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Field of the I'nvention This invention relates to direct access stor N

: e ® . ané'( oA COPH
devices. More.particularly this invention relates to a servo system
architecture and a nethod of operating the servo systemin devices such as
a disk drive. Background Art Hi gh precision and | ow power el ectronechani cal
systemdesign is required for future

. Fjglg the Invention
This invention relates to direct access storage devices. More particularly this invention
relates to a servo system architecture and a method of operating the servo system in

 devices such as a disk drive.

Backiwound Ant

High orecision and low power electromechanical system design is required for future
direct access storago devices (DASDS), particularly targeted for mobile computer
systeris. Without limiting operating vibration performance, servo architecture of a
DAS!> should be capable of providing low positioning crror without exceeding a
comp:titive power budget.

Con\: ntional methods attempt to achieve minimom positioning error by reducing the
repe:..able runout (RRO) component, that is any deviation from an ideal circular
track. dae to for example mechanical tolerances or servo writing, at the manufacturing
level %,y imposing very severe manufacturing tolerance requiréraents, or by
implementing gain enhancing algorithms, such as feedforward or narrow band filtess,
at RF.O spectral frequencies. These approaches either require high cost :ha.nufactuﬁng
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direpi access storage devices (DASDs), particularly targeted for nobile
conmputer systenms. Wthout limting operating vibration perfornmance, servo
architecture of a DASD shoul d be capabl e of providing | ow positioning error
wi t hout exceeding a conpetitive power budget. Conventional nethods attenpt
to achi eve mini num positioning error by reducing the repeatable runout
(RRO) conponent, that is any deviation froman ideal circular track, due to
for exanpl e nmechanical tol erances or servo witing, at the manufacturing

| evel by inposing véry severe nanufacturin@ tol erance requirenents, or by

methadds or increased track following voice coil motor (VCM) power. In track
following mode a disk actuator servo is designed to minimize head positioning error in
the presence of repeatable and non-repeatable runout components (NRRO) that are
present in the position error signal (PES). Traditional methods attempt to minimize
either the RRO component at source by refining the manufacturing process or
suppress RRO by implementing high gaifi sexvo schemes. Minimizing RRO at the

' source has 2 manvfacturing cost penalty while a servo solution that effectively
generqureqnencyspcciﬁcmﬁentmthevoicewﬂmom (VCM) has a power
peaat.
A typical DASD servo as shown in Fig. 1 has a PES generaving block 10, servo
computation block 12, and a digital-to-analog converter (DAC) block 14. Figure §
also & ;ows a feedforward scheme includins a misposition correction signal generator 16
augir: ating the conventional servo to improve RRO track following capability. The
outpu: of generator 16 is added to the output of block 12 at a2 summing node 18. The
added output of node 18 js then provided 1o DAC biock 14. The analog output of
DAC block 14 is provided to a current driver 20 which provides current to the VCM
(aot shown in Figare 1) of the actuator block 22, which represents the mechanical
components that contro} the position of a transducer (pot shown) which interacts with
a data storage medium (also not shown in Fig. 1).

In th: conventional servo architecture the coatrol signal is fixst computed from PES
signa! derived from the data surface, and then the control signal generated by the servo
comp tation block 12 is modified by the misposition correction signal (also called 2
feedfcvward signal) from block 16. The PES generating block derived from the data

This Sheet Has Been' Rep

HIIIIH Wi



I mpl-enenti ng gai n enhanci ng al gorithnms, such as feedforward or narrow band
fi-lters, at RRO spectral frequencies. These approaches either require high
cast nmanufacturing -2- methods or increased track follow ng voice coil
notor (VCM) power. In track follow ng node a disk actuator servo is
designed to mnimze head positioning error in

3
surface invariably contains both RRO and NRRO components, represented by block
24. It will be understood that the signal sent to biock 10 is the relative difference
between a head position signal received from block 22 and the runout components of a
track as represented by block 24. While a subtraction node 25 is shown, it will be
uaderstood that this is a theorctical node becanse it is only the difference, which is
gencrated by block 10 that is available When the recording head signal i processed for

use by the servo loop.
ARY OF I N

The presence of RRO not only impedes precision of track-to-track spacing but also
increases idle mode pawer. A “No-RRO Servo Architecture* is defined where the
servo algorithm avoids tracking the RRO component rather than suppressing the RRO
comp.nent. The RRO component of the PES is removed by subtracting the “locked
arm* RRO prior to generating the servo controller output. The No-RRO Servo
Archizecture produces high precision track spacing while maintaining conventionat
crossover frequency. The locked-arm RRO matrix for each sector (referred to as
RRO*) can be either measured-and-stored at the manufacturing facility soon after the
SErvo-5ectors are written oOr it can be post computed from product PES and stored
using an algorithm.

Rasic to the invention is the ability to estimate the unknown RRO® components in the
presc..ce of the servo-loop using an inverse filtering concept. The invention

simu: aneously minimizes VCM power and PES magnitude, thus providing a new patli
for hi 1 track demsity DASDs at low cost and power. Depending on the
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t he.-presence of repeatabl e and non-repeatabl e runout conponents (NRRO that
are present in the position error signal (PES). Traditional nethods attenpt
ta-mnimze either the RRO conponent at source by refining the

manuf act uri ng process or suppress RRO by inplenenting high gain servo
schenmes. M nimzing RRO at the source has a manufacturing cost penalty
while a servo solution that effectively generates frequency specific

current to the voice coil nmotor (VCM has a power penalty. A typical DASD
servo as shown in Fig. 1 has a PES generating bl ock 10, servo

implementation resources available on board such as RAM space or computationa)
poweri, the architecture can be invoked to either save only idle power, or improve both
precision and power. The invention may be implemented, for example, in a 3.5*
DASDP 10 enhance precision in track following mode. The RRO* is measured and
stored in RAM in this configuration. Approximately a 35% reduction in positiop error
" signal RMS value is achieved without sacrificing vibration rejection performance.

When RAM space is not availabis, the RRO* is estimated in real-time in order to
imp.lement the No-RRO Servo Architecture. This configuration requires extra spindie
revolutions, and is effective only to save idle power and not for ﬁigh precision tracking.
Theepergynormallyspentinmldng RRO components is conserved by this method
in which approximately 45% of the VCM RMS power saviag is achieved.

Brjef Nescription of the Drawings

Fig. 1 is a block diagram of a brioranservo loop.

Fig. 2 is a conceptual block diagram of 2 servo loop in accordance with the invention.
Fig. 3 is a block diagram of a first embodiment of a servo loop in accordance with the
mven.ion. _ | _

Fig. 4A is a PES spectrum of a servo loop operating in accordance with the invention.
Fig. 4B is a PES spectrum of 2 servo loop operating in accordance with the prior art.

Fig. 5 is a representation of a second embodiment of the invention.

Fig. 5 \ illustrates a variation of the embodiment of Fig. 5.

Fig. ¢ is a general flow diagram of a method which may be used to implexhent the

iaver on.
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conput ation block 12, and a digital-to-anal og converter (DAC) bl ock 14.
Figure 1 also shows a feedforward scheme including a m sposition correction
si ghal generator 16 augnenting the conventional servo to inprove RRO track
foll owi ng capability, The output of generator 16 is added to the output of
bl ock 12 at a sunm ng node 18. The added output of node 18 is then provided
to DAC bl ock 14. The anal og output of DAC block 14 is provided to a current
driver 20 which provides current to the VCM (not shown in Figure 1) of the
actuator block 22, which represents the nechani cal conponents that contro
t he p05|t|on of a transducer (not shown) whi'ch interacts with

Fig- 7A is a VCM current spectrum with azd without no-RRO architecture.

Fig. A is a typical open loop transfer function used to estimate RRO* using an
inverse filter. |

Fig. 88 illustrates mismatch between the original RRO* and estimated RRO*.
Fig. 9A is a modified open loop msferfnm:tmnused mimprovetheosumateof

“RRO* using an ioverse filter,
Fig. 9B illustrates the original RRO* and Estimated RRO* being in good agreement.

Detailed Description of the Preforred Embodiments

Since the RRO component is known to be stable over the life of a DASD and has a
well defined amplitude and phase characteristics, the new servo architecture in
accordance with the invention exploits this fact by actively avoiding the RRO signal
entering the servo computation block of the servo system. In this invention 2
conventional VCM servo is modified to achieve low power idle and high precision
track-to-track spacing by eliminating the RRO component in the PES signal while
preserving the desirable vibration rejection characteristics. Alternatively, the original
track layout is electronically modified and mapped into “virtus! tracks” that are free of
RRO components.

The ' No-RRO Servo Architecture” is based on the fact that the RRO that is inevitably
included in the PES stream need not be track-followed. This is the key to this
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a -data storage nedium (also not showmn in Fig. 1). In the conventional servo
architecture the control signal is first conputed from PES signal derived
fromthe data surface, and then the control signal generated by the servo
conputation block 12 is nodified by the m sposition correction signal (also
called a feedforward signal) from bl ock 16. The PES generating bl ock
derived fromthe data

6
innovation and the concept is shown in Fig. 2. The only PES components that sre

rancc n are the NRRO and vibration induced PES.

