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[57] ABSTRACT

A method and apparatus are provided to compensate
for the runout that commonly occurs during the reading
from or writing of information on the surface of a disk
medium using a read/write head. The runout relates to
the distance the head is located away from a disk track
center during the rotation of the disk. To maintain the
head in alignment with the track center during the com-
plete revolution of the disk, position information is ob-
tained. This position information is used with discrete
fourier transform techniques to provide a representation
of the disk runout. From this representation, a compen-
sating signal can be generated to provide movement of
the head that compensates for the runout and keeps the
head positioned in alignment with the track center at all
times during the disk rotation.

8 Claims, 3 Drawing Figures
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1
DISK RUNOUT COMPENSATOR

A microfiche appendix is included in this application
and consists of one microfiche having seven frames.

FIELD OF THE INVENTION

The present invention relates to method and appara-
tus for compensating for the runout that occurs during
rotation of a disk.

BACKGROUND INFORMATION

In reading or writing information, such as data, on a
disk, it is important to maintain the transducer or read/-
write head, which is used to read or write the informa-
* tion, in alignment relative to the center of the continu-
ous track on which information is stored or to be stored.
This alignment is important so that the information can
be read accurately or stored properly. A problem com-
monly arises however in that the axis of rotation of the
disk is not precisely the same as the center of the con-
centric tracks located on the disk. This lack of corre-
spondence between the axis of rotation of the disk and
the center of the concentric disk tracks results in a dis-
placement of the head relative to the track center dur-
ing the spinning or rotating of the disk, i.e., the head is
not maintained relative to the center of the track during
rotation of the disk.

This displacement from the track center may be due
to a number of factors including, for example, the disk
was not balanced properly so that the track center is
offset relative to the disk axis of rotation. Alternatively,
when the disk system was assembled initially, the axis of
disk rotation was not properly aligned with the center
of the concentric tracks.

The distance from the track center can be character-
ized as an error signal created by holding the head
stationary relative to the center of one disk track and
permitting the disk to rotate relative to the head. The
error signal comprises the distance the head is away
from the center of the one track at each instance in time
during one revolution of the disk. In the case in which
the head stays in alignment relative to the center of the
track, a straight line is produced, i.e., there is no error in
the error signal.

In a closed loop servo system involving the move-
ment of the head relative to a concentric track, this
displacement can be compensated for to a minimum
degree. However, as the distance becomes relatively
large, the closed loop servo system is unable to generate
sufficient compensation or correction.

The present invention provides a solution to the
aforementioned problem associated with disk runout.
Basically, the error signal can be defined in terms of a
sinusoidal signal having a number of harmonics plus a
DC component or offset from a known, reference level.
Because the error signal is primarily made up of the
sinusoid defined by the fundamental frequency, the
runout can be defined to a very good approximation as
including only the offset and the fundamental frequency
component of the sinusoid. The present invention uses
this representation of the runout signal to generate a
signal substantially equal to that of the determined run-
out. This generated signal is applied to cause the head to
move at the desired times so that it is maintained in
alignment relative to the center of the disk track having
the information to be read or on which the information
is to be written.

10

20

25

35

40

45

50

60

65

2

SUMMARY OF THE INVENTION

_A method and apparatus are disclosed for reducing
the runout associated with a disk storage device. The
apparatus includes a transducer or read/write head used
to read information from or write information on tracks
located on a surface of the disk. The head is connected
to a movable carriage assembly used in positioning the
head relative to the disk surface. The carriage assembly
is connected to a linear motor for use in moving the
carriage assembly in a desired direction and for a de-
sired distance.

The information stored on the disk surface includes
servo or position information which is used by the appa-
ratus to determine the position of the head relative to
the disk surface. In the preferred embodiment of the
present invention, the servo information is stored in
designated areas, servo sectors or servo fields, defined
on the disk surface. The position information is read and
is received by a position determining circuit which
generates a signal indicative of the position of the head
relative to the disk surface. In this regard, it is common
for an error signal or runout to be produced as the disk -
medium revolves or rotates. This error signal relates to
the distance the head is positioned away from a track
center during the revolution of the disk.

