
(19) United States 
US 20010043428A1 

(12) Patent Application Publication (10) Pub. No.: US 2001/0043428 A1 
Morris et al. (43) Pub. Date: NOV. 22, 2001 

(54) COMPRESSION AND STORAGE OF 
WRITTEN-IN ERROR COMPENSATION 
TABLES IN AN EMBEDDED SERVO DISC 
DRIVE 

(76) Inventors: John c. Morris, Minneapolis, MN 
(US); Thomas C. Zirps, Minneapolis, 
MN (US) 

Correspondence Address: 
Alan G. Rego 
Westman, Champlin & Kelly 
International Centre, Suite 1600 
900 Second Avenue South 
Minneapolis, MN 55402-3319 (US) 

(21) 

(22) 

Appl. No.: 09/781,363 

Filed: Feb. 12, 2001 

Related US. Application Data 

(63) Non-provisional of provisional application No. 
60/202,888, ?led on May 10, 2000. 

200 

Publication Classi?cation 

(51) Int. Cl? . .................. ..G11B 5/596 

(52) Us. 01. ................................... .. 360/77.04;360/77.08 

(57) ABSTRACT 

A method and apparatus for compensating for repeatable 
run-out errors in a disc drive is provided in Which transfer 
function values for a servo loop in the disc drive are ?rst 
determined. A sequence of repeatable run-out values for a 
portion of the disc drive is then determined. A transform is 
applied to the sequence of repeatable run-out values to 
obtain frequency-domain repeatable run-out values. Each 
frequency-domain repeatable run-out value is divided by a 
respective transfer function value to produce a sequence of 
frequency-domain compensation values Which are then 
stored. An inverse transform is applied to the frequency 
domain compensation values to obtain a sequence of time 
domain compensation values. The sequence of time-domain 
compensation values is inserted into the servo loop. 
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COMPRESSION AND STORAGE OF WRITTEN-IN 
ERROR COMPENSATION TABLES IN AN 

EMBEDDED SERVO DISC DRIVE 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims priority of US. Provisional 
Application No. 60/202,888 ?led May 10, 2000, by John C. 
Morris and Thomas C. Zirps for “EFFICIENT COMPRES 
SION AND STORAGE OF ZAP TABLES”; and is a con 
tinuation of International Application No. PCT/USOO/(Atty 
docket S01.13-0671/STL9659PC), ?led on even date here 
With by Seagate Technology LLC for “COMPRESSION 
AND STORAGE OF WRITTEN-IN ERROR COMPEN 
SATION TABLES IN AN EMBEDDED SERVO DISC 
DRIVE”, Which is published in English and in turn claims 
priority of the aforementioned US. Provisional Application. 

FIELD OF THE INVENTION 

[0002] The present invention relates to servo systems in 
disc drives. In particular, the present invention relates to 
compensation for errors in servo systems. 

BACKGROUND OF THE INVENTION 

[0003] Disc drives read and Write information along con 
centric tracks formed on discs. To locate a particular track on 
a disc, disc drives typically use embedded servo ?elds on the 
disc. These embedded ?elds are utiliZed by a servo sub 
system to position a head over a particular track. The servo 
?elds are Written onto the disc When the disc drive is 
manufactured and are thereafter simply read by the disc 
drive to determine position. 

[0004] Ideally, a head folloWing the center of a track 
moves along a perfectly circular path around the disc. 
HoWever, tWo types of errors prevent heads from folloWing 
this ideal path. The ?rst type of error is a Written-in error that 
arises during the creation of the servo ?elds. Written-in 
errors occur because the Write head used to produce the 
servo ?elds does not alWays folloW a perfectly circular path 
due to unpredictable pressure effects on the Write head from 
the aerodynamics of its ?ight over the disc, and from 
vibrations in the gimbal used to support the head. Because 
of these Written-in errors, a head that perfectly tracks the 
path folloWed by the servo Write head Will not folloW a 
circular path. 

[0005] The second type of error that prevents circular 
paths is knoWn as a track folloWing error. Track folloWing 
errors arise as a head attempts to folloW the path de?ned by 
the servo ?elds. The track folloWing errors can be caused by 
the same aerodynamic and vibrational effects that create 
Written-in errors. In addition, track folloWing errors can arise 
because the servo system is unable to respond fast enough to 
high frequency changes in the path de?ned by the servo 
?elds. 