In Fig_.z,whereinlikenumeralsareusedtodescﬁbelike blocks found in Fig. 1, it can
be scep that the PES signal from the data sirface is corrected by removing the RRO*
component, represented by block 26, by being subtracted from the output of block 10
at nodc 28, by way of line 30, before bemg presented to the servo computation block
12. The output of servo computation block 12 is then presented to the DAC block 14
with o further correction such as feedforward compensation. The invention can be
impl:-nented in various forms where the method of gencrating and storing RRO* may
diffe: from cach other.

In order to achieve the No-RRO Servo Architecture the RRO* corresponding to each
sector on every track in 2 DASD under servoless condition must be known in advance.
For example, if 2 DASD has 5000 tracks with 50 sectors per track, then the RRO* will
be a marrix of 5000 x 50 elements. The RRO* can be cither “measured” and stored at
the manufacturing site or else “estimated” and stored using product scrvo and
micrceode.

The 11RO* can be simply measured while the arm is lacked to an external reference
during manufacturicg, and then recorded in the same DASD for future use. This is
callec measured RRO*.

Figu.. 3 shows a RAM-based implementation of measured RRO* in which the RRO*
(from 2 DASD 32, having a disc 34, which interacts with a head 36 at the end of an
actun or 38, whea the disk is rotated by a spindle motor 40 in a manner well known) is
store:! in 2 reserved data zone of the disk during manufacturing, and read into a RAM
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3 surface invariably contains both RRO and NRRO conponents, represented by
block 24. It will be understood that the signal sent to block 10 is the
rel’ati ve difference between a head position signal received from bl ock 22
and the runout conponents of a track as represented by block 24. Wile a
subtraction node 25 is shown, it will be understood that this is a

t heoretical node because it is only the difference, which is generated by
bl ock 10 that is avail abl e when the recording head signal is processed for
use by the servo | oop. 7

42 during power up., The RAM-based RRO* is then subtracted from the PES in the
track-following mode.

Fig. «A and Fig. 4B show experimentally obtained PES spectra with and without the
No-E RO Servo Architecture in which the RRO? for each sector is stored in a RAM
apd 5 ibtracted from the PES stream in track-following mode. A reduction in total
Rﬂﬁiuunwfappﬁﬁh&ﬁdy30%dsdamnwuauﬂinﬂﬁsmn& Almost afl RRO
spectral peaks have been effectively removed.

The “Locked-Arm RRO” can also be embedded in the servo pattern as shown in Fig.
5. In this case no RAM space is required, but more sexvo write time is needed.

A track center line 50, represented as a straight line in Fig. 5, is divided into & plurality
of sectors 52. In the prior art, éach sector 52 includes stored data for cylinder
ident:fication (ID) 54, scrvo signsl data 56 and finally user data S8. In the practice of
the ivvention, the RRO* data is stored in a block 57 between cylinder ID data 54 and
uscr «ata 56. In practice, a decode electyonics block 60 decodes the data from the disk
34 and provides it node 28 in 2 manner analogous to block 26 of Fig. 2 or RAM 42 of
Fig. > |

The digitally encoded locked-arm RRO data is decoded and subtracted from the PES
sueag:bythernhzopnmamnrvﬂﬂdhconudkthcsmwnlnop.1ﬂw13aﬁzadmnuf
No-RRO servo architecture according to Fig. 5 is identical to the performance of the
RAM"based method except that the cost of RAM is exchanged for the complexity of
serve: writing the measured RRO* adjacent to the conventional servo sjgnal band.

As ill sstrsted in Fig. SA, a compromise between cxcessive RAM space and excessive
servo-write time can be made by estimating the RRO* using the inverse filter during
the ty-sical 24 hour test process that each DASD undergoes and then by recording the
estiz.stcd RRO* in the user gata zone as a reserved byte. For example if the standard
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SUMMARY: CF THE | NVENTI ON Accordi ng to one aspect of the present invention
there is provided in a direct access storage device including a rotating
di sk, a head positioned for interaction with said disk, an actuator for
carrying said head and a servo system for operating said actuator so as to
follow a substantially circular track on said disk by responding to a
position error signal, a.nethod for reducing the response of the servo
systemto radial runout of the circular tracks, conprising the steps of:
(a) obtaining radial runout data; (b) filtering the data; (c) storing the
filtered data; (d) subtracting the filtered®&ata from

data block size is 512 bytes, then the S13th byte of the previous data sector will
contain the estimated RRO*. This is illustrated in Fig. SA by data block 62. For the
nth sector PES, the previous data zone (n-1) will provide the necessary byte
corresponding to RRO*. Duxﬁg 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 aongmp]iﬁied'ﬂ a hard disc
controller chip 64. During the write process care should be exercised to allow for a
quick read of the reserved byte. With the invention of magnetoresistive heads, the
read and write operations are independent and the task of reading RRO* should not
beofénycunann.

A second approach is to use the product DASD servo system to position the head and
then estimate the RRO* matrix. In this case an external reference is not required, but
'ﬂwl;ASI)ﬁnvoswmmngmhxnnmtbeauxmnuﬂihrhxnnkrn:obuﬁnlumo*.Tme
equivatent of a “locked-arm RRO” can be estimated and stored using an “inverse
filteri: g alporithm*, which is an alienative means to implement the no-RRO servo
archit 'ctare. The inversc filtering method is applied to generatc the RRO* matrix and
storex onthediskinamannersimilarmthecaseshownin Fig.3. Both methods
require RAM space for precision tracking. On the other hand RRO* can be estimated
in real time on a track to track basis to conserve idle-mode power without requiring a
large RAM space.

Fig. G shows an algorithm for extracting the RRO* in three stages. In the fiyst stage
the P! S signal corresponding to a given track is averaged on a sector-to-sector basis to
estim: e the RRO with the servo loop active. A microprocessor (MPU) 70 performs
not oz iy this data handling, but also performs the fanctions of servo computation
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t he position error signal to obtain a corrected position error signal; and
(e) usihg the corrected position error signal to control the servo system
Accordi ng to anot her aspect of the present invention there is provided a

di rect access storage device conprising a rotating disk, a head positioned
for interaction with said disk, an actuator for carrying said head, a servo
system for operating said actuator so as to follow a substantially circular
track on said disk by responding to a position error signal, and an
apparatus for reducing the response of the servo systemto radlal runout of
the circular tracks, said apparatus conprisPng: (a) neans for obtaining

radial block 12 (Fig. 2) to control the serva loop. This operation will produce m number of
data points corresponding to an m sector DASD where 1 is typically about 50. This
operation can employ N number of revolutions where N is about 20 revolutions. The
RRO Is the effect of yet unknown locked-arm runout components (earlier defined as
RRO*) acting through the (l/(l +(3)) rejection transfer function of the
servo/mechanical systemwhere G is the total open loop transfer fonction of thesystem
At the end of this first stage, the avwaged RRO data for the m points is available in

block74forusemthesecondstage

In stage two the estimated m-point RRO (with the servoloop active) is passed through
a digital filter 76 with the transfer function (1 +G). The (1+G) can be viewed as a
dlgm] filter operating on the m-point RRO input to recover the unknown RRO*
through the inverse operation, and hence the term inverse filter. The input RRO is
conc¢: :enated for several revolutions as represented by successive data sets 74A, 74B,
etc. {.ne for each revolution) so that any inverse-filter transients are allowed to decay
prior to storing of the output. The transient filter output is represented by block 78, an
interraediate output is represented by block 80, and the steady state output is
represented by block 82,

The 1 lock 82 output of the filter corresponding to m-pojnt RRO input is stored in a
mer - ry as m-point RRO* (ic., locked arm RRO) for use in the third stage. While the
third >utput set of filter 76 is used in Fig. 6, it will be understoed by those skilled in
the z ¢ that it may be desirable to use a later output sct, depending on how quickily the
outpLt of filter 76 reaches a steady state.
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rundut data; (b) neans for filtering the data; (c) neans for storing the
filtered data; (d) nmeans for subtracting the filtered data fromthe
position error signal to obtain a corrected position error signal, and (e)
means for controlling the servo systemusing the corrected position error
si gnal . 4

10
In stzge three, the stored values of block 82 are used as the estimated RRO* for

operation of the servo loop. The estimated RRO* is subtracted from the PES signal in
reai tme at node 28, 5o that the control algorithm operates on the difference between
the PES and the estimated RRO®*. For each track/sector this operation need to be
repeated as warranted if RRO* is not generated and stored all at once following the

