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IDENTIFICATION AND CAN CELLATION OF CAGE FREQUENCY
IN A HARD DISC DRIVE

CROSS-REFERENCE TO RELATED APPLICATION |
This application claims benefit of U.S. Provisional Application No.
60/227,880, filed August 25, 2000 for "Identification and Cancellation of
Cage Frequency ina Hard Disc Drive".
FIELD OF THE INVENTION

This invention relates to detection and cancellation of non-

repeatable run-out due to spindle motor cage vibration during a
servowrite operation in a disc drive.
BACKGROUND OF THE INVENTION

Spindle motor vibration is a type of non-repeatable runout

(NRRO) that causes motion between the head and media during the
rotation of the media by the spindle motor. The NRRO is written into
the servo pattern during servowrite operations. Spindle NRRO is
composed of low-frequency vibration generated by the ball bearings of
the motor, the largest single component being the cage vibration
generated by the motor cage. Cage vibration is an extremely low
frequency vibration that causes DC track spacing errors and track
closure errors during servo writing.

Servowrite operations are performed during manufacture of the
disc drive to record servo data onto one or more disc surfaces of the disc
drive. The servo writer is affixed to the disc drive and includes a

read/ write clock head positioned by an actuator arm over the disc to

‘write clock patterns to the disc and to control the data head of the disc

drive to write servo data patterns to the disc. In disc drives employing
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embedded servo patterns, the servo data patterns are written into servo
sectors between user fields on each track.

Servo patterns are written on the disc by first writing a clock
pattern onto the entire track, or group of tracks, on the disc, including
those portions that will become user fields. The clock pattern is usually
written over more than one convolution of the disc, over-writing the
clock pattern recorded during the prior convolution, to assure that the
clock pattern is recorded over the enﬁre track. The end point, where the
two recorded convolutions meet, is called the splice point. Next, the
track is separated into servo sectors and user data fields, and the disc
drive data head writes the servo pattern over the recorded clock patterns
in the servo sectors while the clock head reads the clock pattém.'

Radial motion of the disc beneath the data head due to spindle
motor cage vibration cauéeé the servo writer to write the servo pattern in
a spiral, rather than a circle, resulting in a radial discontinuity of the
servo pattern at the splice point. As a result, the servo sectors are
recorded as segments of that spiral, and not truly on the circular path of
the track. |

A high magnitude of spindle motor cage vibration during
servowriter operations may cause a serious track closure or track
squeeze errors, known as track misregistrations. If track misregistrations
are severe, the affected tracks are deemed defective during certification
of the disc drive, and are tagged for skipping during read and write
operations. Consequently, track misregistration diminishes the capacity .

of the disc media.
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Track closure error is evidenced by a position error signal splice
during servo pattern write operations that cause servo off-track failures
during drive operations. The track squeeze is evidenced by adjacent
tracks positioned closer than expected at various locations on the media.
This track misregistration is a type of write-to-write track misregistration
that generates data cross-talk between adjacent tracks and/or distorts
the servo pattern causing defect servo pattern errors.

Experiments on motor cage vibration show that cage vibration is
non-synchronous to spindle rotation, but is periodic. The periodic
waveform of cage vibration repeats itself over intervals Ionger than one
spindle rotation. Hence, a phase relationship exists between the
waveform and spindle rotation. Moreover, the frequency and
magnitude of cage vibration is about the same for all motors of same
type, regardless of the disc drive system in which they are employed.
Hence, the error written in the tracks due to cage vibration has a similar
magnitude whether there are track closure errors or not. However, track
closure and track squeéze appear to occur randomly due to complicated
phase relationships of the cage frequency,- spindle rotation and starting
phase of the servo write.

US. Application -No. 09/483,525 filed January 14, 2000 for
"Method and Apparatus for Reducing Track Misregistration from Servo
Track Writing" by Xiang Liu, Joseph Liu, Kevin Gomez and Choonkiat
Lim and assigned to the same assignee as the present invention,
describes placement of a sensor, such as a capacitive or laser
interferometer, to measure and extract information concerning cage

frequency. Written-in non-repeatable runout due to cage frequency is
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reduced by starting servo track write operations at selected phases of the
cage frequency. However, this technique imposes additional
requirements of placement and calibration of the extra sensor. To
overcome the problems associated with the extra sensor, it has been
proposed to detect the cage frequency with a reference head, or with the
clock head of the servowriter, or with the data head of the disc drive.
Some of these additional techniques are described in U.S. Application
No. 09/798,801, filed March 2, 2001 for "Detection and Cancellation of
Cage Frequency using the Clock Head in a Servowriter" by ShuangQuan
Min, Ricky Yeo, KianKeong Ooi, Xiong Liu, BengWee Quak and
ChiapHeok Ang, assigned to the same assignee as the present invention.
These techniques removed significant track closure and track squéeze

error during servo write. However, each of these techniques requires

" modification to the hardware and software of the servowriter to add the

function of compensation of cage frequency. The present invention

provides a solution to these and other problems associated with cage

vibration, and offers other advantages over the prior techniques.