[0006] Written-in errors are often referred to as repeatable 
run-out errors because they cause the same errors each time 
the head passes along a track. As track densities increase, 
these repeatable run-out errors begin to limit the track pitch. 
Speci?cally, variations betWeen the ideal track path and the 
actual track path created by the servo ?elds can result in a 
track interfering With or squeeZing an adjacent track. This is 
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especially acute When a ?rst Written-in error causes a head 
to be outside of an inner track’s ideal circular path and a 
second Written-in error causes the head to be inside of an 
outer track’s ideal circular path. To avoid limitations on the 
track pitch, systems that compensate for repeatable run-out 
errors are employed. 

[0007] One eXisting technique for repeatable run-out error 
compensation involves storing time-domain compensation 
values in the form of a compensation table on discs in the 
disc drive. These compensation values are injected into the 
servo loop to compensate for repeatable run-out errors. 
Typically, a time-domain compensation value for each servo 
sector is required to be stored in the compensation table. The 
resulting large compensation table needs to be stored on 
discs in the drive due to the large memory requirement. 

[0008] The present invention addresses these and other 
problems, and offers other advantages over the prior art. 

SUMMARY OF THE INVENTION 

[0009] The present system relates to a repeatable run-out 
error compensation scheme that employs a compression 
technique that is integral to the compensation algorithm and 
stores frequency-domain compensation values in the com 
pensation table, thereby addressing the above-mentioned 
problems. 
[0010] A method and apparatus for compensating for 
repeatable run-out errors in a disc drive is provided in Which 
transfer function values for a servo loop in the disc drive are 
?rst determined. Asequence of repeatable run-out values for 
a portion of the disc drive is then determined. A transform 
is applied to the sequence of repeatable run-out values to 
obtain frequency-domain repeatable run-out values. Each 
frequency-domain repeatable run-out value is divided by a 
respective transfer function value to produce a sequence of 
frequency-domain compensation values Which are then 
stored. An inverse transform is applied to the frequency 
domain compensation values to obtain a sequence of time 
domain compensation values. The sequence of time-domain 
compensation values is inserted into the servo loop. 

[0011] These and various other features as Well as advan 
tages Which characteriZe the present invention Will be appar 
ent upon reading of the folloWing detailed description and 
revieW of the associated draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] FIG. 1 is a perspective vieW of a head-disc assem 
bly (HDA) in accordance With the present system. 

[0013] FIG. 2 is a top vieW of a section of a disc shoWing 
an ideal track and a realiZed Written-in track. 

[0014] 
[0015] FIG. 4 is a block diagram of a servo loop of the 
present invention. 

[0016] FIG. 5 is a How diagram of a non-iterative embodi 
ment of the present invention. 

[0017] FIG. 6 is a How diagram of an iterative embodi 
ment of the present invention. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

[0018] Referring noW to FIG. 1, a perspective vieW of a 
magnetic disc drive, head disc assembly (HDA) 100 in 

FIG. 3 is a block diagram of a prior art servo loop. 
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accordance With the present invention is shown. The same 
reference numerals are used in the various ?gures to repre 
sent the same or similar elements. HDA 100 includes a 

housing With a base 102 and a top cover (not shoWn). HDA 
further includes a disc pack 106, Which is mounted on a 
spindle motor (not shoWn) by a disc clamp 108. Disc pack 
106 includes a plurality of individual discs Which are 
mounted for co-rotation about central aXis 109. 

[0019] Each disc surface has an associated slider 110 
Which is mounted in HDA 100 and carries a read/Write head 
for communication With the disc surface. In the eXample 
shoWn in FIG. 1, sliders 110 are supported by suspensions 
112 Which are in turn supported by track accessing arms 114 
of an actuator 116. The actuator shoWn in FIG. 1 is of the 
type knoWn as a rotary moving coil actuator and includes a 
voice coil motor (VCM), shoWn generally at 118. Other 
types of actuators can be used, such as linear actuators. 