. manufacmre of the DASD. When RRO* is computed in real time, a large memory
space is not required, but the no-RRO servo architecture mode can not be invoked

instartly. -

The concept is implernented and evaluated on a 6000 TPI 3.5 DASD simulation
model. The inverse filter is implemented with a proportional and derivative servo
controller only (with no integral term) so that low frequency estimation erxors are not
adversely enhanced by the numerical operations required to produce RRO*,

Fig.7 \ and Fig.7B show the conventional track following mode and RRO-free idle
mod: spectrum of actuator current. The no:qinal 6.6 mA RMS is reduced to 3.6 mA
by th ; operation (45% reduction). Frequency spectrum shows reduction in current
amp! nde at frequencies around 500 Hz. The amount of power saving that is made
possihle by this scheme depends on the magnitude of RRO present. Larger RRO
components will result in greater power savings. |

To idertify limitations of the inversc filter-based RRO* estimation process two
numerical experiments arc conducted with a comprehensive dynamic simulation model.
Fig- % and Fig. 8B show a conventional track-following transfer function used to
estix; 'te the RRO* from the originally servo-writicn in RRO*. As can be seen in Fig.
8B,: & match is not exact, and it demonstrates the non-obvious nature of the inverse
filtez :onccpt. The random processes associated with a disk file causes the servo-on
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According to still another aspect of the present invention there is
provided in a direct access storage device including a rotating disk, a
head positioned for interaction with said disk, an actuator for carrying
said head and a servo system for operating said actuator so as to follow a
substantially circular track on said disk by responding to a position error
signal, a nethod for reducing the response of the servo systemto radial
runout of the circular tracks, conprising the steps of: (a) obtaining
radi al runout data; (b) storing the radlailrunout data; (c) subtracting the
radi al runout data fromthe position errot®signal to obtain a corrected

posi tion error PESg0afrift deltd hysteresio and electronic aokeih the feedback system. The

' comvrarional controller (Fig. 8A) exaggerates the drift. As can be seen in Fig, 8B, the
matca berween estimated RRO® and actual RRO® is not good, particularly at low
frequ ncies. This is attributed to a complex interaction of actuator hysteresis and
controller transfer function characteristics. However, when the open loop transfer

- fuonction is modified to have crossover and roll-off characteristics as shown in Fig. 9A,
the reconstruction of RRO* was accurate. The controller of Fig. 9A, still has sufficient
vibration rejection characteristics, but due to it transfer function characteristiss,
advantageously does not amplifying the higher harmonics. For example, the gain at the
fundzmental frequency of 70 Hz (the frequency of ratation of the disk) is 0 db in the
contyviller of Fig. 9A, which is considerably lower than the 20 db or so of the controller
of Fij.. 8A. | |
'

The modified versians of RRO minimization concept can be achieved in many other
ways. For instance, if a single frequency RRO is found to be dominating the PES then
a bard pass filter is used to compute the RRO ard then the corresponding RRO™ is
gencrated knowing the gain of (1+G) at that frequency. Therefore, varations of this
concept of removing RRO cither totally or partially can be traded-off with simphicity
of cot ;putational algorithm.

Whe:: a major disk shift is encountered after the manufacture of a DASD, it is critical
to clir inate the PES error due to disk-shift while ia high precision mode by means of a
gain exthancing filter. On the other hand, in the idle mode the VCM power is reduced
by tu-ning off the high gain filter, or further reduced by notching the fundamental
harmonic component of the PES in the PES generation block.
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position error signal to control the servo system According to still
anot her aspect of the present invention there is provided a direct access
storage de tating disk, a head positioned for

nteraction wth sa| d di sk, an actuator for carrying said head, a servo
system f or o “ngH Emuator so as to follow a substantially circul ar
track on sal ing to a position error signal, and an

appar at us for reduci ng the response of the servo systemto radial runout. of

the circular tracks, said apparatus conpri SI (a) means for obtaining

radi al runout data; (b) nmeans for storing t e rad| al runout data; (c) neans

for subtracting the : CLAIMS . -
Wha: is claimed is:

!.Madirectacwcsmragedevioeindudingammﬁngdisk.ahéadposiﬁonedfor
interaction with said disk, an actuator for ¢arrying said head and @ servo system for
operating said actuator so as to follow a substantially circular track on said disk by
respo «ling to a pasition error signal, a method for reducing response of the secvo
systmu to radial runout of the circular tracks, comprising the steps of:

a. obraining radial ranout data;
b. filtering the data; '
c. storing the filtered data;

d. suttracting the filtered data from the position error signal to obtain & corrected
positi .o error signal; and

e. usiag the corrected position error signal to control the sarvo system.

2. Tt.» method of claim 1 whereix several repetitions of the radial runout data is storad
aad a steady state version of the radial runout data is subtracted from the position

efror signal.
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radi al runewt—data fromthe position error signal to obtain a corrected _
posi ti-on error signal; m nmeans for controlling the servo system using

t he correct ﬂ“ﬂﬂ"ﬂ signal. According to still another aspect of
the present m”m”ml s provided a direct access storage device
conprising a rofattng® disskx a head positioned for interaction with said
di sk, an actuator for carrying said head, a servo systemfor operating said
actuator so as to follow a substantially circular track on said disk by

responding to a position error signal, and ﬁ” apparatus for reducing the
response of the servo systemto radial

3. The method of claim 1 wherein the radial runout data is stored"in RAM.

4. The method of claim 1 wherein the radial runout data is stored on the disk.

5. Tie method of claim 4 wherein the radial runout data i§ §tofed on a user data
portion of said disk.

6. T:c method of claim 1 wherein said step of filtering includes:

obtaining runout data for a phurality of rotations of the disk;

passi g the data through an inverse filter; and
selecing a steady state output of the inverse filter.

7. In a direct access storage device including a rotating disk, a head positioned for
interaction with said disk, an actaator for carrying said head and a servo system for
opersting said actuator so as o follow a substantially circular track on said disk by
respc wding to a position error signal, apparatus for reducing response of the serve
systt.a to radial runout of the circular tracks, comprising:

a. wa: ws for obraining radial runout data;
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runout of the—ciTcular tracks, said apparatus conprising: (a) neans for
obt ai. ni ng r adj o (b) neans for storing the radial runout data;
(c) means foﬂ!ﬁwnﬂgmﬁmrﬁgﬂ radi al runout data fromthe position error
signal to ob c position error signal, the corrected position
error signal thereby having conponents of said radial 4a

14

b. meanps for filtering the data, o
c. means for storing the filtered data;

d. mnsfwsubmsungtheﬁnueddatafmmthepmuonenorsigmlmobtama
aomctedposmanenursignal,and -

¢. mezns for controlling the servo system using the corrected position error signal.
8. The direct access storage device of claim 1 wherein sajid means for obtaining data
obtaius several repetitions of the radial runout data and said means for storing the

data stores a steady state version of the radial runout data.

9. The device of claim 1 further comprising a RAM for storing data wherein the radial
rupout data is stored in said RAM.

10. T .ie device of claim 1 wherein the disk is configured with portions for storing said
radiz. runout data and said data is stored on said portions.

11. Tke method of claim 10 wherein the said portions are user data portions of said
disk.

12, "2 method of claim 7 wherein said filter comprises:
mean; for obtzining runout data for a plurality of rotations of the disk;

—_— .
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runout reppved-therefrom and (d) neans for controlling the servo system

using the corrected position error signal, the response of the servo system

cor 2§p8ﬁ VUL ot 25 2 et 2 & Smout”« moved T om e

posi tion errof 5|gnal Bri ef Description of the Drawings: Fig. 1 is a block
diagram of a priaor art servo loop. Fig. 2 is a conceptual block diagram of

a servo loop in accordance with the invention. Fig. 3 is a block diagram of
a first enbodi nent of a servo loop in acgprdance with the

an inverse filter through <which the data is passed; and

meaxs for selecting a steady statc output of the inverse filter.
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i nvention. Fig. 4A is a PES spectrumof a servo | oop operating in
accordance with the invention. Fig. 4B is a PES spectrumof a servo |oop
operating in accordance with the prior art. Fig. 5is a representation of a
second enbodi nent of the invention. Fig. S5Aillustrates a variation of the
enbodi ment of Fig. 5. Fig. 6 is a general flow diagramof a nethod which
may be used to inplenent the invention. REPLACEMENT SHEET
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REPEATABLE RUNOUT FREE SERVO ARCHITECTURE IN DIRECT ACCESS
STORAGE DEVICE

ABSTRACT

In a direct access storage device including a rotating disk, a head positioned for
interaction with said disk, an actuator (22) for carrying said head and a servo system for
operating said actuator (22) so as to follow a substantially circular track on said disk by
nsmnwﬁmtoaquhhmcnurdgmﬂ,anmﬂmdﬁxruﬂwhgﬁspmueofﬂwsmwoswnmn
to radial runout of the circular tracks, comprising the steps of obtaining radial runout
data; filtering the data; storing the filtered data; subtracting the filtered data from the
position error signal to obtin a corrected position error signal; and using the corrected
position error signal to control the servo system.