The runout values determined by the position deter-
mining circuit are applied to a processing unit. The
processing unit uses discrete fourier transform tech-
niques to provide a representation of the runout. From
the knowledge of the runout obtained, the processing
unit generates a runout compensating or correcting
signal, substantially equal to the derived runout. The
runout correction signal is used to cause the linear
motor to move the carriage assembly and head in a
desired manner so that the runout associated with the
disk movement is compensated for, with the result that
the head maintains a steady position relative to the track
center.

Based on the foregoing, a number of objectives of the
present invention can be easily seen. An apparatus and
method are disclosed for maintaining a read/write head
relative to a track center by eliminating the runout or
wobble which frequently occurs during rotation of the
disk medium. The method of the present invention of-
fers an accurate technique for eliminating runout since
it effectively provides a representation of the runout so
that a signal can be generated to offset or compensate
for the determined runout. With the substantial reduc-
tion or elimination of the runout, data or information
can be properly written on a track center and the head
can be located in alignment with the track center for
accurate reading of the stored information.

Additional advantages of the present invention will
become readily apparent from the following discussion,
when taken in conjunction with the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagrammatic illustration of a disk having
a number of servo sectors and data sectors with the axis
of rotation thereof being different from the center of
concentric tracks formed on the disk;

FIG. 2 is a representation of runout based on position
information and which information is then synthesized
using discrete fourier transform techniques to develop
an accurate sinusoidal representation of the runout; and

FIG. 3 is a block diagram of the present invention.
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DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

In accordance with the present invention, an appara-
tus is disclosed for virtually eliminating or reducing
runout that frequently occurs during the rotation of a
magnetic disk memory. In accomplishing this desired
function, a signal, comprising values or magnitudes,
relating to runout at predetermined times, is defined.
After obtaining a representation of the runout, the run-

out is removed or compensated for in the present inven- -

tion. Before proceeding with the discussion of the hard-
ware and software of the present invention, a descrip-
tion relating to an understanding of the runout is first
provided.

With reference to FIG. 1, a diagrammatic representa-
tion of a surface 10 of a disk 12 is illustrated. The disk 12
has a number of concentric tracks 16. Each of the con-
centric tracks 16 is centered about a true or actual cen-
ter 18 of the disk 12. The tracks 16 store information for
use by a processing system which is operatively associ-
ated with the disk 12.

In connection with how disk runout occurs or is
created, the disk 12 rotates about an axis of rotation 22
which is Iocated, not through the actual disk center 18
as would be desired, but at some distance D from the
disk center, as illustrated in FIG. 1.

Although it is desirable to have the axis of rotation of
the disk 12 through the center 18 thereof, this is often
not the case because of one or more physical factors
associated with disk rotation. These factors include
inaccuracies in the construction of the bearing assembly
used in permitting rotation of the disk 12; an imbalance
resulting in a wobble or eccentric rotation of the disk;
the fact that the cartridge housing the disk 12 is fre-
quently removed from and inserted into the disk drive
which can result in an imperfect centering of the disk
12.

It should also be understood that, for the sake of
illustrating the problem of runout, the axis of rotation 22
of the disk 12 is shown to be at a relatively significant
distance form the disk center 18. In actual practice, the
distance D is not so great but is typically in the range of
0.001-0.002 inches.

