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TITLE OF THE INVENTION
SERVO SYSTEM WITH LEARNING FUNCTION FOR ACHIEVING SERVO
COMPENSATION IN A DISK DRIVE
BACKGROUND OF THE INVENTION

The present invention relates to a disk drive
having a servo system for performing head positioning
control, and more particularly to a servo system
that has a learning function for achieving servo
compensation.

Hard disk drives (HDSs) have a servo system for
achieving head positioning control. The servo system
performs the head positioning control in accordance
with the servo data prerecorded on a disk, thereby to
move the head to a target position on the disk (a
target cylinder or a target track). The servo system
is a feedback control system comprising a component of
which is a microprocessor (CPU). The CPU serves as the
main controller of the HDD. -

In manufacturing the HDD, a stép known as "servo
writing” is performed to record the servo data on the
disk. More specifically, a servo track writer (STW)
records servo data on the disk in the so-called sector
servo scheme after the drive mechanism such as the
head-disk assembly is incorporated into the housing of
the HDD.

Generally, a number of cylinders (or track), which

are concentric, are formed on the disk. Servo data



10

15

20

25

items are recorded in each cylinder, spaced apart in
the circumferential direction of the disk. It is
desired that the servo data items be recorded at such
positions as to define a perfectly circular cylinder as
is indicated by the broken circle 31 shown in FIG. 3.

In the course of the servo writing, the disk 1 may
undergo a runout, such as decentering or warping, when
an impact is externally applied to the HDD or when the
clamp mechanism holding the disk has but inadequate
dimensional precision. Hereinafter, this undesirable
phenomenon shall be referred to as "disk runout."

When a disk runout occurs during the servo writing, the
servo data items are recorded along a distorted circle
as is indicated by the solid curve 30 in FIG. 3.

In the HDD, the servo system drives and controls
the actuator 4, moving the head 2 to the target
cylinder (or track) in order to write data in, or read
data from, the target cylinder. The servo system
controls the actuator 4 in accordance with the servo
data the head 2 reads from the disk 1. If the disk 1
much warps and servo data items are recorded along
a distorted circuit, the head 2 cannot read the servo
data correctly, and the servo system cannot control
the actuator 4 as is desired.

A new servo system has been developed for use in
HDDs. The new servo system has a learning function.

The servo system calculates the amount of a disk runout
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from the head-positioning error and perform servo
compensation on the basis of the amount of disk runout.
(The disk runout takes place in synchronism with the
rotation of the disk.) The head-position error is
calculated from the servo data the head has read,

by means of position-error computation. The error
represents the distance between the actual position of
the head and the target position (in most cases, the
center line of the target cylinder).

The new servo system obtains a servo compensation
value (a correction value) for reducing the head
position error resulting from the disk runout, from the
disk-runout value calculated for the head by virtue of
the learning function (hereinafter referred to as
"learned value”). The servo compensation value thus
obtained is supplied to the feedback control system
incorporated in the servo system and is added to
the control value of the feedback control system.

More precisely, the learned value is calculated during
each rotation of the disk and stored in a memory.

The learned value is read from the memory, and a servo
éompensation value is obtained from the learned value,
whenever necessary to perform the head positioning
control. This servo system can control the disk
runout, thereby to improve the precision of head
positioning. This is because the feedback control

system calculates a control wvalue from the
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head-position error and adds the a servo compensation
value to the control value, and performs servo
compensation in accordance with the sum of the control
value and the servo compensation value. A plant is
actually controlled by the servo system is the voice
coil motor (VCM) that drives the actuator holding the
head.

Having the learning function, the servo system
can suppress the instability of head positioning that
occurs due to the disk runout. The servo system can
therefore help to enhance the precision of head
positioning. However, the servo system having the
learning function is disadvantageous in the following
respects.

First, the servo system may store a low-accuracy
learned value (i.e., an erroneous learned value) into
the memory. That is, the servo system performs the
learning operation when the HDD incorporating the
system is started, thus calculating a learned value
and stores the value into the memory. If an external
disturbance (e.g., an impact) is applied to the disk
drive during the learning operation, the servo system
fails to calculate an accurate learned value.