[0020] Voice coil motor 118 rotates actuator 116 With its 
attached sliders 110 about a pivot shaft 120 to position 
sliders 110 over a desired data track along a path 122 
betWeen a disc inner diameter 124 and a disc outer diameter 
126. Voice coil motor 118 operates under the control of a 
closed-loop servo controller Within internal circuitry 128 
based on position information, Which is stored on one or 
more of the disc surfaces Within dedicated servo ?elds. The 
servo ?elds can be interleaved With data sectors on each disc 
surface or can be located on a single disc surface that is 
dedicated to storing servo information. As slider 110 passes 
over the servo ?elds, the read/Write head generates a read 
back signal that identi?es the location of the head relative to 
the center line of the desired track. Based on this location, 
actuator 116 moves suspension 112 to adjust the head’s 
position so that it moves toWard the desired position. Once 
the transducing head is appropriately positioned, servo con 
troller 128 then eXecutes a desired read or Write operation. 

[0021] Referring noW to FIG. 2, a top vieW of a section 
200 of a disc With an ideal, perfectly circular track 202 and 
an actual track 204 is shoWn. Section 200 includes a 
plurality of radially extending servo ?elds such as servo 
?elds 206 and 208. The servo ?elds include servo informa 
tion that identi?es the location of actual track 204 along disc 
section 200. 

[0022] Any variation in the position of a head aWay from 
circular track 202 is considered a position error. The portions 
of track 204 that do not folloW circular track 202 create 
Written-in repeatable run-out position errors. Aposition error 
is considered a repeatable run-out error if the same error 
occurs each time the head passes a particular circumferential 
location on the disc. Track 204 creates a repeatable run-out 
error because each time a head folloWs the servo ?elds that 
de?ne track 204, it produces the same position error relative 
to ideal track 202. 

[0023] Under the present invention, a head attempting to 
Write to or read from track 204 Will not folloW track 204 but 
instead Will more closely folloW perfectly circular track 202. 
This is accomplished using a compensation signal that 
prevents the servo system from tracking repeatable run-out 
errors resulting from the irregular shape of track 204. 

[0024] Referring noW to FIG. 3, a block diagram of a 
servo loop 300 of the prior art is shoWn. The servo loop 
includes a servo controller 302, having a gain of “K” and a 
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disc drive 304 having a gain of “P”. Servo controller 302 is 
the servo control circuitry Within internal circuit 128 of FIG. 
1. Disc drive 304 includes actuator assembly 116, voice coil 
motor 118, track accessing arm 114, suspension 112, and 
sliders 110, all of FIG. 1. 

[0025] Servo controller 302 generates a control current 
306 that drives the voice coil motor of disc drive 304. In 
response, disc drive 304 produces head motion 308. In FIG. 
3, the Written-in error, dW, is represented as a separate input 
signal 310 even though the Written-in error Would otherWise 
appear implicitly in head motion 308. The separation of 
Written-in error 310 from head motion 308 provides a better 
understanding of the present invention. In addition, noise in 
the servo system has been separated and appears as noise 
312, Which is added to the head motion. The sum of head 
motion 308, Written-in error 310 and noise 312 results in the 
head’s servo measurement signal 316. Servo measurement 
signal 316 is subtracted from a reference signal 318, Which 
is generated by internal circuitry 128 based on a desired 
location for the head. Subtracting head measurement 316 
from reference signal 318 produces position error signal 320 
Which is input to servo controller 302. 

[0026] The servo loop of FIG. 3 has a closed loop 
response that is calculated as: 

_ PK EQ. 1 

y — m(r—n—dw) 

[0027] Where “y” is head motion 308, “P” is the gain of 
disc drive 304, “K” is the gain of servo controller 302, “r” 
is reference signal 318, “n” is noise signal 312, and “dW” is 
the Written-in error. 

[0028] From EQ. 1, it is clear that heads in servo loops of 
the prior art move in response to Written-in errors. This 
movement is undesirable since it places the head outside of 
the ideally circular track path. Further, because the transfer 
function, PK/(1+PK), is frequency dependent, the transfer 
function suffers from peaking at certain frequencies. This 
peaking causes even greater position errors because it ampli 
?es the Written-in error at certain frequencies. 

[0029] An alternative description of the response of the 
closed loop system of FIG. 3 is: 

[0030] Where PES is position error signal 320 of FIG. 3. 
Using EQ. 2, an estimation of dW can be produced by 
ignoring reference signal 318 and noise signal 312 and only 
using the portions of position error signal 320 that are caused 
by repeatable run-out error. This results in: 

R EQ. 3 

(1+ PK) 
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[0031] Where R is the repeatable run-out portion of posi 
tion error signal 320 as de?ned in EQ. 13. 