The disk 12 of the preferred embodiment has a num-
ber of servo sectors 26 and a number of data sectors 28.
The servo sectors 26 are interspersed in an alternating
manner among the data sectors 28 to provide an embed-
ded servo system. In one embodiment, although each
such servo sector 26 and data sector 28 are not illus-
trated in FIG. 1, thirty-two servo sectors 26 and thirty-
two data sectors 28 are utilized. Each of the concentric
tracks 16 has a portion thereof located in each of the
servo sectors 26. This track portion stores servo or
position information relating to the identity of the servo
sectors 26. This track portion also stores position infor-
mation relating to the identity of the concentric track 16
and which position information is also used in determin-
ing the position of a transducer or read/write head 30
relative to the concentric tracks 16. The transducer 30 is
used in writing information on the center of the concen-
tric tracks 16 and for reading information stored
thereon. As a consequence, an important objective asso-
ciated with reading and writing data or other informa-
tion is to maintain the transducer 30 center. To do so,
the runout which occurs because the axis of rotation 22
does not correspond to the actual center of the disk 18
must be determined and compensated for.
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Referring to FIG. 2, a signal representation of the
runout of the disk 12 of FIG. 1 in which the disk axis of
rotation 22 is offset from its center 18 is provided. The
signal is essentially a sinusoidal representation based on
a number of discrete values obtained during one revolu-
tion of the disk 12. The curve or signal of FIG. 2 relates
the distance the transducer 30 is located relative to the
center of a concentric track 16 to the angle or amount of
rotational movement of the transducer 30 from a prede-
termined reference position on the disk 12. With respect
to FIG. 1, this reference position is the servo sector 264.
More specifically, because the axis of rotation 22 of the
disk 12 is not along the actual center 18 of the disk 12,
during rotation thereof, the transducer 30 does not
maintain an aligned position relative to the center of
each of the tracks 16. That is, the position of the trans-
ducer 30 varies relative to the disk track center. In
conjunction with FIG. 2, and the embodiment of the
disk 12 which includes thirty-two servo sectors 26,
thirty-two discrete values or magnitudes associated
with runout are obtained using the information stored in
the servo sectors 26. Eight of such values are identified
in FIG. 2 as 26a-26g.

In connection with the runout associated with FIGS.
1 and 2, when at the servo sector 264, the transducer 30
is located a distance d1 from an offset average distance,
the determination of which will be discussed later.
When the transducer 30 is positioned over sectors 265,
26¢, 26¢, 26f and 26k of the same track 16, the trans-
ducer 30 is located distances d2, d3, d§, d6, d8, respec-
tively, from the average offset. With respect to sectors
26d and 26g, the transducer 30 is located a distance
corresponding to the average offset away from the
center of the track 16.

From the discrete values determined at each servo
sector 26, a representation of the runout illustrated in
FIG. 2 can be determined in the form of a series of sines
and cosines comprising a fundamental frequency and
harmonics of the fundamental frequency. This represen-
tation can be found using discrete fourier transform
analysis. This sinusoidal representation results in a de-
sired removal of the influence of noise or non-periodic
motion on the runout representation, which noise or
non-periodic motion typically accompanies the position
information. Consequently, since an accurate runout
representation is achieved by discrete fourier analysis,
an accurate and reliable compensating signal can be
developed. In one embodiment, because a sinusoidal
signal that includes only the fundamental frequency
represents the runout to a very good approximation, the
runout is represented as a sinusoid using only the funda-
mental frequency and the offset average.

With the description of the problem completed, refer-
ence can now be made to FIG. 3 which provides a
block diagram of a preferred apparatus for eliminating
or reducing the runout. In particular, the apparatus
includes a position determining circuit 32 which re-
ceives its input from the transducer 30 as the disk 12
rotates about its axis of rotation 22 using a spindle as-
sembly 34. The servo or position information provided
on the disk 12 at each of the servo sectors 26 is used by
the position determining circuit 32 to determine the
distance the transducer 30 is away from the center of a
given track 16 during the time that the transducer 30 is
located to receive servo information from a servo sector
26.

In the preferred embodiment, the position determin-
ing circuit 32 used is the circuit described in U.S. patent
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application Ser. No. 547,308, filed Nov. 1, 1983, entitled
“Method and Apparatus for Controlling Head Move-
ment Relative to a Disk in an Embedded Servo Sys-
tem”, and assigned to the same assignee as the present
invention. The disclosure of U.S. patent application Ser.
No. 547,308 is hereby incorporated by reference.

