by successive data sets 74A, 74B, 

ctc. t1.ne for each revolution) so that any mvezse..ftlm transients are allowed to decay 

prioJ:· r.o storing of the output. The transient flltet output is "PfCSCllted by block 78, an 

interr.Jediate output is repreSented by block 80, and the steady state output is 

repre.;en,tcd bj block 82. 

The ~ lock 82 output of the fdter comsponctiq to m-pomt R.J..O input is st.med in a 

mm:, ry as m·point RRO• (ic., locked am RRO) for use in the third stage. While the 

third mtput set of filter 76 :is used in Fig. 6. it will be undmtood by those skilled in 

the· a. t that it may be desirable to use a later output set, depending on how quickly the 

outpi.t of filter 76 ~hes a steady staw. 



---

10 
In su.ge three, the stored values of block 82 are used as tho estimated RRO• for 

operJtion of the senro loop. The estimated RRO* is subtracted from the PBS &tgnal in 

reai t.;nB at node 28, so that the amtrol algorithm operates on the diftbrcncc bct\Veell 

the PHS and the estimated RRO*. For each track/sector this operation need to be 

ropeaicd as wammtcd if no• is not generated and stored all at once following the 

iunUfacmre .. otthe DASD. When llRO* is computad hi ·r.saf i:Jme,_ a larp memory 

space is not miuired, but the no-RRO servo architecture mode can not be invoked 

instartly. · 

The concept is bnplemented and evaluated on a 6000 TPI 3.s· DASD simulation 

111odel. The invc:rsc: filter is implemented with a proportional ~d derivati\te servo 

controDer only (with no integral term) so that low frequency estimation errors are not 

adverselymibancecl by the numerical operations required to Pnxtucc RR.O*. 

Fig~7 \.and rig.7B show the conVtntional track following mOde and RR.O.free idle 

mod.: spectrum of actuator CDITellt. The nominal 6.6 mA ~S is rcduc:cd to 3.6 mA 

by th i operaTlon (45o/a reduction). Frequency spectrum Shaws reduction in currmt 
a.tnpl" llde at frequencies aIOUDd SOO Hz The amount of power saving that Js made 

possi~Je by this scheme depends on the magnitude of RRO pn:sent. Larger R.RO 

CGmpODCllts will result m great.er power savings. 

To id.clltify limitations of the ~verse filter-based RR.O• 'estimation process two 

numerical experiments BR amduGted with a compn:hcusivc dynamic silnulation model 

FJg. :1 and Pig. SB show a conventional track-following transfer function ll$8d to 

estiu ~te the RRO* from the originally scrv°"writtcn in RRO*. As can be seen in Fig. 

SB .. ' e match is not exact, and it demonstrates the non-obvious nature of the biverse 

filte1 :om:ept. The rand.oJD proasses associated with a disk file causes the servo-on 
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PES to drift due to h:ysteteSis and electronic noise in the feedback system. The 

convr~lional controller (Fig. SA) axaggerates the drift. As can be seen in Fig. 8B, the 

matri:l between estimated llRO• and actual RRO* is not good, particQlatly at low 

frequ -=ks. This is .attributed to a complex interaction of actuator hysteresis and 

controllet transfer function characteristks. However, when the open loop transfer 

·· function is modif'aed to have crossovet and roJl..off ChaiiCteristtcs as shOWJl m Fig. 9A, 

the rccml$tr11Ctio.u of llRO* was accurate. The controller ot Jfig. 9A still has sufficient 

vibration rejection charact.etistics, but due to its transfer fllDctioD charact.eristics. 

advantaseously docs not amptifJing the higher hannonics. For eumple. the pin at the 

r.indamcntal frequency of 70 Hz. (the trequency or rotation of the disk) is o db ill the 

contrnller of Fig. 9A. which is c:onsidcrably lower than the 20 db or so of the controller 

Of Fif,. 8A. 