[0032] To eliminate the unwanted head motion created by 
the Written-in error, the present invention adds a compen 
sation signal to the servo loop of the prior art. This added 
signal is shoWn in servo loop 400 of the present invention, 
Which is shoWn in FIG. 4. In FIG. 4, the elements that are 
common to FIG. 3 are numbered the same. The compen 
sation signal added to the servo loop is compensation signal 
402, Which is produced by compensation circuitry 404. In 
FIG. 4, compensation signal 402 is inserted after the sum 
mation of Written-in error 310 and head motion 308. HoW 
ever, those skilled in the art Will recogniZe that the com 
pensation signal can be added at other locations Within the 
servo loop. 

[0033] With the addition of compensation signal 402, the 
closed loop response of servo loop 400 is expressed as: 

PK EQ. 4 

[0034] Where do is compensation signal 402. From EQ. 4, 
it is apparent that the effects of Written-in error, dW, Will be 
eliminated by compensation signal, do, if the compensation 
signal is equal to the negative of the Written-in error. 

[0035] Using EQS. 3 and 4 above, an estimation of the 
compensation signal, dc, needed to eliminate the effects of 
Written-in error, dW, appears as: 

R EQ. 5 

[0036] Where R is the repeatable run-out component of the 
position error measurement. 

[0037] In terms of frequencies, EQ. 5 can be described as: 

damn) : R(jw) EQ. 6 

MUM) 

[0038] The compensation signal injected into the servo 
loop of the present invention is a time-domain signal. 
Preferably, this time-domain signal is determined using 
stored frequency-domain compensation values produced by 
a modi?ed version of the frequency domain relationship 
shoWn in EQ. 6. The stored frequency-domain compensation 
values are read and transformed into a time-domain com 
pensation signal When the servo system seeks to a speci?ed 
track. 

[0039] If disc 200 has N servo sectors (206,208, etc.) on 
each track, the sample rate fsis de?ned as: 

fS=1/TS=N-RPM/6O Hz (EQ. 7) 

[0040] Where TS is the sample period and RPM is the 
rotations per minute of the disc. One aspect of the invention 
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includes the recognition that the Written-in error is periodic, 
With a period of TS Which equals 60/(N-RPM) seconds. 
Because the signal is periodic, the spectrum of the Written-in 
error (dW) is uniquely de?ned by a Fourier series With 
discrete line spectra: 

EQ. 8 

s 

00 jgnimt 00 

dWU) : Z cme Ta : 00 + 22 |cm|cos[ 
mil 

[0041] Where cm is the Fourier coef?cient for each fre 
quency component. With the additional constraint that dW is 
discrete-time With N samples, results in the Fourier series 
consisting of only N harmonically related exponential func 
tions. If the disc drive actuator is moving at frequencies 
Which are above the Nyquist frequency (fS/2 HZ), then these 
frequencies Will be aliased beloW the Nyquist frequency 
When Written into the disc surface. With this additional 
constraint, the spectrum of the Written-in error, dW and the 
Written-in correction, do can be expressed as: 

[0042] Where cm are the Fourier coef?cients of the Written 
in error dW, and brn are the Fourier coef?cients of the 
Written-in compensation do. 

[0043] Given these constraints an algorithm for estimating 
the spectrum of Written-in repeatable run-out correction, dc 
(jun), and the resulting time-domain Written-in repeatable 
run-out correction signal, dc(k), on a speci?ed track and 
head, With data compression integral to the algorithm can be 
derived as shoWn beloW. 

[0044] The specialiZed Discrete Fourier Transform (DFT) 
and its inverse carrying out calculations over a subset of 
harmonic frequencies de?ned on an index set E for a signal 
x is as folloWs: 

meE 

[0046] Where N is the number of servo sectors, k is a 
speci?c sector, ffspind1e is the spindle frequency in HZ and E 
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is an index set of integers draWn from a subset of the integers 
1 to 

[0047] This index set de?nes the frequencies of the Writ 
ten-in error that Will be compensated. Because a reduced 
index set is used, the standard Fast Fourier Transform (FFT) 
algorithm is not employed, and instead, the specialized DFT 
is computed using the index set E in EQS. 11 and 12. 

[0048] Based on EQS. 11 and 12, it can be seen that 
computation reduces from order N2 to Ndim(E), Where 
dim(E) is the dimension (or number of elements) of index 
set E. The resulting Written-in error compensation algorithm 
in accordance With the present invention based on the above 
de?nitions is shoWn in FIG. 5. 