Second, the servo system will impair the precision
of head positioning if it performs servo compensation
in accordance with the sum of the control value

calculated by feedback control and the servo



compensation value obtained from a low-accuracy learned
value read from the memory. In the worst case, the
head positioning control the servo system performs may
be less precise than the control performed by a servo
5 system having no learning function.
BRIEF SUMMARY OF THE INVENTION

The object of the present invention is to provide
a disk drive having a servo system which has a learning
function and which can perform reliable, high-precision

10 head positioning control even if the servo compensation
is inadequate due to a low-accuracy learned value.

To attain the object, a disk drive according to
the invention a servo system can perform a learning
operation. In the learning operation, a learned

15 value corresponding to a disk runout that occurs in
synchronism with the rotation of the disk is calculated
when the disk drive is started, and a servo compensa-
tion value (correction value) for suppressing the disk
runout is obtained from the learned value. The servo

20 system has a feedback control system. The feedback
control system calculates a control value for driving
an actuator designed to move a head. The servo
compensation value is added to the control value by
means of feedforward control.

25 The disk drive comprises memory means and control
means. The memory means stores the learned value

calculated by the learning means. The control means
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abandons the learned value (or erases the learned value
in the memory means) if it infers that the learned
value is an erroneous one.

The control means calculates a servo compensation
value (correction value) form the learned value stored
in the memory means and adds the servo compensafion
value to the control value during a normal read/write
operation. The control means has means for determining
whether the learned value deviates from a prescribed
tolerance value due to an external disturbance or thg
like during the learning operation.

The learned value is abandoned if it is determined
that the learned value deviates from the prescribed
tolerance value during the learning operation performed
at the start of the disk drive. Servo compensation
is therefore prevented from being carried out on the
basis of an erroneous learned value. This renders it
possible to prevent the precision of head positioning
from decreasing below the tolerance.

Moreover, the control means may be designed to
store, into the memory means, the number of the head
used in calculating the learned value, if the learned
value is an erroneous one and abandoned. In this case,
the control means repeats the learning operation
a prescribed number of times, which is stored in
a memory.

Additional objects and advantages of the invention
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will be set forth in the description which follows, and
in part will be obvious from the description, or may
be learned by practice of the invention. The objects
and advantages of the invention may be realized and
obtained by means of the instrumentalities and combina-
tions particularly pointed out hereinafter.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING

The accompanying drawings, which are incorporated
in and constitute a part of the specification, illust-
rate presently préferred embodiments of the invention,
and together with the general description given above
and the detailed description of the preferred embodi-
ments given below, serve to explain the principles of
the invention.

FIG. 1 is a block diagram of a disk drive
according to the present invention;

FIG. 2 is a block diagram illustrating the servo
system incorporated in the disk drive of FIG. 1;

FIG. 3 is a diagram for explaining the servo data
recorded on a disk provided in a conventional disk
drive;

FIG. 4 is a flowchart showing the sequende of
the learning operation performed in a servo system
according to the first embodiment of the invention;

FIGS. 5 and 6 are flowcharts explaining the
learning operation performed in a modification of

the first embodiment of the invention;
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FIG. 7 is a flowchart showing the sequence of
the learning operation carried out in a servo system
according to the second embodiment of the invention;

FIGS. 8 and 9 are diagrams explaining how the
learning converges in the third embodiment of the
invention; |

FIG. 10 is a flowchart explaining the sequence of
the learning operation carried out in a servo system
according to the third embodiment of the invention;

FIG. 11 is a flowchart explaining the sequence of
the learning operation performed in a servo system
according a modification of the third embodiment:

FIG. 12 is a flowchart illustrating the segquence
of the learning operation performed in a servo system
according to the fourth embodiment of the invention;

FIG. 13 is a flowchart explaining the sequence of
the learning operation carried out in a servo system
according to the fifth embodiment of this invention;

FIGS. 14 and 15 are flowcharts illustrating the
sequence of the learning operation performed in a servo
system according to the sixth embodiment of the
invention;

FIG. 16 is a flowchart showing the sequence of
the learning operation performed in a servo system
according to the seventh embodiment of this invention;
and

FIG. 17 is a flowchart explaining the sequence of
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the learhing operation carried out in a servo system
according to the eighth embodiment of this invention.
DETAILED DESCRIPTION OF THE INVENTION

Embodiments of the present invention will be
described, with reference to the accompanying drawings.