The ~odif.ied versions of RRO mjnhnization·concept can be achieVed in many other 

ways. For .Instances if a Single frequency RRO is fDUJl4 to be dominating the PBS then 

a batr.d pass mter is used to compute the RRO and then the com:spondiDg RRO" is 

gener•ted .knowing the gain of (I+ G) at that frequency. Therefore, variations of this 

COl\CCpt of removing RRO either tntally or partially can be traded-off with simplicity 

of ccr ~putational algorithm. 

Whc:.:i a major disk shift is encouur.erecl after the m111Ufacture or a DASD. it is mitical 

to clir iinar.e the PBS error due to disk•shift whilm In blgh predsion mode by means of a 

gain c:.nhalAdng filr.er. On the other hand, in the idle mode the VCM power is reduced 

by tu.'"Ding ~the high gain mter, or farther reduced by notchlna the fundamental 

harmonic component of the PES in the PSS generation blodc.. 

111111m1rnn1r I 
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Wha~ is claimed is: 
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CLAIMS 

I. In a direct access stm'8l8 device including a JOtatiog disk, a head positioned for 

interaction With said dlsk, an acmatDr-fOr Wtying said head and a servo system for 

opcrsting said acmator so as to t'ollo-.r a subStantially circular ttack on said disk by 

respo .!ding to a position error sipal, a method for reducing response: of the servo 
syste:ca to radial runout of the circular tracks, compr.fsjng the steps of: . 

a. obtaining radial nmout data; 

b. filtering the data; I 

d. Sllr tractiug the tUtered data from the position error signal to obtain ;. corrected 

positi .. n error signal; and 

2. n. ! met.bod of c1ahn 1 wherein several repetitions of the radial runout data is stared 

aad a steady state veaion of the radial :tUnout data i.1 au.btcactcd from the position 

error jignal, 

This Sheet Has Been Replaced 
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3. 'fl-~ method ol claim 1 wherein the radial nmout data is stored"in RAM. 

4. The method .of claim 1 wbcrdn the radial nmout data is SWtod on the disk. 

. 
s. T~~ method. of claim 4 when:in the radial nmout data w·stof&l on a wscr data 

portion of said clisk. 

6. T"-c method Df claim 1 wherein said step of mtcring inclQ.des: 

obtai'liD& ru.nout data for a plurality of rotatioDs of the disk; 

passi '.g the data through an invetse ftlter; aad 

~"'":ing a steady stat.e output of the inverse filter. 

7. In a direct ac:cess storage: device including a rotatlDg disk, a head positioned for 

intcmc:tion with said disk. an actuator for canyiD& said head and a servo syst=n for 

opcrr..tiD,g said actuator so as to follow a substantially circular track on said disk by 

re5P'1. ldiug to a position error signal, appara.tu5 for reducin& rc:sponse of tho servo 

sysu·~ ~ to radial runout of the circular traeks. comprlsjng: 

a. "m~ ms tor obtaioing radial nm.out daia; 
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b. meaIJS for filtering the data; 

c. meaos for storing the ffit.ercd data.: 

d. mpans for subtxaAing the fil1Q'ed data from the position onor signal to obtain a 
. - ·--· 

corP:cted position error signal; and 

8. The direct ac:c:ess storage device of Claim l wherein said means for obtaining data 

obt.aias several repetitions of the taclial ruuout data and said means for storing the 

data stores a steady state version Gf the radial rWlOUt data. 

9. Tho device or cJaim I further comprising a RAM for storina data when:in the radial 

runottt data is stored in said RAM. 

10. T .lC device of claim I wherein the disk is configured with portions for storing said 

radit~ runout data and said data is StOred on said portions. 

11. Tl:c method of cla.bn 10 w~in the said portions are user data portions of said 

clisk. 

12. T~.e method of claim 7 wherein said filter comprises: 

meatJ; for obtaining runout data for a pluralhy or rotations m the disk; 
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an inverse f:alter through which the data ls passed; and 

~au for se1ecti1lg a steady stat.e output of the inverse filter. 