Fig. 3
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2 8 MAY 1998 -5- Fig. 7Ais a VCM current spectrumw th and w t hout

no- RRO architecture. Fig. 8Ais a typical open |oop transfer function used
to-estimate RRO* using an inverse filter.
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Fig. 8Billustrates msmatch between the original RRO* and estimted RRO.
Fig. 9Ais a nodified open |oop transfer function used to inprove the

estimate of RRO* using an inverse filter, Fig. 9B illustrates the original
RRO* and Estinmated RRO* being in good agreerrent ‘Det ai |l ed Description of
the Preferred Enbodi ments Since the RRO onent is known to be stable

over the life of a DASD and has a well defined anplitude and phase
chargcteristics, the new servo architecture in accordance with the
i nvention exploits this fact by activeély avoiding the RRO signal
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entering the servo conputation block of the servo system In this invention
a .conventional VCM servo is nodified to achieve | ow power idle and high
precision track-to-track spacing by elimnating the RRO conponent in the
PES‘signal while preserving the desirable vibration rejection ‘
characteristics. Alternatively, the orig¥fal track |ayout is electronically
nodi fi ed and mapped into "virtual tracks" that are free of RRO conponents.
The ™ No- RRO Servo Architecture" is based on the fact that the RROthat is

i nevitably included in the PES stream need not be track-followed. This is
the key to this '
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-6 - innovation and the concept is shown in Fig. 2. The only PES conponents
that ~are random are the NRRO and vi bration induced PES. In Fig. 2, wherein
| i ke nunerals are used to describe |ike blocks found in Fig. 1, it can be
seen t'hat the PES signal fromthe data surface is corrected by renoving the
RRO* 410
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conponent, represented by bl ock 26, by being subtracted fromthe out put of
bl ack 10 at node 28, by way of |ine 30, before being presented to the servo
conput ati on bl ock 12. The output of servo conmputation block 12 is then
presented to the DAC block 14 with no further correction such as

f eedf orward conpensation. The invention &8fh be inplenented in various forns
wher g the nethod of generating and storing RRO* may differ from each other.
In order to achi eve the No-RRO Servo Architecture the RRO* corresponding to
each sector on every track in a DASD under servol ess condition nust be
known i n advance.
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For exanple, if a DASD has 5000 tracks with 50 sectors per track, then the
RRO*“w Il be a matrix of 5000 x 50 el enents. The RRO* can be either
"measured” and stored at the manufacturing site or else "estimted" and
stored using product servo and m crocode. The RRO* can be sinply neasured
while the armis locked to an external refd®ence duri ng manufacturing, and
then recorded in the sane DASD for future use. This is called neasured
RRO*. *Figure 3 shows a RAM based i npl ementati on of neasured RRO* in which

t he RRO* :
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(froma DASD 32, having a disc 34, which interacts with a head 36 at the
end of an actuator 38, when the disk is rotated by a spindle notor 40 in a
manner _wel | known) is stored in a reserved data zone of the disk during
manuf acturi ng, and read into a RAM -7- 42 during power up. The RAM based
RRO* is then subtracted fromthe PES in thd/#0

<
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track-fol l owing node. Fig. 4A dnd Fig. 4B show experinental |y obtained PES
spectra with and w thout the No-RRO Servo Architecture in which the RRO*
fof each sector is stored in a RAM and subtracted fromthe PES streamin
track-follow ng node. A reduction in total RMS error of approximtely 30%
is denonstrated in this case. Alnost all gRgO spectral peaks have been
effectively renoved. The "Locked- Arm RRO' can al so be enbedded in the servo
patt®rn as shown in Fig. 5. In this case no RAM space is required, but nore
servo wite time is needed. '
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~A track center |ine 50, represented as a straight line in Figf 5 1is

dYivided into a plurality of
includes stored data for cyl
56 and finally user data 58.

sectors 52. In the prior art,
i nder identification (ID) 54, servo
In the practice of the invention,

si gnal
t he RRO

each sector 52

dat a

data is stored in a block 57 between cyﬂﬂnder | D data 54 and user data 56.

In practice,

a decode el ectronics bl ock 60 decodes the data fromthe disk

34 and provides it node 28 in a manner anal ogous to block 26 of Fig. 2 or
RAM 42 of Fig. 3. The digitally encoded | ocked-arm RRO data is decoded and

subtracted fromthe PES

FIG. BA
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»st r eam-by—tthe T croprocessor which controls the servo | oop. The realization -
>of Noo BRO SBEMQ..aRéphbddect ure according to Fig. 5 is identical to the
"perfo% 1

M based nmet hod except that the cost of RAMis
exchan uﬁmﬂmﬂ %pl exity of servo witing the neasured RRO* adjacent to
t he- com o signal band. As 'mhhustrat ed in Fig. 5A, a conprom se
betyvween excessive RAM space and excessi Ve servo-wite tinme can be nade by
estimating the RRO* using the inverse filter during the typical 24 hour
test process that each DASD undergoes and then by recording the estimted-
RRO* in the user data zone as a reserved byte. For exanple if the standard

FI6. 9A

60 5

~50 ; ;
10 100 1000
Ht
D "\
-go R
O3 -180-
~270 4
-360 I - T
\ 10 100 1000
: 2

FIe. 98




T 7

: 0224~
ata bl ock size iys ytes, then the t yte of t us
£8--d bl ock 512 b h he 513th b f hé@ ?Vq %a@t
sector will contain the estimated RRO*. This is |II,ustrated|

data bl ock 62. For the nth sector PES, the previous data zone (n-1) wll

pr _ byte corresponding to RRO*. During the read node of a
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Repeatable Runout Free Servo Architecture

in Direct Access Storage Device

Field of the Invention

This invention relates to direct access storage devices. More particularly this invention
relates to a servo system architecture and a2 method of operating the servo system in

devices such as a disk drive.

Background Art

High precision and low power elw@mechanicﬂ system design is required for future
direct access storage devices (DASDs), particularly targeted for Imobile computer

: systems. Without limiting operating vibration performance, servo architecture of a
DASD should be capable of providing low positioning error without exceeding a

competitive power budget.

Conventional methods attempt to achieve minimum positioning error by reducing the
repeatable runout (RRO) component, that is any deviation from an ideal.circular
t_rack, due to for example mechanical tolerances or servo writing, at the manufacturing
level by imposing very severe manufacturing tolerance requirements, or by
implementing gain enhancing algorithms, such as feedforward or narrow band filters,

at RRO spectral frequencies. These approaches either require high cost lﬁanufacturing
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The hard disk controller nmust identify the reserved byte fromthe user
bytes and present it to the servo controller operation. This may be
acconplished in a hard disc controller chip 64. During the wite process
care should be exercised to allow for a quick read of the reserved byte.
Wth the invention of nagnetoresistive heads, the read and wite operations
are i ndependent and the task of readi n'gZRRO* shoul d not be of any concern.
A second approach is to use the product DASD servo systemto position the

Ihgag Ota ng etC]BIGPg% togg?} i%creased tIF\a).g forﬁ?)wmg voice COlIl 0%01' m€p0%¥t ?l{ H‘gék reference

following mode a disk actuator servo is designed to minimize head positioning error in
the presence of repeatable and non-repeatable runout components (NRRO) that are
present in the position error signal (PES). Traditional methods attempt to minimize
either the RRO component at source by refining the manufacturing process or
suppress RRO by implementing high gain servo schemes. Minimizing RRO at the
source hés a manufacturing cost penélty while a servo solution that effectively
generates frequency specific current to the voice coil motor (VCM) has a power

penalty.

A typical DASD servo as shown in Fig. 1 has a PES generating block 10, servo
computation block 12, and a digital-to-analog converter (DAC) bloclg'l4. Figure 1
also shows a feedforward scheme including a misposition correction signal generator 16
augmenting the conventional servo to improve RRO track following capability. The
output of generator 16 is added to the output of block 12 at a summing 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 current to the VCM
(not shown in Figure 1) of the actuator block 22, which represents the mechanical
components that control the position of a transducer (not shown) which interacts with

a data storage medium (also not shown in Fig. 1).