SUMMARY OF THE INVENTION

The present invention is directed to ‘a technique by which
written-in cage frequency error can be identified and cancelled at the
drive certification level.

In one embodiment, written-in runout due to vibration of the cage
of a spindle motor of a disc drive is identified. An initial cage frequency
of the motor is identified, and the magnitude of written-in successive
servo burst closures is read over a plurality of tracks. A maximum servo

burst closure is identified from the plurality of read servo bursts, and a
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. magnitude of the cage frequency at a servo sector no is calculated based

. on-a difference between the read magnitudes of successive servo burst

closures. The phase of the cage frequency is calculated based on the
magnitude of the written-in cage frequency at servo sector no.
Preferably, the parameters of the cage frequency profile are stored as

values of the cage frequency, maximum servo burst closure and

_calculated phase. In preferred embodiments, the tracks are segregated

into a plurélity of zones, and the cage frequency profile is identified for
each zone, thereby minimizing the effect of phase drift.

In another embodiment, a track following signal in a rotatable

‘dis¢ drive is compensated for written-in cage frequency runout. A

posiﬁon signal is supplied to an actuator of the disc drive, and the
position signal is modified based on the cage frequency profile. In
preferred embodiments, the cage frequency profile is read from a
memory associated with a controller of the disc drive. The cage
frequency profile is added to a signal representing a position disturbance
of a read head of the disc drive, and combined with a position command
sigﬁal for appliéation to the drive controller to operate the actuator.

Yet another embodiment comprises apparatus for compensating a
radial position of a head of. a disc drive for written-in cage frequency
runout. The é.pparatus includes a controller that provides a position
signal to the actuator to control position of the head relative to a selected
track on the medium of a disc drive. Cage frequency profile means
modifies the position signal based on a cage frequency profile of the disc

drive.
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In some embodiments of the apparafus, a memory contains a cage
frequency profile associated with the disc drive. A summing device,
which may be a feed forward controller, combines the cage frequency
profile with a signal representing a position disturbance of the head and

a position command signal. The drive controller is responsive to the

‘summing device to operate the actuator to control the position of the

head relative to the selected track. '
These and other features and benefits that characterize the present

invention will be apparent upon reading the following detailed

description and review of the associated drawings.
BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a perspective view of a disc drive in which aslﬁects of the
present invention may be practiced. |

FIG. 2 illustrates the arrangement of servo patterns and data fields

- along several adjacent tracks of the disc drive illustrated in FIG. 1.

FIGS. 3-13 are graphs illustrating various aspects of the technique
for detecﬁng written-in cage frequency error in a disc drive. '

FIG. 14 is a flow chart illustrating the process of identifying and
storing a cage frequency profile in accordance with the present
invention.

FIG. 15 is a block diagram of a feed forward compensation
technique for minimizing the effects of cage frequency error according to
a preferred embodiment of the present invention.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

FIG. 1 is a perspective view of a disc drive 100 in which the present

invention is useful. Disc drive 100 includes a housing with a base 102 and



10

15

20

25

7-

~ atop cover (not shown). Disc drive 100 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 107, which are
mounted for co-rotation about central axis 109. Each disc surface has an
associated disc head-slider 110 that is mounted to disc drive 100 for
communication with the confronting disc surface. Head-slider 110
includes a slider structure arranged to fly above the associated disc surface
of an individual disc of disc pack 106, and a transducing data head 111
arranged to write data to, and read data from, concentric tracks 113 on the
confronting disc surface. In the example shown in FIG. 1, head-sliders 110
are supported by suspensions 112 which are in turn attached to track
actuator arms 114 of an actuator 116. | Actuator 116 is driven by a voice coil
motor (VCM) 118 to rotate actuator arms 114, and their attached data
heads 111, about a pivot shaft 120. Rotation of actuator arms 114 moves
the heads along an arcuate path 122 to position the heéds over a desired
data track between a disc inner diameter 124 and a disc outer diameter 126.
Voice coil motor 118 is operated by servo électronics included on circuit
board 130 based on signals generated by the heads 111 of head-sliders 110
and a host computer (not shown). Read and write electronics are also
included on circuit board 130 to supply signals to the host computer based
on daté. read from disc pack 106 by the read heads of head-sliders 110, and
to supply write signals to the write head of head-sliders 110 to write data
to the discs.

A read operation by disc drive 100 is accomplished by positioning
head 111 directly over the center of a selected concentric track 113. Track
positioning is maintained by reading servo data 150 from the track to
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. operate the controller of the disc drive. The controller operates VCM 118 to
control the position of the head over the center of the track. . As shown
particularly in FIG. 2, servo pattern 150 includes a gray code and servo

burst positioning signals A, B, C and D. The gray code, for example, may
include address and track marks, automatic gain control codes, clock
recovery patterns, etc. The gray code and A, B, C and D servo burst
patterns, as well as their use for track positioning, are well known in the
art. Typically, the A, B, C and D servo burst codes are positioned at track
center and half-track positions. Thus, gray codes C and D are illustrated as
centered on alternate tracks and servo burst patterns A and B are centered
on alternate half tracks. The servo codes illustrated in FIG. 2 are written
during a servo write operation. .