(Disk Drive)

The disc drive to which the embodiments are
applied is a hard disk drive. As shown in FIG. 1,
the disk drive has a disk 1 and comprises a head 2,

a spindle motor (SPM) 3, an actuator 4, and a voice
coil motor 5. The disk 1 is a data recording medium.
The head 2 is designed to write and read data on and
from the disk 1. The SPM 3 rotates the disk 1 at ﬁigh
speed. A number of concentric cylinders (tracks) are
formed on the disk 1. Servo areas and data area are
provided in each cylinder. The servo areas are spaced
at regular intervals in the circumferential direction
of the disk 1, with the data area provided among the
servo areas. Servo data items are prerecorded in the
servo area. The servo data is used to move the head 2
at a target cylinder (that is, to a desired position).
User data can be fecorded in the data areas.

The head 2 comprises a slider, a read head element
and a write head element. The slider is the main body
of the head 2. The head elements are mounted on the
slider, spaced apart from each other. The head 2 is

mounted on the actuator 4. The actuator 4 can be
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driven by the VCM 5. For simplicity of explanation,

it is assumed that the disk drive has only one disk 1

- and two heads 2. One of the heads 2 faces one surface

of the disk 1, and the other head 2 faces the other
surface of the disk 1.

The disk drive further comprises a motor driver
IC 6, a preamplifier 7, a read/write (R/W) channel 8,
a disk controller (HDC) 9, a CPU 10, a memory 11, and
a sensor 12. The motor driver IC includes a VCM driver
6A and a SPM driver 6B. The VCM driver 6A supplies
a drive current to the VCM 5. The VCM 5 is an object
of control (or plant) in the verso system, in the
narrow sense of the word. The SPM driver 6B supplies
a drive current to the SPM 3, under the control of the
CPU 10.

The preamplifier 7, or head amplifier circuit,
selects one head 2 or the other. It supplies a write
signal to the head 2 selected or receive a read signal
therefrom. The R/W channel 8 process read signals and
write signals, generates servo data and supplies the
servo data to the CPU 10. The HDC 9 functions as an
interface, controlling the tranéfer of commands, read
data and write data between the R/W channel 8 and
a host system. It works as a controller, too, for
transferring read data and write data between the R/W
channel 8 and the host system.

The CPU 10 is the main controller in the disk



10

15

20

25

- 11 -

drive and the main component of the servo system.

The CPU 10 performs the three main functions of the
servo system, i.e., head positioning control, learning
function and servo compensation. The memory 11 is
a.nonvolatile one, such as a flash EEPROM, in which
data can be rewritten. The memory 11 stores the
learned values generated by the CPU 10 and other data
such as the head numbers.

The sensor 12 is provided to detect an external
disturbance, such as an impact, applied to the disk
drive. In the first embodiment that will be described
later, the CPU 10 monitors the output of the sensor 12
during the learning operation, thereby determining
whether or not an impact has been applied to the disk
drive due to an excessive external disturbance.

(Servo System)

As described above, the CPU 10 is the main
component of the servo system incorporated in the disk
drive. Each head 2 reads and write data from and in
the data area (a desired position) on the disk 1, in
accordance with a read/write command supplied from the
host system. This operation the head 2 performs shall
be called "read/write operation" for the sake of
brevity. The servo system drives the VCM 5, which
moves the actuator 4. The head 2 is thereby moved to
the desired position on the disk 1. Thus, the servo

system accomplishes head positioning control, using the
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servo data prerecorded in the servo area provided on
the disk 1.