In the conventional servo architecture the control signal is first computed from PES
signal derived from the data surface, and then the control signal generated by the servo
oompﬁtation block 12 is modified by the misposition correction signal (also called a
feedforward signal) from block 16. The PES generating block derived from the data




"t he DASD servo system gai n nust be accounted for in order to obtain RRO".
The equival ent of a "locked-arm RRO' can be estinmated and stored using an
"inverse filtering algorithn, which is an alternative nmeans to inplenment
the no- RRO servo architecture. The inverse filtering nmethod is applied to
generate the RRO* matrix and stored on #k_\e disk in a manner simlar to the
case shown in Fig.3. Both nmethods requite RAM space for precision tracking.
On the other hand RRO* can be estimated in real tinme on a track to track

basi s to consgfe ihRably UonBAYEEth RO NERY' dohiB8ndhd, HpdGeRalby BREE
| 24. It 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 components of a
track as represented by block 24. While a subtraction node 25 is shown, it will be
understood that this is a theoretical node because it is only the difference, which is
generated by block 10 that is available when the recording head signal is processed for

' use by the servo loop.
SUMMARY OF THE INVENTION

The presence of RRO not only impedes precision of track-to-track spacing but also
increases idle mode power. A “No-RRO Servo Architecture” is deﬁnt;d where the
servo algorithm avoids tracking the RRO component rather than suppressing the RRO
componeﬁt. The RRO component of the PES is removed by subtracting the “locked
arm” RRO prior to generating the servo controller output. The No-RRO Servo
Architecture produces high precision track spacing while maintaining conventional
crossover frequency. The locked-arm RRO matrix for each sector (referred to as
RRO*) can be either measured-and-stored at the manufacturing facility soon after the
servo-sectors are written or it can be post computed from product PES and stored

using an algorithm.

Basic to the invention is the ability to estimate the unknown RRO* components in the
presence of the servo-loop using an inverse filtering concept. The invention
simultaneously minimizes VCM power and PES magnitude, thus provi<_iing a new path

for high track density DASDs at low cost and power. Depending on the
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Fig. 6 shows an algorithmfor extracting the RRO* in three stages. In the
first stage the PES signal corresponding to a given track is averaged on a
sector-to-sector basis to estimate the RROwith the servo | oop active. A
m croprocessor (MPU) 70 performs not only this data handling, but also
perfornms the functions of servo corrput_glt_i on -9 -

implementation resources available on board such as RAM space or computational
power, the architecture can be invoked to either save only idle power, or improve both
precision and power. The invention may be implemented, for example, in a 3.5”
DASD tb enhance precision in track following mode. The RRO* is measured and
stored in RAM in this configuration. Approximately a 35% reduction in position error

signal RMS value is achieved without sacrificing vibration rejection performance. -

When RAM space is not available, the RRO* is estimated in real-time in order to
implement the No-RRO Servo Architecture. This configuration requires extra spindle
revolutions, and is effective only to save idle power and not for high precision tracking.
The energy normally spent in tracking RRO components is conserved by this method
in which approximately 45% of the VCM RMS power saving is achie\-'fed.

Brief Description of the Drawings

Fig. 1 is a block diagram of a prior art servo loop.

Fig. 2 is a conceptual block diagram of a servo loop in accordance with the invention.
Fig. 3 is a block diagram of a first embodiment of a servo loop in accordance with the
invention.

Fig. 4A is a PES spectrum of a servo loop operating in accordance with the invention.
Fig. 4B is a PES spectrum of a servo loop operating in accordance with the prior art.
Fig. 5 is a representation of a second embodiment of the invention.

Fig. 5A illustrates a variation of the embodiment of Fig. 5.

Fig. 6 is a general flow diagram of 2 method which may be used to implement the

invention.
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bl ock ‘12 (Fig. 2) to control the servo |oop. This operation will produce m
nunber of data points corresponding to an msector DASD where mis
typically about 50. This operation can enploy N nunber of revolutions where
N is about 20 revolutions. The RROis the effect of yet unknown | ocked-arm
runout conponents (earlier defined as RREg) acting through the (1/(1 + Q)
rejection transfer function of the servo/ nmechanical systemwhere Gis the
total open loop transfer function of the system At the end of this first
st age, the aver Bige?A RR® VWeNauhent dpectrum pathring withoav ae-RBD erchitechirack 74 for
use-in the second stage. . . - .

Fig. 8A is a typical open loop transfer function used to estimate RRO* using an

inverse filter.

Fig. 8B illustrates mismatch between the original RRO* and estimated RRO*,

Fig. 9A is a modified open loop transfer function used to improve the estimate of

RRO* using an inverse filter,

Fig. 9B illustrates the original RRO* and Estimated RRO* being in good agreement.

Detailed Description of the Preferred Embodiments

Since the RRO component is known to be stable over the life of a DASD and has a
well defined amplitude and phase characteristics, the new servo architecture in
accordance with the invention exploits this fact by actively avoiding the RRO signal
i entering the servo computation block of the servo system. In this invention a

. conventional VCM servo is modified to achieve low power idle and high precision
track-to-track spaciﬁg by eliminating {the RRO comj)onent in the PES signal while
preserving the desirable vibration rejeétion characteristics. Alternatively, the original
track layout is electronically modified and mapped into “virtual tracks” that are free of
RRO components.

The “No-RRO Servo Architecture” is based on the fact that the RRO that is inevitably
included in the PES stream need not be track-followed. This is the key to this
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I'n stage two the estimated mpoint RRO (with the servol oop active) is _
passed through a digital filter 76 with the transfer function (1 + G . The

(1 + G can be viewed as a digital filter operating on the mpoint RRO

i nput to recover the unknown RRO* through the inverse operation, and hence

the terminverse filter. The input RRO g -concatenated for several

revol uti ons as represented by successive data sets 74A, 74B, etc. (one for

each revolution) so that any inverse-filter transients are allowed to decay
prior to stori rinylow&tiorhmdouhb periceptlih ehawnaindtigrt. Thd dndy PBSit@uponestsitbpraesent ed

by blLock 78, an L pLoLToHl RERSUP el SRIST BRSSO By bl ock 80, and the

In Fig. 2, wherein like numerals are used to describe like blocks found in Fig. 1, it can
be seen that the PES signal from the data surface is corrected by removing the RRO*
component, reprosented by block 26, by being subtracted from the output of block 10
at node 28, by way of line 30, before being presented to the servo computation block
12. The output of servo computation block 12 is then presented to the DAC block 14
with no further correction such as feedforward compensation. The invention can be
implemented in various forms where the method of generating and storing RRO* may
differ from each other.

In order to achieve the No-RRO Servo Architecture the RRO* correspondmg to each
sector on every track in a DASD under servoless condition must be known in advance.
For example, if a DASD has 5000 tracks with 50 sectors per track, then the RRO* will
be a matrix of 5000 x 50 elements. The RRO* can be either “measured” and stored at
the manufacturing site or else “estimated” and stored using product servo and
microcode.

The RRO* can be simply measured while the arm is locked to an external reference
during manufacturing, and then recorded in the same DASD for future use. This is
called measured RRO*.

Figilre 3 shows a RAM-based implementation of measured RRO* in which the RRO*
(f‘rom a DASD 32, having a disc 34, which interacts with a heéd 36 at the end of an
actuator 38, when the disk is rotated by a spindle motor 40 in a manner well known) is

stored in a resérved data zone of the disk during manufacturing, and read into 8 RAM
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represented by block 82. The block 82 output of the filter corresponding to
mpoint RROinput is stored in a nenory as mpoint RRO* (i.e., |ocked arm
RRO) for use in the third stage. Wiile the third output set of filter 76 is
used in Fig. 6, it will be understood by those skilled in the art that it
may -be desirable to use a later output ,set, depending on how quickly the

output of filter 76 reaches a steady state.
42 during power up. The RAM-based RRO* is then subtracted from the PES in the
track-following mode. )
Fig. 4A and Fig. 4B show experimentally obtained PES spectra with and without the
No-RRO Servo Architecture in which the RRO* for each sector is stored in a RAM
and subtracted from the PES stream in track-following mode. A reduction in total
RMS error of approximately 30% is demonstrated in this case. Almost all RRO |
spectral 'peaks have been effectively removed.
The “Locked-Arm RRO” can also be embedded in the servo pattern as shown in Fig.
5. In this case no RAM space is required, but more servo write time is needed.
A track center line 50, represented as a straight line in Fig. 5, is divided into a plurality
of sectors 52. In the prior art, each sector 52 includes stored data for cylinder
identification (ID) 54, servo signal data 56 and finally user data 58. In the practice of
the invention, the RRO* data is stored in a block 57 between cylinder ID data 54 and
user data 56. In practice, a decode electronics block 60 decodes the data from the disk
34 and provides it node 28 in a manner analogous to block 26 of Fig. 2 or RAM 42 of
Fig. 3.
The digitally encoded locked-arm RRO data is decoded and subtracted from the PES
stream by the microprocessor which controls the servo loop. The realization of
No-RRO servo architecture according to Fig. 5 is identical to the performance of the
RAM-based method except that the cost of RAM is exchanged for the complexity of
servo writing the measured RRO* adjacent to the conventional servo signal band.
As illustrated in Fig. SA, a compromise between excessive RAM space and excessive
servo-write time can be made by estimating the RRO* using the inverse filter during
the typical 24 hour test process that each DASD undergoes and then by recording the

estimated RRO* in the user data zone as a reserved byte. For example if the standard