During the servo write operation, spindle motor vibration, known
as non-repeatable run-out (NRRO), causes motion between the media and |
the head. Spindle NRRO is composed of low-&equency components
generated by the baﬂ bearlngs One of the components of spindle NRRO is
the cage frequency due fo vibration of the cage containing the ball
bearings. Cage frequency is a cyclic low frequency vibration. Because cage
frequency is not synchronous to spindle rotatioﬁ, it is non-repeatable run-
out. Radial motion of the disc due to cage vibration causes the servo writer
to write the servo pattern in a spiral, rather than a circle, resulting in a
radial discontinuity of the servo pattern af the splice point where two
recorded convolutions of the servo pattern meet. As a result, the servo
patterns are recorded as segments of a spiral, and not truly on concentric
paths. The lack of concentricity of the servo pattern causes the head to

track in a non-circular path causing track closure errors and track squeeze
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errors. Track closure error is a type of write-to-read track misregistration.

Track squeeze error is a type of write-to-write track nﬁsfegistration that is

~evidenced by adjacent tracks being positioned closer than expected at

various locations on the media. Track closure errors cause off-track

- failures during drive operations, whereas track squeeze errors cause cross

talk and defective servo pattern.

Repeatable runout zero acceleration path (RRO-ZAP) operations are
performed during certification tests of disc drives to devise a strategy to
reduce track closure caused by repeatable run-out during disc drive
operations. The zero acceleration path (ZAP) concept is a non-adaptive
feed forward technique used to compensate written-in RRO for the
feedback controller of a disc drive. One such ZAP technique is described
in US. Application No. 09/489,532, filed January 21, 2000 for "Repeatable
Runout Compensation Using a Learning Algorithm With Scheduled
Parameters", by YangQuan Chen, LeeLing Tan, KianKeong Ooi, Qiang Bi
and KokHiang Cheong, and assigned to the same assignee as the present
invention. The ZAP teé_hnique employs a ZAP table that stores the learned
RRO and provides compensation signals to the drive actuator based on
expected repeatable runout. However, the ZAP technique can not cancel
track closure effectively in practice.

The present invention prox)id_es a technique for identification and
minimization of NRRO due to written-in cage frequency. There are two
distinct operations employed in the present invention. First, the cage
frequency profile is identified and stored in the ZAP table, or a dedicated
look-up table for use with the drive controller. This operation is performed

during the certification test stage for the disc diive. The second operation
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is performed during operation of the disc drive, by which the controller
retrieves the identified cage frequency profile from the ZAP table or look-
up table and cancels the cage frequency profile in the position error signal
by feed forward compensatioh. |
A.  Identification of Cage Frequency Profile

Experimental data reveals that the cage frequency has a constant
frequency with little variation between motors of the same model. The
cage frequency etror written into tracks has a similar magnitude whether
there are track closure errors on the track or not. FIG. 3 illustrates an open
loop position error signal of a servo writer for a single track that has been
averaged over 256 revolutions of a disc containing 144 servo patterns
(bursts). The position efror sig'nals are measured in "counts", and range
between -127 and +127 counts representing the full width of a track, with 0.
indicating track center. As {llustrated in FIG. 3, the position error signal
averaged between about #17 counts. However, the position error signal
shows a closure 200 of about 10% of track width between sectors 134 and
135 which acts as a disturbance during drive operation and follows an off-
track spike. FIG. 4 illustrates the frequency spectrum of the open loop -
position error signal (including RRO and NRRO) and identifies the 90
Hertz spindle motor harmonic, which is a form of repeatable runout, while
the cage frequency of 35.822 Hertz noﬁ-repeatable runout to which the
present invention 1s directed. Further experiments reveals that the
magnitude variation of the cage frequency signal is between 6% and 8%,
with mean variation of 6.65%. _

The cage frequency profile is identified from the track closure
magnitudes of a plurality of consecutive tracks and their associated half
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tracks. More particularly, cage frequency is identified from the
repeating pattern of the error signal magnitude over a low frequency
extending beyond the number of servo sectors Nx in a single revolution
of the disc. The number of servo sectors, N, in a single cycle of the cage

vibration frequency is calculated as

N ___Nk'fm’
Je

where fm is the spindle motor frequency and f. is the cage frequency.
Hence, for a disc drive having 144 servo sectors per revolution (Ny), a
spindle motor frequency fm of 90 Hz, and a cage frequency f. of 36Hz, the
number of servo sectors per cycle of cage vibration frequency, N, is 360.

The cage frequency is approximately sinusoidal such that each
cycle of cage frequency includes two crossover points, one where the
signal magnitude goes negative and one where the signal magnitude
goes positive. If the cage frequency is 36 Hz, the number of servo sectors
is 360 per cycle. However, the sigha_l—to-noise ratio in the cage frequency
may cause variation of the number of servo sectors between two
successive crossovers (i.e., over a cage frequency cycle). For example, if
the number of servo sectors in a given cycle of cage frequency is 362, the
crossover variation for the cycle from 360 is 2. FIG. 5 illustrates the
magnitude of crossover variations over 102 cycles of cage frequehcy, and
demonstrates that the crossover variations are betweeﬁ 0 and 4 servo
sectors.