[0049] The method shoWn in How diagram 500 begins at 
state 502 and proceeds to state 504 Where the transfer 
function of the servo system is measured at all desired 
harmonies of the spindle frequency de?ned by the index set 
E. The transfer function measured in state 504 is 1/(1+PK) 
(juu) Where u)=m~(2rcfspindle) and meE. This transfer func 
tion can be measured using knoWn techniques, Which are 
described in “Discrete Time Control” by Franklin, Paul & 
Workman. Essentially, these techniques inject a disturbance 
into the servo system and measure a resulting signal Within 
the servo system. The ratio of the injected signal to the 
measured signal provides the transfer function. 

[0050] Once the transfer function has been measured, the 
method continues at state 506 Where a time-domain 
sequence of repeatable run-out values is determined for a 
track. The repeatable run-out values can be calculated by 
repeatedly folloWing the track over a number of revolutions, 
V, and averaging the position error signal obtained at each 
servo ?eld over all of the revolutions. This is described by 
the folloWing equation: 

[0051] Where R(k) is a sequence of time-domain repeat 
able run-out values, V is the number of revolutions, N is the 
number of servo ?elds along a track, and PES[k+(i-1)N] is 
the position error signal generated at the kth servo ?eld at 
each ith revolution. 

[0052] Thus, at each revolution, the position error signal 
for each servo ?eld is recorded. The recorded position error 
signals for a particular servo ?eld are then summed together 
and divided by the number of revolutions. This is repeated 
for each servo ?eld resulting in a sequence of repeatable 
run-out values comprising one repeatable run-out error for 
each servo ?eld. This sequence of repeatable run-out values 
is represented by R(k). 

[0053] After state 506, the method continues at state 508, 
Where the sequence of time-domain repeatable run-out val 
ues created in state 506 is transformed into a sequence of 
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frequency-domain repeatable run-out values, R(ju)). Prefer 
ably, the time-domain sequence of repeatable run-out values 
is transformed using the specialiZed DFT at those frequen 
cies de?ned by the index set E: 

[0054] In state 510, the respective frequency-domain 
repeatable run-out values are divided by the value of the 
servo loop’s transfer function at the respective frequencies. 
This process is described by the equation. 

(EQ. 14) 

R 4 E .15 

$.10 = m ' (27rfspindle), "1 E E Q 

[0055] Once the frequency-domain compensation values 
have been produced in state 510, the method continues in 
state 512 Where frequency-domain compensation values are 
stored in a compensation table. The compensation values are 
preferably stored in a non-volatile memory and not on disc 
surfaces. At state 514, a time-domain sequence of compen 
sation values is injected into the servo loop as a compen 
sation signal. The time-domain compensation sequence is 
obtained by ?rst reading the frequency-domain compensa 
tion values from memory and then computing the inverse 
transform. This is described by the folloWing equation: 

[0056] EQ. 16 is implemented by compensation circuit 
404 (of FIG. 4) immediately before the servo system seeks 
a speci?ed track. Compensation circuit 404 ?rst reads the 
frequency domain compensation values from memory, com 
putes the inverse transform, and then has the complete time 
domain compensation table ready and available during the 
track seek operation. The method ends at state 516. 

[0057] Except for the step of measuring the transfer func 
tion of the servo system, the method described in FIG. 5 is 
preferably repeated for each track on the disc. The transfer 
function of the servo system may be measured as little as 
once for the method or may be measured at an inner track, 
a middle track and an outer track. If more than one transfer 

function is measured, the transfer function associated With a 
track that is closest to the track currently being examined is 
used in the computations of the compensation values for the 
track. In addition, a separate transfer function may be 
measured for each head. 

[0058] The quality of the compensation value produced 
through the method of FIG. 5 is dependent upon the number 
of revolutions used to determine the repeatable run-out 
values in state 506. As the number of revolutions increases, 
the accuracy of the repeatable run-out values improves. 
HoWever, each revolution increases the time required to 
build the disc drive and thus should be minimiZed if pos 
sible. Preferably, the number of revolutions should be kept 
at ?ve or feWer revolutions per track. 