- 10 - In stage three, the stored values of block 82 are used as the
estimated RRO* for operation of the servo | oop. The estimted RRO* is
subtracted fromthe PES signal in real tine at node 28, so that the control
al gorithm operates on the difference between the PES and the estimated
RRO*. For each track/sector this operatigoh need to be repeated as warranted
If RRO* is not generated and stored all at once foll ow ng the manufacture
of the DASD. Wen RRO* is conputed in real tine, a Iarge menory

data block size is 512 bytes, then the 513th byte of the previous data sector will

contain the estimated RRO*. This is illustrated in Fig. SA by data block 62. For the
nth sector PES, the previous data zone (n-1) will provide the necessary byte
corresponding to RRO*. During the read mode of a file this is a continuous process.
The hard disk controller mﬁst identify the reserved byte from the user bytes and
present it to the servo controller operation. This may be accomplished in a hard dlsc |
controller chip 64. During the write process care should be exercised to allow for a
quick read of the reserved byte. With the invention of magnetoresistive heads, the
read and write operations are independent and the task of feading RRO* should not
be of any concern. _ |
A second approach is to use the product DASD Servo system to position the head and
 then estimate the RRO* matrix. In this case an external reference is not required, but
the DASD servo system gain must be accounted for in order to obtain RRO*. The
equivalent of a “locked-arm RRO” can be es:timated and stored using an “inverse
filtering algorithm”, which is an alternative means to implement the no-RRO servo
architecture. The inverse filtering method is applied to generate the RRO* matrix and
stored on the disk in a mannper similar to the case shown in Fig.3. Both methods
require RAM space for precision tracking. On the other hand RRO* can be estimated
in real time on a track to track basis to conserve idle-mode power without requiring a

large RAM space.

Fig. 6 shows an algorithm for extracting the RRO* in three stages. In the first stage
the PES signal corresponding to a given track is averaged on a sector-to-sector basis to
estimate the RRO with the servo loop active. A microprocessor (MPU) 70 performs

not only this data handling, but also performs the functions of servo computation
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space is not required, but the no-RRO servo architecture nmode can not be
i nvoked instantly. The concept is inplenented and eval uated on a 6000 TPI
3.5" DASD sinulation nodel. The inverse filter is inplemented with a

proportional and derivative servo controller only (wth no integral term
so that |ow frequency estinmation errors.,are not adversely enhanced by the
nunerical operations required to producg RRO*. Fig.7A and Fig. 7B show t he
conventional track foll owi ng node and RROfree idle node spectrum of

act_uat or curr P’tiﬂ}ck lpi'ﬁgnﬁ% Bhirdi e %oﬁ%.i Phik ‘39&8&91 Wi ;ﬁo&c% number of

data points corresponding to an m sector DASD where m is typically about 50. This
operation can employ N number of revolutions where N is about 20 revolutions. The .
RRO is the effect of yet unknown locked-arm runbut components (earlier defined as
RRO*) acting through the (1/(1 + G)) rejection transfer function of the
servo/mechanicallsystem where G is the total open loop transfer function of the system.
At the end of this first stage, the éveraged RRO data for the m points is available in

block 74 for use in the second stage.

In stage two the estimated m-point RRO (with the servoloop active) is passed through’
a digital filter 76 with the transfer function (1 +G). The (1 +G) can be viewed as a
digital filter operating on the m-point RRO input to recover the unknown RRO*
through the inverse operation, and hence the term inverse filter. The input RRO is
concatenated for several revolutions as represented by successive data sets 74A, 74B,
etc. (one for each revolution) so that any inverse-filter transients are allowed to decay
prior to storing of the output. The transient fiiter outl:iut is represented by block 78, an
intermediate output is represented by block 80, aﬂd the steady state output is
represented by block 82.

The block 82 output of the filter corresponding to m-point RRO input is stored in a
memory as m-point RRO* (i.e., locked arm RRO) for use in the third stége. While the
third output set of filter 76 is used in Fig. 6, it will be understood by those skilled in
the art that it may be desirable to use a later output set, depending on how quickly the
output of filter 76 reaches a steady state.
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by thi‘s operation (45% reduction). Frequency spectrum shows reduction in .
current anplitude at frequencies around 500 Hz. The anobunt of power saving
that is nade possible by this scheme depends on the magnitude of RRO
present. Larger RRO conponents will result in greater power savings. To
identify limtations of the inverse filteg-based RRO* estimation process
two nunerical experinents are conducted with a conprehensive dynam c
simulation nodel. Fig. 8 and Fig.- 8B show a conventional track-follow ng

transfer functi ansthigectirdepthe Storetiatues BEHIBEE2 hfeqided Aethekstihated RRO* for

servo-witten in RRO*. As can be seen in Fig. .
operation of the servo loop. The estimated RRO* is subtracted from the PES signal in
real time at node 28, so that the control algorithm operates on the difference between
the PES and the estimated RRO*. For each track/sector this operation need to be
repeated as warranted if RRO¥ is not generated and stored all at once following the
manufacture of the DASD. When RRO* is computed in real time, a large memory
space is not required, but the no-RRO servo architecture mode can not be invoked

instantly.

The concept is implemented and evaluated on a 6000 TPI 3.5 DASD simulation
model. The inverse filter is implemented with a proportional and derivative servo
controller only (with no integral term) so that low frequency estimation errors are not
adversely enhanged by the numerical operations required to produce RRO*.

Fig.7A and Fig.7B show the conventional track following mode and RRO-free idle
mode spectrum of actuator current. The nominal 6.6 mA RMS is reduced to 3.6 mA
by this operation (45% reduction). Frequency spectrum shows reduction in current
amplitude at frequencies around 500 Hz. The amount of power saving that is made
possible by this scheme depends on the magnitude of RRO ﬁresent. Larger RRO
components will result in greater power savmgs

To identify limitations of the inverse filter-based RRO* estimation process two
numerical experiments are conducted with a cqmprehensive dynamic simulation model.
Fig. 8 and Fig. 8B show a conventional track-following transfer function used to
estimate the RRO* from the originally servo-written in RRO*. As can be seen in Fig.
8B, the match is not exact, ax_ld it demonstrates the non-obvious nature of the inverse

filter concept. The random processes associated with a disk file causes the servo-on




8B, the match is not exact, and it denonstrates the non-obvious nature of
the inverse filter concept.. The random processes associated with a disk
file causes the servo-on CLAIMS 1. In a direct access storage device
including a rotating disk, a head positioned for interaction with said

di sk, an actuator for carrying said head lilr_ld a servo systemfor

PES to drift due to hysteresis and electronic noise in the feedback system. The
conventional controller (Fig. 8A) exaggerates the drift. As can be seen in Fig. 8B, the
match between estimated RRO* and actual RRO* is not good, particularly at low
frequencies. This is attributed to a complex interaction of actuator hysteresis and
controller transfer function characteristics. However, when the open loop transfer
function is modified to have crossover and roll-off characteristics as shown in Fig. 9A,
the reconstruction of RRO* was accurate. The controller of Fig. 9A still has sufficient
vibration rejection characteristics, but due to its transfer function characteristics,

- advantageously does not amplifying the higher harmonics. For exanfple, the gain at the
fundamental frequency of 70 Hz. (the frequency of rotation of the disk) is 0 db in the
controller of Fig. 9A, which is considerably lower than the 20 db or so of the controller
of Fig. 8A. '

The modified versions of RRO minimization concept can be achieved in many other
ways. For instanée, if a single frequency RROQ is found to be dominating the PES then
a band pass filter is used to compute the RRO and then the corresponding RRO* is
generated knowing the gain of (1 +G) at that frequency. Therefore, variations of this
concept of removing RRO either totally or partially can be traded-off with simp]ici:ty

~ of computational algorithm.

When a major disk shift is encountered after the manufacture of a DASD, it is critical

to eliminate the PES error due to disk-shift while in high precision mode by means of a
gain enhancing filter. On the other hand, in the idle mode the VCM power is reduced

by turning off the high gain filter, or further reduced by notching the fundamental

harmonic component of the PES in the PES generation block.
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‘operating said actuator so as to follow a substantially circular track on
said disk by responding to a position error signal, a nethod for reducing
the response of the servo systemto radial runout of the circular tracks,
conprising the steps of: (a) obtaining radial runout data; (b) filtering

the data; (c) storing the filtered dataj2{d) subtracting the filtered
data fromthe position error signal to obtain a corrected position error
signal; and
CLAIMS

What is claimed is:

1. In a direct access storage device including a rotating disk, a head positioned for

interaction with said disk, an actuator for carrying said head and a servo system for

operating said actuator so as to follow a substantially éircular track on said disk by

responding to a position error signal, a method for reducing response of the servo

system to radial runout of the circular tracks, comprising the steps of: "

a. obtaining radial runout data;

b. filtering the data;

c. storing the filtered data;

d. subtracting the filtered data from the position error signal to obtain a corrected

position error signal; and '

e. using the corrected position error signal to control the servo system.