As shown in FIG. 2, servo bursts A, B, C and D are written in a
offset fashion such that servo bursts C and D are coincident wifh

successive tracks 113 and servo bursts A and B are offset by one half
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track. The servo writer operates data head 111 to write servo patterns A,
B, C and D in a sequence such that servo burst B is written when head
111 is at position M4, sérvo burst C is written at position M5, servo burst
A is written at position M6, servo pattern D is written at position M7,
and continuing radially across the disc. Erasures and overwriting occurs
during the servo write to form th_é servo bursts shown. Thus, the servo
pattern for a single track requires writing two servo bursts, although
three servo bursts are employed for track following purposes, as is well
known in the art. Consequently, the number of servo bursts is twice the
number of tracks on the recording surface. The track closure error is
caused by written-in burst closure error.

The written-in servo burst closure (between sectors n. and
ne-1+Ny) is the difference between the magnitude of the cage frequency
at servo sector nc and the magnitude of the cagé frequency at servo
sector n~1+Nk. Consequently, the magnitude of the written-in burst
closure, D(nc) is

D(n,)=P.(n,)~P(n,~1+N,) ~ B(n,)~B(n, +N,),

where Pc(nc) is the magnitude of the cage frequency at servo sector nc

‘which is represented by

P(n,)=P, -sin(2nf.T,-n,),

where 7, = is the sampling duration of the servo sector and P is

kJm
the peak magnitude of the cage frequency. Because there are Nk servo
sectors per disc revolution, Pc(n-1+Nk) is the magnitude of the cége
frequency signal at servo sector nc~1+Nk. If the servo writer starts
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writing the servo track at servo sector nc of cage frequency, the

magnitude of the written-in burst closure is

D(n,)=R,-P,-sin(2nf.T, - (n, —%(%Nc -N,)), Eq.1

and is the ratio of the servo burst

where R, = sin(21.tf;11; Ny)
| - sin(nf.T, '(ENL' —N,))

closure maximum magnitude to the cage frequency peak magnitude.
If servo sector nep is the sector where the maximum burst closure

occurs, D(nc) reaches its maximum magnitude of

) 1.1 :
D(ny)=R,-F,-sin@nf.T, -(n, -~ (SN, ~N,)), Eq.2

when either
1.1 N,
(ncP—E(—Z—Nc_Nk))=Tc’ or | Eq. 3a
1,1 3 '
(nq, —E(ENC—N,‘))=ZNC. Eq3b

If the servowrite operation starts at servo sector nep, D(ncp)=+Rc-Pe.
If fn=90Hz, Nx=144 sectors, f=36Hz and N=360 sectors, it can be shown
that R=1.9021. Consequently, D(nep)=+1.9021-P. and nc;=108 and 288,

| meaning maximum burst closure occurs at sectors 108 and 288 of the

cage frequency cycle. FIG. 6 illustrates the relationship between cage
frequency Pc(nc) and the written-in burst closure Dj(hc). Moreover FIG. 6
shows that the maximum burst closure occurs periodically in relation to
the cage frequency and, for the present example, is 1.9021 times the peak
cage frequency maghitude. _ _ |

FIG. 7 illustrates the distribution and magnitude of the burst

closures 202 m the consecutive bursts. If the burst wri’ée time in terms of



10

15

20

-14-

‘sectors is Nw=Nk+Ns, where N is the time, in terms of servo sectors, for

data head 111 (FIG. 1) to settle fromthe position of the written burst to
the next burst during servo writing. The consecutive burst closure

sequence is
DNy -k-+1) = R, B, Sin@af,T,-(Ny -k+70 =2 N, =N, ),

where ke[0,K-1] is an arbitrary servowriting burst of the K consecutive
servbwriting bursts and ny is the phase of the cage frequency when the
servowriter starts writing the first burst of the K consecutive bursts.

If the number of consecutive servo writing bursts K is large
enough, it will be appreciated that most magnitudes or possible burst
closures described in Equaﬁon 1 will be experienced. Consequently, the
burst clésure having the greatest magnitude among the consecutive
bursts is or approaches the maximum burst closure. The initial cage
frequency magnitude, Pc, can be calculated from Equation 2. The initial
starting phase can be calculated using either Equation 3a or 3b,
depending upon the direction of the maximum burst closure.