The position-related analog signal outputted by the
position determining circuit, obtained each time the
transducer 30 receives servo information from a servo
sector 26, is applied to an A/D converter 36. The out-
put of the position determining circuit 32 is also sent to
a sector index determining circuit 38. The circuit 38
outputs information concerning the identity of the index
or reference servo sector 26a. This information is re-
ceived by a microprocessor 40 which uses this informa-
tion to determine which one of the servo sectors 26 is
being accessed. The digital output from the A/D con-
verter 36 is also transmitted to the microprocessor 40,
which communicates with a memory 42. The micro-
processor 40 executes the software instructions stored
in the memory 42 for determining offsetting runout
values, which are used to compensate for the runout.
The steps necessary to determine the runout using the
discrete fourier transform analysis will be discussed in
detail later. The microprocessor 40 generates and out-
puts a digital compensating signal for use in maintaining
the transducer 30 in alignment over the desired track
center and, concomitantly, eliminating the runout.

The digital signal outputted by the microprocessor 40
is applied to a D/A converter 44, which receives the
digital compensating or correcting signal determined by
the microprocessor 40 and converts it to an analog
signal. The analog compensating signal outputted by
the D/A converter 44 is sent to a summing junction 46.
The summing junction 46 also receives the transducer
30 position signal outputted by the position determining
circuit 32. The summing junction 44 combines these
two signals and applies the compensating signal output-
ted therefrom to a compensator 48. The compensator 48
outputs the compensating signal to a power amplifier
50. After amplification of the compensating signal by
the power amplifier 50, it is applied to a linear motor 52,
which is used to drive a carriage assembly 54. The
carriage assembly 54 is connected to the transducer 30
and movement of the carriage assembly 54, as driven by
the linear motor 52, results in positioning of the head 30
relative to different concentric tracks 16 on the disk 12.

The compensator 48 is a conventional device or cir-
cuit that is required to assure that the transducer 30 does
not move in an oscillatory manner about a desired track
location at which a read or write operation is to be
made. Because the closed loop design of the present
invention involves the linear motor 52, there is inherent
instability in the apparatus. As a consequence, the com-
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In conjunction with determining the runout associ-

ated with each servo sector 26 so that a compensating

value can be generated to develop desired movement of 60

the carriage assembly 54, the present invention utilizes
the discrete fourier transform. Generally, the principles
of the discrete fourier transform are used to determine
the magnitude of the amplitude of the fundamental
frequency of the sinusoidal represented runout at each
of the servo sectors 26. To accomplish this objective,
the formulas associated with the discrete fourier trans-
form have been modified for determining only the sin-
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gle fundamental frequency in accordance with one em-
bodiment of this invention. The formulas have further
been modified to reflect the fact that, in the embodiment
discussed herein, each of the thirty-two servo sectors 26
of the disk 12 is sampled eight times to obtain an aver-
age distance value for each of the servo sectors 26. This
average value is a more accurate representation of the
transducer 30 location relative to the track center. With
these modifications, the discrete fourier transform for a
single frequency can be defined as:

N-1
Fre = 1/N nEO 3(fm) + fin + 32) + fin + 64) +
fn + 224)cos(2wnl/32)
N-1
Fim = 1N’ 3 4(0) + fin + 32) + fin + 64) +

fn + 224))sinQ2wnl/32)

An) = Fre cos(2wn/32) + Fim sin(2mrn/32)

where:

Fre is the real part of the vector associated with the
amplitude of the fundamental frequency;

Fim is the imaginary part of the vector associated
with the amplitude of the fundamental frequency;

f(n) is the vector sum of the real part (Fre) and imagi-
nary part (Fim) and corresponds to the amplitude of the
fundamental frequency for the sector n of the servo
sectors 26; .