[0059] To accommodate a loWer number of revolutions, 
one embodiment of the present invention utiliZes an iterative 
process. Such an iterative process is shoWn in FIG. 6. The 
How diagram 600 of FIG. 6 starts at state 602 and continues 
at state 604 Where the transfer function measured is 1/(1+ 
PK) Where u)=m~(2s'cf ) and meE. spindle 
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[0060] Atime-domain sequence of repeatable run-out val 
ues is then determined in state 606 using EQ. 13 above. 
Preferably the number of revolutions used to determine the 
repeatable run-out values is equal to ?ve. 

[0061] In state 608, the repeatable run-out values are 
compared against a limit for repeatable run-out values and if 
the repeatable run-out values are beloW the limit, the process 
ends at state 610. 

[0062] If the time-domain repeatable run-out values are 
above the desired limits for the disc drive, they are trans 
formed into a sequence of frequency-domain repeatable 
run-out values in state 612 using EQ. 14 above. 

[0063] In state 614, each of the frequency-domain repeat 
able run-out values is divided by the values of the transfer 
function at the frequencies of the respective run-out values. 
These divisions produce a sequence of frequency-domain 
current-iteration compensation values. The process is 
described by the equation: 

i 4 Row) H EQ. 17 
(SCUM) = If, M = m'(27rfSpindlE)s "1 E 5 

[0064] Where the value of i indicates the current iteration. 

[0065] In state 616, each frequency-domain current-itera 
tion compensation value is multiplied by an adaptation gain 
parameter to produce a sequence of incremental values. The 
incremental values represent changes to be made to the 
compensation values currently being used by the servo loop. 
The frequency-domain compensation values are added to the 
incremental values to produce a sequence of re?ned com 
pensation values that are stored in the compensation table. 
This process is described by the equation: 

[0066] Where (I) is a Written-in repeatable run-out adapta 
tion gain parameter, 0<(I>§1. Note that (I) can be a fre 
quency-dependent parameter so long as ||(I>||§1. 

[0067] On the ?rst pass through the iteration of FIG. 6 the 
current compensation value at each servo ?eld is equal to 

Zero (When i=1, dc1_1(k)=dc0(k)=0). 

[0068] Since the adaptation gain parameter discussed in 
state 616 typically has a value betWeen Zero and one, only 
a fraction of the derived compensation value is used to adjust 
the compensation value used by the servo loop. This causes 
the servo loop’s compensation value to increase in a con 
trolled manner until it reaches the value that provides 
repeatable run-out values Within the limits set Within state 
608. 

[0069] In state 618, the neW compensation values created 
in state 616 are inverse transformed and injected into the 
servo loop as a compensation signal and control is returned 
to state 606. The inverse transformation process is described 
by the equation: 

[0070] Steps 606, 608, 612, 614, 616 and 618 repeat such 
that the compensation values groW until they reach values 
that cause the repeatable run-out values to be Within the 
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limits set by state 608. The ?nal compensation values are 
stored as real and complex coefficients in the frequency 
domain in a non-volatile memory. 

[0071] For a disc With N servo sectors employing the 
run-out compensation technique of the present invention, the 
compression obtained is 2~dim(E)/N. Adequate compensa 
tion can be achieved With dim(E) i 10. Thus, in one eXample 
With N=224 servo sectors, the compression attained is 
2><l0/224z0.1. As a result of the signi?cant reduction in the 
number of compensation values With this technique, the 
compensation values need not be stored on disc surfaces and 
could instead be stored in non-volatile memory. In contrast, 
prior art techniques using stored time-domain compensation 
values utiliZe 1-2% of the disc capacity to store the com 
pensation table. In addition to consuming disc space, there 
are problems associated With reading compensation values 
from or Writing compensation values to disc surfaces result 
ing from errors preventing the head from folloWing an ideal 
path. 
[0072] Since data compression is integral to the algorithm 
used to calculate compensation values in accordance With 
the present invention, the process of determining repeatable 
run out compensation values is substantially faster than in 
prior art techniques. 

[0073] In summary, a method of compensating for repeat 
able run-out errors in a disc drive storage system includes a 
state 504 of determining transfer function values for a servo 
loop in the disc drive and 506 of determining a sequence of 
repeatable run-out values for a portion of the disc drive. In 
state 508, a transform is applied to the sequence of repeat 
able run-out values to obtain frequency-domain repeatable 
run-out values. At state 510, each frequency-domain repeat 
able run-out value is divided by a respective transfer func 
tion value to produce a sequence of frequency-domain 
compensation values. In state 512, frequency-domain com 
pensation values produced in state 510 are stored. In state 
514, an inverse transform is applied to the frequency domain 
compensation values to obtain a sequence of time-domain 
compensation values and the sequence of time-domain com 
pensation values is injected into the servo loop. 