FIG. 8 illustrates the ratio of the initial identified cage frequency

" magnitude to the actual cage frequency magnitude starting with phase

no, varying from 0 to Nc sectors, where N¢ equals 363 sectors, and K

equals 20. The error of the initial identified magnitude and actual

magnitude is less than 1% if noise is negligible. The error is not sensitive

‘to the starting phase ng. Similarly, FIG. 9 shows the error of the initial

identified cage frequency phase and actual cage frequency phase starting
with phase no varying from 0 to N.. As shown in FIG. 9, the error is less
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than four sectors if noise is negligible. The error is not sensitive to the
starting phase no. _

Since non-repeatable runout (NRRO) is present during drive
operation, the error of the initial identification may be larger than herein
stated. Nevertheless, the frequency of the actual cage frequency varies |
slightly from one drive to another. Therefore, the fine identification of
the magnitude, phase and frequency is necessary. This can be
accomplished by identifying a cost function as the summation of the
absolute difference between the actual burst closures and the estimated
burst closures as a linear cost function.

X
S(Ngo’nos-Pco) =ZID(k)_Di(k’Ncb’n0’},)c0|’

k=1
where S(Nco,noPo) is a function of the cycle of the identified cage
frequency in terms of sectors N and the identifying magnimde Peo of
the cage frequency at sector no Comparatively, the cost function may be a
square cost function that is the sum of the square difference of the actual
burst closures and corresponding burst closures generated by the
identifyirig cage frequency:
_ 2
SW s )= 3 (DY~ Dy (ks N 1 )

=l
FIG. 10 ﬂluStrates the linear cost function variation versus the
identified cage frequency. The phase N; and magnitude P are fixed at
the initial identi.fied phase and initial identified magnitude. As shown in

'FIG. 10, when the identified frequency approaches the actual frequency,

at 363 sectors per cycle, the cost function approaches its minimum

linearity. FIG. 11 illustrates the square cost function variation with
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identifying frequency in a manner similar to FIG. 10. Comparing FIGS.
10 and 11, the minimum of the square cost function in FIG. 11 is less than
that of the linear cost function il;l-FIG. 10. Therefore, identification with a
square cost function has a higher identification resolution with noise in
the actual burst closure measurement.

- FIG. 12 illustrates the linear cost function variation with identified
phase. In this case, the cage frequency cycle has an initial crossover at
burst 20 so when the identifying phase approaches the actual case, the
cost function approaches its minimum. |

As will be explained herein, the present invention employs
identifying the cage frequency profile for a few tracks of the disc drive,
and predicts or interpolates the profile for the reniaining tracks.
However, a phase difference may develop between the predicted or
interpolated cage frequency and the actual written-in cage frequency.
FIG. 13 shows the crossover sector shift with the number of cage
revolutions due to frequency error. If there is no error in either the
identified magnitude. or starting phase of the cage frequency, the
identified cycle of the cage frequency is N sectors and the cycle of the
actual cage frequency is Nc sectors. The phase shift, in terms of sectors,
is I=(N«-Nc)-m, where m is the number of cage frequency cycles, in terms
of sectors, over which the phase shift occurs. The predicted cage
frequency error, that is the error between the actual and predicted cage
frequency due to phase shift, is
sin(2nf.T, - )

1

B Sin2f T (1, 5 o Nog =)
Sin(eF T, (5 N D)

E(n)=F,(n)-F,(n)=~
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where cage sector nce[0,Nw-I]. When the phase drift [ is zero, the error

E(nc) is also zero. ‘However, when the phase drift /= Z‘ , the error

E(n,)=2-P,-sin(2nf,,T,-n,), and the track closure and track squeeze

caused by cage frequency are doubled. Consequently, it is important to

- cancel phase drift between the actual cage frequency and the predicted

cage frequency.

In accordance with the present invention, the tracks of the disc are
segregated into zones, and tﬁe written-in cage profile is identified for
each zone. The zones are small enough that frequency drift over the
zoné does.not affect phase shift beyond a design limit. Preferably, zones
containing about 400 radial tracks provides a manageable maximum
phase shift over the zone. o

The magnitude of the cage frequency signal in zone i is

P(n)=P, sm[zL%VMJ Eq.4

ci

- where Pu is the identified peak cage frequency signal, ne[0,Nw-Mx-1], M

is the number of radial bursts in zone i, and Na is the number of servo
sectors in a cage frequency cycle in zone i. As shown in FIG. 2, the
number of radial bursts M in a zone is twice the number of tracks in that

zone, and hence is a measure of disc frequency cycles in terms of sectors.

The number of cage frequency cycles N, =N, +—A§"—, where N1 is the

number of servo sectors in a cage frequency cycle in the prior zone i-1,
Mui is an integer number of cage frequency cycles in zone i and L; is the

difference between the identified starting phase and predicted starting
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phase in zone i. The sector number where burst closure occurs is

calculated as

k

n,(m)= remainder(WJ , _ Eq.5

where ng is the sector number where the burst closure occurs in m=0.

The written-in cage frequency profile for each burst is described by

- Equations4and 5. -

In the present invention, it is preferred that information
concerning cage frequency, maximum burst closure and initial phase be
calculated and stored for tracks at various radial positions on the disc.
Conveniently, this can be accomplished simply by employing one or few
tracks from each zone of the zone bit recording. Alternatively, the
selected tracks may be distributed across the radius of the track in any
fashion deemed desirable. In either case, the actual frequency,
maximum burst closure and phase are interpolated from the values
associated with the zone during normal read and write operations of the
disc drive. | .