N =32 (the number of servo sectors 26 in this embodi-
ment);

n=0,1,2,...,31 (representing each of the individual
32 servo sectors 26 of this embodiment); and

1/32=X/n, where X/n represents the period of the
runout per the total number of samples or position val-
ues taken in that period.

In addition to determining the magnitude of the am-
plitude of the fundamental frequency, the present inven-
tion also determines the value of the DC component or
offset associated with the runout from a known, refer-
ence level. This reference level is the center of the con-
centric track 16, the runout of which is determined. In
the preferred embodiment, the magnitude of the offset is
determined by obtaining the average value of all of the
position samples or data taken at each of the servo sec-
tors 26. In the case of thirty-two servo sectors 26, each
of which is sampled eight different times during eight
revolutions of the disk 12, 256 data position samples are
obtained and averaged to determine the offset average.

In operation of the present invention, the runout is
determined first before accessing a desired track 16 of
the disk 12 in order to read or write information. Fur-
ther, in the preferred embodiment, the tracks 16 are
grouped according to zones, i.e. each track 16 is defined
as being located in one zone of a number of zones. And,
the runout for each of the tracks 16 in a particular zone
is essentially the same. Before accessing a track 16 in
order to read or write, the runout representations for all
zones are determined. After the runouts for the zones
are determined, the present invention is able to compen-
sate for the runout in each zone to maintain the trans-
ducer 30 in alignment with the center of the desired
track 16.

The grouping of the tracks 16 into zones and deter-
mining the runout for each zone is implemented primar-
ily because the DC component or offset of the runout
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signal typically varies among the different zones. The
difference between the DC components of the runout
for any two zones is usually significantly greater than is
the difference between the two sinusoidal or AC com-
ponents. The determination of the runout then for the
different zones assures an accurate representation
thereof.

In determining the representation of the runout for a
particular zone, the transducer 30 reads the servo infor-
mation found in each of the servo sectors 26 for a track
16 located in the zone. This position information is
obtained eight times during eight revolutions of the disk

for a particular concentric track 16. The position infor-

mation is outputted from the position determining cir-
cuit 32 and received by the microprocessor 40 through
the A/D converter 38. The microprocessor 40 uses the
discrete fourier transform formulas defined herein
under software implementation. In particular, the mag-
nitude of Fre and the magnitude of Fim are determined
using the sum of the averages of the real vectors and the
sum of the averages of the imaginery vectors, respec-
tively, for each of the servo sectors 26. From the values
of Fre and Fim, f(n) for each servo sector 26 can be
determined. This determination is made by the micro-
processor 40 virtually at the same time a servo sector 26
ia accessed by the transducer 30 so that a compensating
signal can be generated for f(n) by the microprocessor
40 and applied to the linear motor 52 at the same time
that correction is required in conjunction with the
movement of the carriage assembly 54. Specifically, the
digital compensating signal generated by the micro-
processor 40 for a particular servo sector 26 is first
applied to the D/A converter 40 which outputs an
analog version of the compensating signal. This deter-
mined analog signal is sent to the summing junction 46.
The output of the summing junction 46 is sent to the
compensator 48. The output of the compensator 48 is
amplified by the power amplifier 50 and provides the
desired power input to the linear motor 52. The energi-
zation of the linear motor 52 causes movement of the
carriage assembly 54 so that the transducer 30 is main-
tained along the center of the track 16 and the runout is
substantially eliminated due to the compensating move-
ment of the carriage assembly 54 and the transducer 30
connected to the carriage assembly 54.

Although the present invention has been described
with reference to a disk having thirty-two servo sectors,
it should be appreciated that the invention applies as
well to disks having continuously available servo data,
as well as disks having a different number of servo
sectors, with the discrete fourier transform formulas
being appropriately modified for use with any such
embodiment. It should also be understood that the pres-
ent invention is not necessarily limited to the use of only
the fundamental frequency of the sinusoidal representa-
tion of the runout. In those instances in which the appa-
ratus, particularly the processing unit thereof, has suffi-
cient time to make the necessary calculations, the dis-

“crete fourier transform formulas can be used to deter-
mine the magnitudes of the amplitudes for one or more
harmonics of the fundamental frequency. Based on such
determinations, more accurate representations of the
runout are achieved.