FIG. 2 is a block diagram illustfating the servo
system. As shown in FIG. 2, the servo system comprises
a feedback control system and a feedforward control
system. The feedback control system controls the plant
P (i.e., VCM 5) in accordance with a control value
supplied from a stabilized compensation unit (or
controller) Cl. The feedforward control system
supplies a servo compensation value Uf to the feedback
control system.

The feedback control system finds the distance
between the desired position R the head 2 should take
and the position Y the head 2 takes at present. To be
more specific, the desired position R, which the servo
data represents, exist on the centerline of a cylinder.
The distance between the position R and the head 2 is
the position error E of the head 2. The controller Cl
generates a control value that will eliminate the
position error E.

As indicated with reference to FIG. 3, the servo
data is recorded along a distorted circle as indicated
by the solid curve 30, when a disk runout occurs during
the servo writing. In this case, there is an error AE
~ that makes it impossible to reduce the position error E
to nil.

The feedforward control system serves to suppress
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the error AE. It generates a servo compensation value
Uf. The value Uf is added to the control wvalue output
by the feedback control system (i.e., the controller),
thereby suppressing the error AE. The feedforward
control system comprises an adaptive disk-runout
compensation unit C2a, a learning disk-runout
compensation unit C2b, and switches SW1l and SW2.
When the switch SW1 is closed, the learning disk-runout
compehsation unit C2b is selected. When the switch SW2
is closed, the adaptive disk-runout compensation unit
C2a is selected.

Both compensation units C2a and C2b are control
elements for controlling the disk-runout component
that correéponds to the rotational speed of the SPM 3.
Each of the compensation units C2a and C2b performs a
learning operation, obtaining a learned value including
the amplitude and phase of the disk-runout component,
and calculates a servo compensation value Uf from
the learned value. More precisely, each compensation
unit develops a Fourier series from the position
error E obtained in the head positioning control.
Each compensation unit (C2a, C2b) finds learned values
for the respective servo areas provided in a cylinder
allocated for the learning operation, and calculates
servo compensation values Uf for the respective learned
values. The servo compensation values Uf are stored

into the memory 11. Like the feedback control system,
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the feedforward control system having the compensation
units C2a and C2b is realized as the CPU 10 carries out
various operations.
(Operation of the Feedforward Control System)
Immediately after the power-supply switch of the
disk drive is closed, the switches SW1 and SW2 are
turned on and off, respectively, in the feedforward
control system. The learning disk-runout compensation
unit C2b starts a learning operation, calculating a
learned value. The learned valued is stored into the
memory 11. To start the normal read/write operation,
thereby to performs the head positioning control, both
switches SW1 and SW2 are turned off. 1In this case, the
learning disk-runout compensation unit C2b calculates
a servo compensation value Uf from the learned value
stored in the memory 11. The servo compensation value
Uf is added to the control value of the feedback
control system (i.e., the output of the controller Cl).
If the precision of positioning the head does
not iﬂcrease, the switch SW2 is closed, thus turning
on the adaptive disk-runout compensation unit C2a.
The compensation unit C2a performs a learning
operation, whenever necessary, with respect to the
target cylinder during the read/write operation.
In That is, the compensation unit C2a calculates
a learned value and a servo compensation value Uf every

time the head positioning control is carried out.
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The servo compensation value Uf is added to the control
value of the feedback control system (i.e., the output
of the controller Cl), thus accomplishing servo
compensation. Since the unit C2a performs as long as
the switch SW2 remains closed, it may take a long time
to move the head to the target cylinder, impairing the
efficiency of the read/write operation. Thus, the
switch SW2 is usually held open and is closed only the
precision of positioning the head does not increase
during the read/write operation.

(First Embodiment)

How the servo system according to the first
embodiment of the invention perform a learning
operation will be described, with reference to mainly
the flowchart of FIG. 4. 1In the following description,
the operation of the servo system shown in FIG. 2 will
be regarded as the operation of the CPU 10.