[0074] In further embodiments of the present invention, 
compensated repeatable run-out values are determined in 
state 606 after injecting time-domain compensation values 
into the servo loop. In state 612, a transform is applied to the 
compensated repeatable run-out values to obtain frequency 
domain compensated repeatable run-out values. In state 614, 
frequency-domain compensated repeatable run-out values 
are divided by respective transfer function values to produce 
frequency-domain current-iteration compensation values. 
These frequency-domain current-iteration compensation 
values are arithmetically combined With frequency-domain 
compensation values in state 616 to form re?ned frequency 
domain compensation values. An inverse transform is 
applied to the re?ned frequency-domain compensation val 
ues in state 618. 

[0075] In a disc storage system 304 of the present inven 
tion a servo loop 400 includes a servo controller 302, 
actuator 116, a head 110 and a sensor located in the head. 
The servo loop 400 of the present invention also includes a 
compensation circuit 404 for injecting a compensation sig 
nal 402, Where the compensation signal is formed by deter 
mining a sequence of repeatable run-out values in a state 
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506, transforming the sequence of repeatable run-out values 
into a sequence of frequency-domain repeatable run-out 
values in a state 508 and dividing each frequency domain 
repeatable run-out value by a respective transfer function 
value of the servo loop in a state 510. This produces a 
sequence of frequency-domain compensation values that are 
stored in a compensation table in a state 512. The frequency 
domain compensation values are inverse transformed to 
obtain time-domain compensation values that are used to 
create the compensation signal 402. 

[0076] It is to be understood that even though numerous 
characteristics and advantages of various embodiments of 
the invention have been set forth in the foregoing descrip 
tion, together With details of the structure and function of 
various embodiments of the invention, this disclosure is 
illustrative only, and changes may be made in detail, espe 
cially in matters of structure and arrangement of parts Within 
the principles of the present invention to the full extent 
indicated by the broad general meaning of the terms in 
Which the appended claims are expressed For example, the 
particular elements may vary depending on the particular 
application for the servo system While maintaining substan 
tially the same functionality Without departing from the 
scope and spirit of the present invention. In addition, 
although the preferred embodiment described herein is 
directed to a servo loop for a disc drive system, it Will be 
appreciated by those skilled in the art that the teachings of 
the present invention can be applied to other systems, 
Without departing from the scope and spirit of the present 
invention. 

What is claimed is: 
1. Amethod of compensating for repeatable run-out errors 

in a disc drive, the method comprising: 

(a) determining transfer function values for a servo loop 
in the disc drive; 

(b) determining a sequence of repeatable run-out values 
for a portion of the disc drive; 

(c) applying a transform to the sequence of repeatable 
run-out values to obtain frequency-domain repeatable 
run-out values; 

(d) dividing each frequency-domain repeatable run-out 
value by a respective transfer function value to produce 
frequency-domain compensation values; 

(e) storing the frequency-domain compensation values 
produced in step (d); 

(f) applying an inverse transform to the frequency-domain 
compensation values to obtain a sequence of time 
domain compensation values; and 

(g) injecting the sequence of time-domain compensation 
values into the servo loop. 

2. The method of claim 1, Wherein respective frequencies 
of the transfer function values of step (a), the frequency 
domain compensation values of step (d) and the inverse 
transform of the frequency-domain compensation values 
step represent a subset of harmonic frequencies of a 
spindle motor rotational frequency betWeen the spindle 
motor rotational frequency and one-half of a number of 
servo ?elds around a disc times the spindle motor rotational 
frequency. 
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3. The method of claim 1, Wherein step (c) is carried out 
by applying a specialiZed DFT to the sequence of repeatable 
run-out values, and step is carried out by applying a 
specialiZed inverse DFT to the frequency domain compen 
sation values, Wherein the specialiZed DFT and the special 
iZed inverse DFT carry out calculations only over a subset 
of harmonic frequencies of a spindle motor rotational fre 
quency betWeen the spindle motor rotational frequency and 
one-half of a number of servo ?elds around a disc times the 
spindle motor rotational frequency. 