FIG. 14 is a flow chart illustrating the process of identifying the
cage frequency profile in accordance with the present invention. At step
250, the initial written-in cage frequency profile f. is identified as
heretofore described. At step 252, the magnitudes of written-in servo
burst closure D(nc) is read for a plurality of K consecutive burst closures
extending over a -plufality of adjacent tracks. As described in connection
with FIG. 7, the value of K is large enough to obtain an adequate sample
so that one of the burst closures is likely to be at or near a maximum

burst closure. At step 254, the maximum servo burst closure D(nep) is
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identified as the lérgest burst closure found. At step 256, the

identification of servo sector nep where the maximum servo burst closure

occurs is calculated from Equation 2. At step 258, the magnitude D(no) of
the cage frequency signal at a selected initial servo sector ng is calculated
based on a difference between servo sector no and a servo sector Nep and
the maximum servo burst magnitude D(nep). At step 260, the initial
phase ¢o of the cage frequency is calculated for servo sector no using

. Equation 1. The maximum magnitude D(ncp), the initial phase ¢o and the

cage frequency f. are stored to a table at step 262.

At step 264, a determination is mad_e as to whether the current
zone is the last zone for which calculation is required. If it is, the process
ends. If it is not, the process loops back to increment zone number at

step 266 and perform steps 256-262 for the next zone.

The zones are preferably small enough that phase drift over the

zone does not materially affect the detection of cage frequency and
writing cage frequency profiles (frequency, maximum servo burst
closure and phase) over the zone. |
B. Compensating for Cage Frequency Profile

The identification of cage frequency is performed during
certification test of the disc drive. Cage frequency compensation is
carried out usihg either a ZAP correction technique or a look-up table
technique. The ZAP correction technique adds a correction value to the
ZAP data in a ZAP table for injection into the control system as a feed

forward compensation input. The look-up table techrﬁque places the

‘cage frequency parameters in a look-up table for lookup to compensate

- the head position signal with a feed forward compensation input.
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For tﬁe ZAP correction technique, during certification or
qualification of the disc drive, the cage frequency is identified before
performing ZAP learning on the repeatable runout. The magnitude,
frequency and starting phase parameters of the cage frequency are
saved in memory for each zone. During ZAP learning, as described in
the aforementioned Application No. 09/489,532, the learned ZAP data is
modified by the cage frequency profile generated by Equations 4 and 5
for storage in the ZAP table.

FIG. 15 is a block diagram of a track following controller model
employing the ZAP correction in accordance with the presently
preferred embodiment of the présent invention. The controller model
includes a drive controller 300 that receives position signals from input
302 and provides an output to actuator 304, which may be a voice coil
motor 116 (FIG. 1). Actuator 304 responds to signals from controller 300
to éhange the position of a data head, such as head 111 (FIG. 1). For
example, contr'ollei 300 may provide track seek signals to move the head
from one track to another, or may provide track following signals to
maintain the head over the center of a track. A position disturbance,
such as windage, vibration, runout (including non-repeatable runout
due to cage frequency) and other factors, may cause changes of the
head/track position so that the head appears to move slightly from track
center. The position disturbance is reflected in a position error signal at
306 which is combined with a ZAP correction by summing device 312.
The ZAP correction value is stored in a-ZAP table 310 and accessed by
ZAP controller 308 for summing by summing device 312 with the

position error signal. The combined position error and ZAP correction
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signal is fed forwarded to drive controller 300 to adjust the position of
the head. _

ZAP table 310 contains ZAP data representing repeatable runout
profiles modified by the non-repeatable cage frequency profile. The ZAP
table is stored in the track identification sector on the disc track during
qualification or certification of the disc drive. During normal read and
write operations, the ZAP table is read back from the track identification
by ZAP controller 308 to derive a compensation factor to the position
error signal based on the RRO-ZAP data and the written-in NRRO-cage
frequency profile. The compensated position error signal is injected into
the control system as a feed forward Eompensation input.

If the compensation is performed using a look-up table, the cage
frequency is identified during certification or qualification of the disc
drive and stored in a RAM (random access memory). Each zone of the
disc has an entry in a look-tip table that identifies the magnitude,
frequency and starting phase data for the cage frequency. The look-up
table is stored in reserved tracks on disc 107 (FIG. 1) of the disc drive for

retrieval during read and write operations. During normal read and

- write operations, the magnitude, frequency and starting phase

parameters are retrieved from the reserved tracks to the RAM, and the
éage frequency profile for the track of interest is generated by
interpolation using Equations 4 and 5. Data feﬂecting the profile is
injected into the position error signal as a feed forward compensation
input to cancel effects of cage frequency in the signal to controller 300.
The advantage of this solution allows more accurate correction of cage

frequency profile during read and write operations, but the drawback is
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memory consumption and on-the-fly calculation. For a disc drive with
20,00_0 tracks, if 400 tracks exist per zoﬁe, the table will contain 50 entries,
each requiring a start phase, frequency offset from a default frequency
(e.g:, 36 Hertz) and magnitude data. Therefore, a RAM memory of about
two kilobytes is required to store the look-up table.