The first embodiment is designed to initiate the
learning operation when the disk drive starts operation
(or immediately after the power-supply switch is turned
on). In other words, the learning disk-runout compen-
sation unit C2b shown in FIG. 2 performs a learning
operation. To be more specific, the CPU 10 rejects the
learned value calculated by the learning operation, if
an impact D resulting from an external disturbance is
applied to the disk drive. That is, the CPU 10 erase

the leaned value in the memory 11 or sets value of "0"
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therein.

The sequence of the learning operation performed
in the first embodiment will be explained with
reference to the flowchart of FIG. 4.

First, the CPU 10 starts initial learning
operation immediately after the power-supply switch of
the drive ié closed. The head 2 is moved to a learning
cylinder, which has been selected from the many
cylinders provided on the disk 1 (Step S§1). That is,
the CPU 10 carries out both the head positioning
control, designating the learning cylinder as the
target cylinder. This head positioning control is
similar to the one carried out in the normal read/write
operation.

The CPU 10 calculates a position error E from
the servo data the head 2 positioned at the learning
cylinder has read from the servo area of the learning
cylinder. The position error E is calculated in the
same way as in the course of the head positioning
control achieved during the normal read/write
operation. From the position error E the CPU 10 finds
a leaned wvalue that corresponds to the disk runout
(Step S2).

If no impact resulting from an external
disturbance is applied to the disk drive, the CPU 10
performs a learning operation for each servo area of

the learning cylinder, while the time the disk 1 is
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rotating about 20 times. The learned value calculated
for each servo afea (e.g., the average of 20 learned
values obtained while the disk 1 is rotating 20 times)
is stored into the memory 11, along with the number
assigned to the head 2 (Steps S5 and S6, if NO in

Step S3).

The CPU 10 determines from the output of the
sensor 12 whether or not the disk drive has received
an excessive impact D (Step S3). If YES, the CPU 10
abandons the learned value stored in the memory 11
(Step S4). More specifically, upon completing the
learning operation, the CPU 10 erase the learned value
stored in the memory 11 or sets 0" as a learned value
for the head number. If the CPU 10 has yet to complete
the learning operation, it terminates the learning
operation and sets "0" in the memory 11 as a learned
value for the head number.

The initial learning operation thus performed
stores in the memory 11 either an effective learned
value or an invalid learned value (i.e., "0") for the
head number. The CPU 10 uses the learned value stored
in the memory 11, calculating a servo compensation
value Uf, when the head positioning control is started
in the normal read/write operation. The CPU 10 also
calculates a control value for the VCM 5, by virtue of
the feedback control system, and adds the servo compen-

sation value Uf to the control value. The feedback
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control system uses the sum of the control value and
the servo compensation value, suppressing the disk
runout component (i.e., the position error AE). The
head positioning control can thereby be achieved with
high precision.

If the disk drive receives an impact due to
an external disturbance during the initial learning
operation, an erroneous leaned value will be very
likely generated. The CPU 10 monitors the external
disturbance using the sensor 12 and determines that
the learned value is erroneous upon detecting that
an excessive impact has applied to the disk drive.
In this case, the CPU 10 abandon the leaned value.
Hence; the CPU 10 does not performs servo compensation
on the feedback control system during the normal
read/write operation, because no valid learned values
are stored in the memory 11. Inappropriate servo
compensation using an erroneous learned value is
thereby prevented. The precision of head positioning
would not lower at all.

(First Modification of the First Embodiment)

FIG. 5 is a fiowchart explaining the learning
operation performed in a modification of the first
embodiment of the invention.

The modified servo system is designed to set the
detecting level of the sensor 12 at a specific value,

thereby to perform a learning operation. That is, the
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detecting level is set lower than one for the normal
read/write operation. The CPU 10 stops the read/write
operation, suppressing the read/write error as much

as possible, when it determines that the disk drive
has received an excessive impact during the normal
read/write operation.