In connection with the steps for determining Fre,
Fim and f(n), the microfiche appendix accompanying
this application includes software used for making the
required analysis and calculations, such software being
used with a Motorola 6803 microprocessor.
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Based on the foregoing description, a number of
worthwhile advantages of the present invention are
readily discerned. The problem of disk runout is essen-
tially eliminated by determining a representation of the
runout and then generating a compensating or correct-
ing signal to keep the transducer in alignment with a
desired track center. The method of the present inven-
tion provides an accurately determined sinusoidal rep-
resentation of the runout using the discrete fourier
transform. The method is readily implemented and
works efficiently to maintain track and transducer align-
ment during the rotation of the disk. Because discrete
fourier transform analysis is employed, any noise ac-
companying the position information is effectively re-
moved so that the noise does not meaningfully affect the
runout representation. Furthermore, the method of the
present invention is not concerned with response time
associated with determining the runout and providing a
compensating signal at the appropriate time. Instead,
the present invention determines Fre and Fim prior to
the read or write so that only f(n) need be determined,
which determination can be made at virtually the same
time a servo sector is being accessed by the transducer.

Although the present invention has been described
with reference to particular embodiments thereof, it
should be appreciated that still further modifications
and variations can be effected within the spirit and
scope of this invention.

What is claimed is:

1. A method for reducing runout associated with a
read/write head and a rotating disk having a number of
tracks, comprising:

obtaining position information relating to the runout;

transforming the position information into a form

representative of the runout, wherein said step of

transforming includes representing the runout

using at least a first sinusoidal component and a

second sinusoidal component, said second sinusoi-

dal component being separately determined from

said first sinusoidal component, and in which said

representing of the runout includes:

determining a first magnitude relating to an ampli-
tude of said first sinusoidal component using said
position information, and

determining a second magnitude relating to an
amplitude of said second sinusoidal component
using said position information;

generating a runout compensating signal using the

representation of the runout; and

using the runout compensating signal so that the

read/write head is moved to compensate for the

runout.
2. A method, as claimed in claim 1, wherein:

the step of generating a runout compensating signal
includes using only fundamental frequency sinusoi-
dal components.

3. A method, as claimed in claim 1, wherein:

the disk tracks are grouped into a number of zones,
and the steps of obtaining position information,
transforming the position information, and generat-
ing a runout signal are carried out for each of the
zones of the disk.

4. A method, as claimed in claim 1, wherein:

the step of transforming the position information
includes obtaining an average distance of the head
away from a disk track center for a number of
locations along a track center during the rotation of
the disk, and using said average distances to deter-
mine an offset average relating to the runout.
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5. A method, as claimed in claim 1, wherein:

said generating step includes, each time a runout
compensating signal is generated, using only the
representation of the runout in generating the run-
out compensating signal.

6. In a system for reducing runout associated with a

rotating disk, an apparatus comprising:

means for gathering position information related to
the runout;

means for reducing said position information to ob-
tain discrete data associated with the runout;

means for determining a representation of the runout
using said discrete data, said means for determining
including means for determining a first sinusoidal
component and for separately determining a sec-
ond sinusoidal component, said first sinusoidal
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component having an amplitude and said second
sinusoidal component having an amplitude, each of
said amplitudes being separately obtained using
said position information and said means for deter-
mining; and

means for generating a signal substantially equal to
the representation of the runout to compensate for
the runout.

7. An apparatus, as claimed in claim 6, wherein:

said means for determining includes means for obtain-
ing an offset average associated with said sinusoidal
representation.

8. An apparatus, as claimed in claim 6, wherein;

said means for determining includes means for obtain-

ing an average of a number of position values.
* % % % X%