~ Stated another way, in a preferred embodiment, the magnitude
and frequency of written-in runout due to vibration of the cage of a
spindle motor of a disc drive 100 is identified for use by the disc drive to

compensate the position of head 111 due to the written-in runout during

'operation. The process of identifying written-in runout includes

identifying an initial cage frequency value of the motor. The written-in
magnitude of servo burst closures is read at step 252 over a plurality of
tracks, and a maximum servo burst closure is identified at step 254 from

the plurality of read servo bursts. The magnitude of the cage frequency

at a servo sector np is calculated at steps 256 and 258 based on a

difference between the read magnitudes of the servo burst closures at
servo sectors nc and nea. The initial phase of the cage frequency is
calculated at step 260 based on the magnitude of the written-in cage
frequency at servo sector no. The cage frequency profile, in the form of
the cage frequency, maximum servo burst closure and calculated phase,
is stored at step 262 in memory 310. Preferably, the cage frequency
profile is calculated for each of a plurality of zones ori the medium,
thereby minimizing phase shift._ _

The track following signal in disc drive 100 is'compensated for
written-in cage frequency runout. A position signal is supplied to an

actuator 304 of the disc drive, and is modified based on a cage frequency
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profile of the disc drive. Preferably, learned ZAP data is modified by the
cage frequency profile and stored in a ZAP memory 310. A

- compensation signal based on the modified. ZAP data is added to a

signal representing a position disturbance of a read head of the disc
drive. The result is applied to the drive controller 300 to operate actuator
304. _
~ Controller 300 provides a position signal to the actuator 304 to
control position of the head relative to a selected track 113 on the
medium 107, and cage frequency profile means modifies the position
signal based on a cage frequency profile of the disc drive. The cage
frequency profile means includes a memory 310 containing the cage
frequency profile associated with the disc drive. A summing'device 312,
such as a feed forward controller, combines the cage frequency profile
with a signal representing a position disturbance of the head and a
posiﬁon command signal. The drive controller 300 is responsive to the
summing device 312 to operate the actuator 304 fo control the position of
the head 111 relative to the selected track 113. |
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 description, together with details of the structure
and function of various embbdiments of the invention, this disclosure is
illustrative only, and changes maiy be made in detail, especially 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 for detecting cage frequency may vary
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depending on the particular application. Additionally, the particular
elements of the storage and correction of cage frequency runout may
vary depending on the particular disc drive, while maintaining
substantially the same functionality without departing from the scope
and spirit of the present invention. Thus, although the preferred

embodiment described herein is directed to using a ZAP system. for

| correcting for runout due to cage frequency, the cage frequency data

may be stored on the disc, or in a separate ROM accessible to the drive
electronics. Additionally, while compensation for cage frequency runout
is described in connection with a feed forward compensation, which

injects compensation before the actuator controller, any compensation

| strategy may be employed, including a feedback compensation that

injects compensation into the signal from the controller to actuator 116.
It will be appreciated by those skilled in the art that the teachings of the
present invention can be applied to other systems, such as dedicated
servo systems, without departing from the scope and spirit of the present
invention. Moreovef, while a specific example is set forth in the
specification, the teachings of the present invention can be applied to
other disc drives, including optical disc drives employing other
configurations of servo patterns and servo sectors, without departing

from the scope and spirit of the present invention.
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WHATISCLAIMEDIS:
1. A process of identifying written-in runout due to vibration of the

- cage of a spindle motor of a disc drive having a storage disc rotatable
about a spindle axis by the spindle motor, the storage disc having a
plurality of substantially concentric tracks each having a plurality of
servo sectors, at least some tracks exhibiting a servo burst closure
between successive servo éectors,' due to the written-in runout, the
process comprising steps of: |

a) identifying an initial cage frequency value of the motor;

b) . reading a written-in magnitudé of servo burst closures over
a plurality of tracks;

c) identifying a maximum servo burst closure from the
plurality of read servo bursts;

d) calculating a'ma.gnitude of the cage freqﬁency at an initial
servo sector based on a difference between the read
magnitudes of the servo burst closures; and

e) calculaﬁﬁg a phase of the cage frequency based on the
magnitude 6f the written-in cage frequency at the

initial servo sector.

2. The process of claim 1, wherein step (b) is performed over

successive servo burst closures over the plurality of tracks.