During the initial learning operation, an impact
applied to the disk drive can be absorbed unless the
impact is an excessive one. If the detecting level
of the sensor 12 is as high as the one for the normal
read/write operation, the CPU 10 will more likely
fail to perform the initial learning operation.
Consequently, the possibility of generating a learned
value will decrease. Hence, during the initial
learning operation, the detecting level of the sensor
12 is set at such a low level that no erroneous learned
value may be calculated (Step S11). Once the detecting
level is so set, the learning operation is carried out
in the sequence shown in FIG. 5, which is similar to
Steps S1 to S6 illustrated in FIG. 4.

{(Second Modification of the First Embodiment)

FIG. 6 is a flowchart explaining the learning
operation performed in another modification of the
first embodiment of the invention.

In this modification, it is determined whether or
not the CPU 10 has calculated an erroneous learned

value, in accordance with whether erroneous servo data,
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particularly an address error, has been reproduced, not
in accordance with whether the sensor 12 has detected
an impact.

As indicated above, the CPU 10 calculates a
position error E from the servo data the head 2 has
read from the learning cylinder to which the head 2 has
been moved. The CPU 10 then obtains a learned value
for the disk runout component, from the position error
E thus calculated (Steps S21 and S22).

More precisely, the CPU 10 determines whether or
not the address (e.g., cylinder code) contained in the
servo data differs from the address allocated to the
learning cylinder (Step S23). If YES, the CPU 10
determines that an address error has occurred. This
means that the head 2 has shifted from the learning
cylinder to another, due to the impact applied to the
disk device, and has inevitably read the servo data
prerecorded in the other cylinder.

If an address error has occurred, it is quite
possible that the learned value the CPU 10 has
calculated is an erroneous one. In this case, the
CPU 10 abandons the learned value (Step S24).

In practice, the CPU 10 sets "0" as the learned value
for the head 2.
Steps S25 and S26 shown in FIG. 6 are similar to

Steps S5 and S6 shown in FIG. 4.



(Second Embodiment)

FIG. 7 is a flowchart showing the sequence of the
learning operation carried out in a servo system that
is the second embodiment of the invention.

5 In the second embodiment, it is determined whether
or not the CPU 10 has calculated an erroneous learned
value, in accordance with whether a drift-off has
occurred or not. The term “drift-off" means an exces-—
sive decrease in the precision of head positioning.

10 More precisely, the term means that the head 2 has
drifted from the target cylinder due to an external
disturbance or the like, inevitably failing to read
and write data from and on the target cylinder. Upon
determining fhe occurrence of a drift-off, the CPU 10

15 inhibits the head 2 from writing data on the disk 1.

In the second embodiment, the CPU 10 determines
whether a drift-off has occurred or not, from the
position error E that has been used in the learning
operation after the initial learning operation.

20 How the learning operation is achieved in the
second embodiment will be described with reference to
the flowchart of FIG. 7.

When the initial learning operation is started,
the CPU 10 moves the head 2 to the learning cylinder

25 (Step S31). The CPU 10 calculates a position error
E from the servo data the head 2 has read from the

learning cylinder and performs the learning operation
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until it obtains from the position error E a learned
value relating to the disk runout (Step S32). The
learned value is stored into the memory 11, together
with the number of the head 2.

After the completion of the learning operation,
the CPU 10 determines from the position error E whether
the head 2 has undergone a drift-off or not (Step S33).
If the CPU 10 determines that a drift-off has occurred,
the head 2 is considered to have moved from the
learning cylinder at which had once been positioned in
accordance with the learned value.

The CPU 10 then counts the number of times the

drift-off has occurred, obtaining a count DC (Step
$39). If NO, the operation goes to Step S34. If YES,
the operation goes to Step S$39, in which a counter
(not shown) increases its count by one. The CPU 10
determines whether a prescribed monitoring time has
passed or not (Step S34). If NO, the operation returns
to Step S33. If YES, the CPU 10 checks the number of
times the drift-off has occurred (Step S34). Then, the
CPU 10 determines whether the number of times checked
is less than a prescribed value or not (Step S36).
If YES in Step S36, the CPU 10 determines that the
initial learning opération has normally ended, and
stores the initial learned value into the memory 11
together with the head number (Step S37).