2. The method of claim-1 wherein several repetitions of the radial runout data is stored

and a steady state version of the radial runout data is subtracted from the position

error signal.

een Replaced
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‘(e) *using the corrected position error signal to control the servo system
The nmethod of claim 1 wherein several repetitions of the radial
runout data is stored and a steady state version of the radial runout data

I's subtracted fromthe position error_ ggnal. 3. The nethod of claim1
wherein the radial runout data is stored in RAM 4. The nethod of claim1l
wherein the radial runout data is stored on the disk. 5. The net hod of

cl ald md4 \livher 8| Mhé MEtho@of ahint VRMeteiiitk 2adisl r&h@rtexitm sforedSiaRARE a portion of
sal | S

4. The method of claim 1 wherein the radial runout data is stored on the disk.

S. The method of claim 4 wherein the radial runout data is stored on a user data
portion of _said disk.

6. The method of claim 1 wherein said step of filtering includes:

obtaining runout data for a plurality of rotations of the disk;

passing the data through .an inverse filter; and

selecting a steady state output of the inverse filter.

7. In a direct access storage device including a rotating disk, a head positioned for
interaction with said disk, an actuator for carrying said head and a servo system for
operating said actuator so as to follow a substantially circular track on said disk by
responding to a position error signal, apparatus for reducing response of the servo

system to radial runout of the circular tracks, comprising:

a. means for obtaining radial runout data;

[
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6. The nmethod of claim 1 wherein said step of filtering includes: _
obt ai ning runout data for a plurality of rotations of the disk; passing the
data through an inverse filter; and selecting a steady state output of the
i nverse filter. 7. A direct access‘stbﬁage device conprising a rotating
di sk, a head positioned for interaction wth said disk, an actuator for
carrying said head, a servo systemfor operating said actuator so as to

fol l ow a subst.gnhialsliyr Mtdriap g adeg;ack on said disk by responding to a
position error signal, and an apparatus for reducing the response of the

servo systemto radial runout of the circular tracks, said_apparatus

conprising. ¢. means for storing the filtered data;

d. means for subtracting the filtered data from the position error signal to obtain a

corrected position error signai; and

e. means for controlling the servo system using the corrected position error signal.
8. The direct access storage device of claim 1 wherein said means for obtaining data
obtains several repetitions of the radial runout data and said means for storing the

data stores a steady state version of the radial runout data.

9. The device of claim 1 further comprising 2 RAM for storing data wherein the radial

runout data is stored in said RAM.

10. The device of claim 1 wherein the disk is configured with portions for storing said

radial runout data and said data is stored on said portions.

11. The method of claim 10 wherein the said portions are user data portions of said
disk.

12. The method of claim 7 wherein said filter comprises:

means for obtaining runout data for a plurality of rotations of the disk;

This Sheet Has Been Replaced
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(a) reans for obtaining radial runout data; (b) neans for filtering
the data; (c) neans for storing the filtered data; (d) neans for
to obtain a

subtracting the filtered data fromthe position error signal
corrected position error signal, and
_15_

an inverse filter through which the data is passed; and

means for selecting a steady state output of the inverse filter.

i - [




‘(e)+ means for controlling the servo systemusing the corrected position .
error signal. 8. The device of claim7 wherein said neans for obtaining
said radi al runout data obtains several repetitions of the radial runout
data and said neans for storing the data stores ‘& steady state version of
the radial runout data. 9. The device of claim7 further conprising a RAM
for storing the radial runout data. 10. The device of claim7 wherein the
disk is configured with portions for sigring said radi al runout data and
said data is stored on said portions. . The device of claim 10 wherein
said portions are user data portions of said disk. '

REPEATABLE RUNOUT FREE SERVO ARCHITECTURE IN DIRECT ACCESS
STORAGE DEVICE |

ABSTRACT

In a direct access storage device including a rotating disk, a head positioned for
interaction with said disk, an actuator (22) for carrying said head and a servo system for
operating said actuator (22) so as to follow a substantially circular track on said disk by
responding to a position error signal, a method for reducing response of the servo system
to radial runout of the circular tracks, comprising the steps of obtaining radial runout
data; filtering the dét'a; sforing the filtered data; subtracting the filtered data from the
position error signal to obtain a corrected position error signal; and using the corrected
position error signal to control the servo system.

Fig. 3
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e 1

s1.7._.Fhe device of claim7 further including a filter for filtering said
radi al runout data wherein said filter conprises: neans for obtaining a
runout data for a plurality.iof rotations of the disk; an inverse filter ’
t hrough which the data is passed; and neans for selecting a steady state
output of the inverse filter. 13. In a direct access storage device
including a rotating disk, a head posiijgned for interaction with said

di sk, an actuator for carrying said head and a servo system for operating
said actuator so as to follow a substantially circular track on said disk
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‘responding to a position error signal, a nethod for reducing the response
of the servo systemto radial runout of the circular tracks, conprising the
steps of: (a) obtaining radial runout data; (b) storing the radial runout °
data; (c) subtracting the radial runout data from the position error
signal to obtain a corrected position error ‘signal; and (d) using the
corrected position error signal to cqﬂﬁbol the servo system
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; 14 14. In a direct access storage device including a rotating disk, a head
positioned for interaction with said disk, an actuator for carrying said
head and a servo system for operating said actuator so as to follow a
substantially circular track on said disk by responding to a position error
signal, a nethod for reducing the response of the servo systemto radial
runout of the circular tracks, conprﬁﬁhgg the steps of:
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(fa) obtaining radial runout data; (b) storing the radial runout data; (c)
subtracting the radial runout data from the position error signal to
obtain a corrected position error signal, the corrected position error

si gnal thereby having conponents of said radial runout renoved therefrom
and (d) using the corrected position error signal to control the servo
system the response of the servo systeg} o the position error signal

t hereby being reduced by an anount corr é%onding to the. conponents of the
radi al runout renoved fromthe position error
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> signal. 15. The method of claim 13 or 14 further including, after step (a),
the step of filtering said radial runout data wherein said filtering step
includes: (i) obtaining radial runout data for a plurality of rotations of
the disk; (ii) passing the radial runout data through an inverse filter;
and (iii) selecting a steady state output of the inverse filter and using
this output as the radial runout datasj steps (b), (c) and (d). 16. The
met hod of any one of claims 1, 13 or 14, wherein said radial runout data

FIG. 5
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. conprises repeatable runout data. 17. A direct access storage device
conprising a rotating disk, a head positioned for interaction with said

di sk, an actuator for carrying said head, a servo system for operating said

actuator so as to follow a substantially circular track on said disk by

responding to a position error signal, and an apparatus for reducing the

response of the servo systemto radi g, punout of the circular tracks, said

apparatus conprising: (a) mneans for d%taining radi al runout data;

FIG. 5A
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15 (b) nmeans for storing the radial runout data; (c) neans for
subtracting the radial runout data fromthe position error signal to obtain
a corrected position error signal; and (d) neans for controlling the servo
systemusing the corrected position error signal. 18. A direct access
storage device conprising a rotating disk, a head positioned for
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~interaction with said disk, an actuator for carrying said head, a servo
system for operating said actuator so as to follow a substantially circular
track on said disk by responding to a position error signal, and an
apparatus. for reducing the response of the servo systemto radial runout of
the circular tracks, said apparatus conprising: (a) neans for obtaining
radi al runout data; (b) neans for st®i0hg the radial runout data; (c) neans
for subtracting the radial runout data fromthe position error signal to
obtain a corrected position error signal, the corrected position error
si gnal thereby having )
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.conponents of said radia
controlling the servo systemusing the corrected position er
response of the servo systemto the position error signal

reduced by a

renmoved fromthe position error signa
including a filter for filteri

further

said filter conprises:

plurality of

runout renoved therefrom and (d) means for
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“gii) an inverse filter through which the radial r unout data i s passed; and

(iii) means for selecting a steady state output of the |nver T
" use as the radial runout data in said neans b, ¢ and d. 20 mm @EET

any one of clainms 7, 17 or 18, wherein said radial runout data conpri ses
repeat abl e runout dat a. C 117 MAR 1997
. 10/10
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+. 451 an inverse filter through which the data is passed; and neans for
selecting a steady state output of the inverse filter.

3

surface invariably contains both RRO and NRRO components, represented by block 24.
It 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 éomponents of a track as
represented by block 24. While a subtraction node 25 is shown, it will be understood
that this is a theoretical node because it is only the difference, which is generated by
block 10 that is available when the recording head signal is processed for use by the

servo loop.

SUMMARY OF THE INVENTION

According to one aspect of the present invention there is provided in a direct
access storage device including a rotating disk, a head positioned for interaction with
said disk, an actuator for carrying said head and a servo system for operating said
actuator so as to follow a substantially circular track on said disk by responding to a
position error signal, a method for reducing the response of the servo system to radial
runout of the circular tracks, c_orﬁprising the steps of: (a) obtaining radial runout data;
(b) filtering the data; (c) storiqg the filtered data; (d) sui)tracting the filtered data from
the position eﬁor signal to oﬁtéin a corrected position error signal; and (e) using the

] corrected position error signal to control the servo system.