3. The process of claim 1, further including steps of: _
f) storing values of the cage frequency, maximum servo burst

closure and calculated phase.
I —

O



4. The process of claim 1, wherein step (d) is performed by steps of: ..
dl) calculating a servo sector having the maximum servo burst
closure, and ,
d2) calculating a magnitude of written-in cage frequency at the
initial servo sector based on a difference between
servo sector numbers for consecutive sectors and the
maximum servo burst closure.
5. The process of claim 4, further including steps of:
f) storing values of the cage frequency, maximum servo burst
* closure and calculated phase. |
6. The process of claim 1, further including
g) segregating the tracks into a plurality of zones, and
h) - repeaiting steps (b) through (e) for each zone.
7. The process of claim 6, further including steps of:
- f) storing values of the cage frequency, maximum servo burst
closure and calculated phase for each zone.
8. The process of claim 6, wherein step (d) is performed for each
zone by steps of:

-26-

dl) calculating a servo sector having the maximum servo burst

closure, and
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d2) calculating a magnitude of written-in cage frequency at
- servo sector ng based on a difference between servo
sector numbers for sectors nep and no and the

maximum servo burst closure.

9. The process of claim 8, further including steps of: . .
f) storing values of the cage frequency, maximum servo burst

closure and calculated phase for each zone.

10. A process of compensating a track following signal in a rotatable
disc drive for written-in cage frequency runout, comprising steps of:
a) . providing a position signal to an actuator of the disc drive;
| and |
b) modifying the position signal based on a cage frequency
profile of the disc drive. |

11.  The process of claim 10, wherein step (b) is performed by steps of:

bi) reading a cage frequency profile from a memory associated
with a controller of the disc drive,

b2) adding the cage frequency profile to a signal representing a
position disturbance of a read head of the disc drive,

b3) combining the signal derived in step (b2) to a position
command signal, and

b4) applying the combined signal to the drive controller to
operate the actuator. '

R
rocuiny
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12, The process of claim 11, wherein the cage frequency profile is part

of zero acceleration path feed forward to the disc drive controller.

13.  The process of claim 10, wherein step (b) inéludes modification of
the position signal based on repeatable written-in runout, and includes
steps of: | |
bl) identifying cage frequency parameters,
b2) generating the cage frequency profile based on the cage
frequency parameters,
b3) learning correction parameters for the repeatable runout
with a zero acceleration path,
b4) modifying the learned correction parameters with the cage
' frequency profile, and

b5) storing the modified correction parameters.

14. The process.of claim 13, wherein step (b2) is performed by
calculating a cage freqﬁency correction signal based on
Pc,-(n): I,a‘ .sin(&;v‘fnd_).J , and

ci

Ny -m+ng,
N, ’

n,(m)= remainder(
where Pa(n) is the magnitude of the cage frequency signal at a servo '
sector, ns(m) is the servo sector where a servo burst closure occurs, Pq is
the peak magnitude of the cage frequency signal, n+na is the burst write
time in terms of number of servo sectors of the cage frequency cycle, Na

is the number of servo sectors in a cycle of cage frequency signal, Nw is

* € L M S - %
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the burst write time in terms of number of servo sectors of a track, m is
the number of cage frequency cycles to the track, ny is the sector of burst

closure in cycle m=0, and Nk is the number of servo sectors on the track.

15.  The process of claim 13, further including steps of:
b6) applying the stored correction parameters to the position
signal during read and write operations of the disc
drive.

16.  Apparatus fbr compemaﬁﬁg a radial position of a head of a disc
drive for written-in cage frequency runout, the head being coupled to an
actuator for radial positioning relative to substantially concentric tracks
on a rotatable storage medium, the apparatus comprising:

a controller providing a position signal to the actuator to control
position of the head relative to a selected track on the
medium; and

- cage frequency. profile means for modifying the position signal
based on a cage frequency profile of the disc drive.

17.  The apparatus of claim 16, wherein the cage frequency profile
means includes:
~ a memory storing data representing cage frequency parameters
associated with the disc drive, and
a processor responsive to the cage frequency parameters for
modifying a signal representing a position disturbance of
the head,

|
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the controller being responsive to the processor to operate the
-actuator to control the position of the head relative to the
selected track.

'18.  The apparatus of claim 17, wherein the data stored in the memory
represents written-in repeatable runout modified by written-in

non-repeatable runout due to cage frequency.

19.  The apparatus of claim 17, wherein data stored in the processor is
responsive to the data stored in the memory to interpolate a cage
frequency correction signal, the processor further including
a summing device for summing the cage frequency correction
signal with the signal representing position disturbance of
the head. |

20. The apparatus of claim 19, wherein the processor is so disposed

and arranged to calculate the cage frequency correction signal based on

P, () =P, sm(z"—(;*—"’] and

4

n,(m)= remainder(M—n’—”) ,
k

where Pa(n) is the magnitude of the cage frequency sigha] at a servo

sector, ns(m) is the servo sector where a servo burst closure occurs, P is

the peak magnitude of the cage frequency signal, n+ng is the burst write

time in terms of number of servo sectors of the cage frequency cycle, Na

is the number of servo sectors in a cycle of cage frequency signal, Nw is

LS
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" the burst write time in terms of number of servo sectors of the track, mis

the number of cage frequency cycles to the track, nso is the sector of burst

closure in :cy'cle m=0, and Nk is the number of servo sectors on the track.

21. The apparatus of claim 16, wherein the cage frequency profile

means includes a zero acceleration path feed forward to the controller.

UL