4. The method of claim 1, further comprising: 

(h) determining a sequence of compensated repeatable 
run-out values after injecting the time-domain compen 
sation values according to step (g); 

(i) if a compensated repeatable run-out value exceeds an 
acceptable repeatable run-out limit, then computing 
re?ned frequency-domain compensation values 
through: 

(1) applying a transform to the compensated repeatable 
run-out values to obtain frequency-domain compen 
sated repeatable run-out values; 

(2) dividing the frequency-domain compensated 
repeatable run-out values by the respective transfer 
function values to produce a sequence of frequency 
domain current-iteration compensation values; 

(3) arithmetically combining the frequency-domain 
current-iteration compensation values With the fre 
quency-domain compensation values to produce 
re?ned frequency-domain compensation values; 

(4) applying an inverse transform to the re?ned fre 
quency-domain compensation values to obtain 
re?ned time-domain compensation values; 

(5) injecting the re?ned time-domain compensation 
values into the servo loop; 

(6) determining a sequence of re?ned compensated 
repeatable run-out values; and 

(7) replacing the frequency-domain compensation val 
ues With the re?ned frequency-domain compensation 
values if the re?ned compensated repeatable run-out 
values are less than the compensated repeatable 
run-out values. 

5. The method of claim 4, Wherein the arithmetically 
combining step comprises multiplying each element of 
the frequency-domain current-iteration compensation values 
by a frequency-dependant adaptation gain parameter to 
produce incremental values, and respectively adding the 
incremental values to the frequency-domain compensation 
values. 

6. The method of claim 4, further comprising repeating 
steps (f), (g), (h) and iteratively With each iteration using 
re?ned frequency-domain compensation values of an imme 
diately previous iteration until none of the compensated 
repeatable run-out values exceed an acceptable repeatable 
run-out limit. 

7. A disc storage system implementing the method of 
claim 1. 

8. A disc storage system having a servo loop for posi 
tioning a head over a disc, the servo loop comprising: 
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a servo controller Which generates a servo control signal 
in response to a received position error signal; 

an actuator, coupled to the servo controller, Which is 
capable of moving the head in response to the servo 
control signal; 

a sensor, located in the head, Which is capable of sensing 
servo inforrnation located on the disc and producing a 
servo signal therefrom, the servo signal being corn 
bined With a reference signal to produce the position 
error signal; and 

a compensation circuit for injecting a compensation signal 
comprised of time-domain cornpensation values into 
the servo loop, the compensation circuit comprising a 
storage device that stores frequency-dornain compen 
sation values Which are inverse transformed to obtain 
time-domain cornpensation values, the frequency-do 
rnain cornpensation values being formed by: 

determining a sequence of repeatable run-out values; 

transforming the sequence of repeatable run-out values 
into frequency-dornain repeatable run-out values; 
and 

dividing each of the frequency-dornain repeatable run 
out values by respective values of a transfer function 
of the servo loop at respective frequencies of the 
frequency-dornain repeatable run-out values to pro 
duce a sequence of frequency-dornain cornpensation 
values. 

9. The disc storage system of claim 8, Wherein the 
compensation circuit is further adapted to substitute the 
frequency-dornain cornpensation values With re?ned fre 
quency-dornain cornpensation values by: 
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inverse transforming the sequence of frequency-dornain 
cornpensation values into a sequence of time-domain 
values; 

injecting the sequence of time-domain cornpensation val 
ues into the servo loop; 

determining a sequence of cornpensated repeatable run 
out values While the time-domain cornpensation values 
are injected into the servo loop; 

transforming the sequence of cornpensated repeatable 
run-out values into frequency-dornain cornpensated 
repeatable run-out values; 

dividing each of the frequency-dornain cornpensated 
repeatable run-out values by respective values of a 
transfer function of the servo loop to produce a 
sequence of frequency-dornain current-iteration corn 
pensation values; 

rnultiplying each of the frequency-dornain current-itera 
tion cornpensation values by an adaptation gain param 
eter to produce incrernental values; 

adding the incremental values to the frequency-dornain 
cornpensation values to obtain re?ned frequency-do 
rnain cornpensation values; and 

replacing the frequency-dornain cornpensation values 
With the re?ned frequency-dornain cornpensation val 
ues in the compensation circuit. 

10. A disc drive comprising: 

a servo loop including a head and a servo controller 
capable of controlling the location of the head; and 

compensation means coupled to the servo loop for corn 
pensating for repeatable run-out. 

* * * * * 