According to another aspect of the present invention there is provided a direct
access storage device comprising a rotating disk, a head positioned for interaction with
said disk, an actuator for carrying said head, a servo system for operating said actuator
SO .as to foﬁow a- substantially circular track on said disk by responding to a position'
error signal, and an apparatus for reducing the response of the servo system to radial
runout of the circular tracks, s_aid apparatus comprising: (é) means for obtaining radial
runout data; (b) means for filtering the data; (c) means for storing the filtered data; (d)
means for subtracting the filtered data from the position error signal to obtain a corrected

position error signal, and (¢) means for controlling the Servo system using the corrected
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According to still another aspect of the present invention there is provided in a
direct access storage device including a rotating disk, a head positioned for interaction
with said disk, an actuator for carrying said head and a servo system for operating said
actuator so as to follow a substantially circular track on said disk by responding to a
position error signal, a method for reducing the response of the servo system to radial
runout of the circular tracks, comprising the steps of: (a) obtaining radial runout data;
(b) storing the radial runout data; (c) subtracting the radial runout data from the pﬁsition
error signal to obtain a corrected position error signal; and (d) using the corrected
position error signal to control the servo system.

According to still another aspect of the present invention there is provided a direct
access storage device comprising a rotating disk, a head positioned for interaction with
said disk, an actuator for carrying said head, a servo system for operating said actuator
so as to follow a substantially circular track on said disk by responding to a position
error signal, and an apparatus for reducing the response of the servo system to radial
runout of the circular tracks, said apparatus comprising: (a) means for obtaining radia_ll
runout data; (b) means for storing the radial runout data; (c) means for subtracting the
radial runout data from the position error signal to obtain a corrected position error
signal; and (d) means for controlling the servo system using the corrected position error
signal. )

According to still another aspect of the present invention there is provided a direct
access storage device comprising a rotating disk, a head positioned for interaction with
said disk, an actuator for carrying said head, a servo system for operating said actuator
so as to follow a substantially circular track on said disk by responding to a position
error signal, and an apparatus for reducing the response of the servo system to radial
runout of the circular tracks, said apparatus comprising: (a) means for obtaining radial
runout data; (b) means for storing the radial runout data; (c) means for subtracting the
radial runout data from the position error signal to obtain a corrected position error

signal, the corrected position error signal thereby having components of said radial
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runout removed therefrom; and (d) means for controlling the servo system using the
corrected position error signal, the response of the servo system to the position error
signal thereby béing reduced by an amount corresponding to the components of the
radial runout removed from the position error signal.

Bri escripti f th in: |

Fig. 1 is a block diagram of a prior art servo loop. |

Fig. 2 is a conceptual block diagram of a servo loop in accordance with the inven.tion.
Fig. 3 is a block diagram of a first embodiment of a servo loop in accordance with the
invention.

Fig. 4A is a PES spectrum of a servo loop operating in accordance with the invention.
Fig. 4B is a PES spectrum of a servo loop operating in accordance with_}he prior art.
Fig. 5 is a representation of a second embodiment of the invention.

Fig. 5A illustrates a variation of the embodiment of Fig. 5.

Fig. 6 is a general flow diagram of a method which may be used to implement the

invention. !
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CLAIMS
1. In a direct access storage device including a rdtating disk, a head positioned for
interaction with said disk, an actuator for carrying said head and a servo system for
operating said actuator so as to follow a substantially circular track on said disk by
responding to a position error signal, a method for reducing the response of the servo
system to radial runout of the circular tracks, comprising the steps of:
(a) obtaining radial runout data;
(b) Mfiltering the data;
(c) storing the filtered data;
(d) subtracting the filtered data from the position error signal to obtain a corrected
position error signal; and
(¢) using the corrected position error signal to control the servo system.
2. The method of claim 1 wherein several repetitions of the radial runout data is
stored and a steady state version of the radial runout data is subtracted from the position
error signal. ;
3.  The method of claim 1 wherein the radial runout data is stored in RAM
4.  The method of claim 1 wherein the radial runout data is stored on the disk.
5. The method of claim 4 wherein the radial runout data is stored on a user data
portion of said disk.
6. The method of claim 1 wherein said step of filtering includes: obtaining runout
data for a plurality of rotations. of the disk; passing the data through an inverse filter; and
selecting a steady state output of the'inverse.filter.
7. A direct access storage device comprising a rotating disk, a head positioned for
interaction with said disk, an actuator for carrying said head, a servo system for
operating said actuator so as to follow a substantially circular track on said disk by
responding to a position érrof signal, and an apparatus for reducing the response of the
Servo §ystem to radial runout of the circular tracks, said apparatus comprising:

(a) means for obtaining radial runout data;
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| (b) means for filtering the data;
(c) means for storing the filtered data;
()] means. for subtracting the filtered data from the position error signal to obtain a
corrected position error signal, and
(e) means for controlling the servo system using the corrected position error signal.
8.  The device of claim 7 wherein said means for obtaining said radial runout data
obtains several repetitions of the radial runout data and séid means for storing fhe data
- stores a steady state version of the radial runout data. |
9.  The device of claim 7 further comprising a RAM for storing the radial runout data.
10. The device of claim 7 wherein the disk is configured with portions for storing said
radial runout data and said data is stored on said portions.
11. The device of claim 10 wherein said portions are user data portions of said disk.
12. The device of claim 7 further including a filter fof filtering said radial runout data
wherein said filter comprises:
means for obtaining a runout data for a plurality of rotations of the disk; an inverse filter
through which the data is passed; and )
means for selecting a steady state output of the inverse filter.
13. 1In a direct access storage device including a rotating disk, a head positioned for
interaction with said disk, an actuator for carrying said head and a servo system for
operating said actuator so as to follow a substantially circular track on said disk by
responding to a position error signal, a method for reducing the response of the servo
system to radial runout of the circular tracks, comprising the steps of:
(a) obtaining radial runout data;
(b) storing the radial runout data;
(c) subtracting the radial runout data from _the position error signal to obtain a
corrected position error signal; and

(d) using the corrected position error signal to control the servo system.
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14. In a direct access storage device including a rotating disk, a head positioned for
interaction with said disk, an actuator for carrying said head and a servo system for
operating said actuator so as to follow a substantially circular track on said disk by
responding to a position error signal, a method for reducing the response of the servo
system to radial runout of the circular tracks, comprising the steps of:

(a) obtaining radial runout data;

(b) storing the radial runout data;

(c) subtracting the radial runout data from the position error signal to obtain a
corrected position error signal, the corrected position error signal thereby having
components of said radial runout removed therefrom; and

(d) using the correcte_d position error signal to control the servo system, the response
of the servo system to the position error signal thereby being reduced by an amount
corresponding to the components of the radial runout removed from the position error
signal. |

15. The method of claim 13 or 14 further including, after step (a), the step of filtering
said radial runout data wherein said filtering step includes:

(i) obtaining radial runout data for a plurality of rotations of the disk;

(ii) passing the radial runout data through an inverse filter; and

(iii) selecting a steady state output of the inverse filter and using this output as the
radial runout data in steps (b), (c) and (d). '

16. The method of any one of claims 1, 13 or 14, wherein said radial runout data
comprises repeatable runout data.

17. A direct access storage device comprising a rotating disk, a head positioned for
interaction with said disk, an actuator for carrying said head, a servo system for
operating said actuator so as to follow a substantially circular track on said disk by
respohding to a position error signal, and an apparatus for reducing the response of the

servo system to radial runout of the circular tracks, said apparatus comprising:

(a) means for obtaining radial runout data;
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(b) means for storing the radial runout data;

(¢) means for subtracting the radial runout data from the position error signal to obtain
a corrected position error signal; and

(@ means for controlling the servo system using the corrected position error signal.

18. A direct access storage device comprising a rotating disk, a head positioned for
interaction with said disk, an actuator for carrying sai_d head, a servo system for
operating said actuator so as to follow a substantially circular track on said disk by
responding to a position error signal, and an apparatus forlreducing the response of the
servo system to radial runout of the circular tracks, said apparatus comprising:

(a) means for obtaining radial runout data;

(b) means for storing the radial runout data;

(c) means for subtracting the radial runout data from the position error signal to obtain
a corrected position error signal, the corrected position error signal thereby having
components of said radial runout removed therefrom; and

(d) means for controlling the servo system using the corrected position error signal,
the response of the servo system to the position error signal thereby being reduced by an
amount corresponding to the components of the radial runout removed from the position
error signal. |

19. The device of claim 17 or 18 further including a filter for filtering said radial
runout data wherein said filter comprises:

(i) means for obtaining radial runout data for a plurality of rotations §f the disk;

(ii) an inverse filter through which the radial runout data is passed; and

(iii) means for selecting a steady state output of the inverse filter for use as the radial
runout data in said means b, ¢ and d.

20. The device of any one of claims 7, 17 or 18, wherein said radial runout data

comprises repeatable runout data.
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