If the number of times is equal to or greater than
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the prescribed value, the CPU 10 determines that the
learned value is erroneous, and abandons the initial
learned value and stops performing the learning
operation (Step S38). More specifically, the CPU 10
sets "0" as the learned value for the head identified
by the head number.

As described above, the CPU 10 abandons any
learned value obtained during the learning operation
if a drift-off occurs after the learning operation.
Hence, no erroneous learned values are used when the
normal head positioning control starts. This prevents
a noticeable decrease in the precision of head
positioning.

It is desired that the reference drift-off level
be lower in the initial learning operation than in the
normal read/write operation. If the reference drift-
off level is as high as, or higher than, in the normal
read/write operation, the efficiency of the normal
read/writé operation will decrease, though it is
possible to suppress the position error to the upper
limit of the drift-off when the learned value is
an erroneous one.

(Third Embodiment)

A servo system according to the third embodiment
of the invention will be described, with reference to
FIG. 8, 9 and 10. In the third embodiment, whether the

learned value calculated in the learning operation is
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erroneous or not is determined in accordance with how
the learned value converges.

As indicated ;bove, the servo data prerecorded on
the disk 1 become incorrect if a disk runout takes
place while the disk 1 is rotating. As a consequence,
a position error is made, changing as is indicated by
the broken curve 82 in FIG. 8. During the initial
learning operation, the CPU 10 learns the disk runout
represented by the broken curve 82 and calculates a
learned value. The CPU 10 performs servo compensation
on the basis of the learned value, thus suppressing the
disk runout as indicated by a solid curve 81 shown in

FIG. 8. The position error therefore converges with

"time. The one-dot, dashed lines 83 shown in FIG. 8,

represent the convergence of the learned value. As the
position error gradually decreases, the learning
operation is more correctly carried out and the learned
value becomes less erroneous.

If an external disturbance is applied to the
feedback control system of the servo system as shown in
FIG. 2, however, the position error relatively
increases as is illustrated by the broken curve 91 in
FIG. 9. If the learning operation is performed on the
basis of the position error influenced by .the external
disturbance, the servo-compensated position error will
increase, too, as can be understood from the solid

curve 93 shown in FIG. 9. Thus, the learned value will
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not converge, as is indicated by the one-dot, dashed
curves 92 indicate in FIG. 9. If the servo compensa-
tion is carried out in accordance with such a learned
value affected by the external disturbance, the
precision of head positioning will greatly lower in
the feedback control system.

. The learning operation is carried out in the third
embodiment, in accordance with the convergence of the
learned value, as will be described in detail with
reference to the flowchart of FIG. 10.

First, the CPU 10 moves the head_2 to the learning
cylinder designated on the disk 1 (Step S41). The CPU
10 performs an learning operation while the disk 1 is
rotating once, calculating a learned value LV2
(corresponding to the disk runout) from the position
error E (Step S42). Further, the CPU 10 stores the
learned value LV2 for one rotation of the disk 1, into
the memory 11 (Step S43).

Then, the CPU 10 carries out a learning operation
for another rotation of the disk, obtaining a learned
value LV1l, and compares the learned value LV1 with the
learned value LV2 during the previous rotation of the
disk 1 (Step S44). The CPU 10 determines whether or
not the value LV1 is smaller than the value LV2
(Step S45). If YES, that is, if the learned value is
converging, the CPU 10 determines whether the learning

operation has ended or not (Step S46). If YES, the CPU
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10 stores the learned value LV1 into the memory 11
(Step S47).

If the value LVl is not smaller than the value
LV2, the CPU 10 determines that the learned value is
not converting and is therefore erroneous. 1In this
case, the CPU 10 abandons the learned values VL1
and VL2, both stored in the memory 11 (Step S48).

In practice, the CPU 10 sets "0" as the learned value
for the head number, as described above.

Thus, the CPU 10 can infer that an erroneous
learned value has been calculated due to an external
disturbance or the like, if the learned value obtained
by the learning operation is converging. In this case,
the CPU 10 abandons the erroneous learned value.

No erroneous learned values are used in the feedback
control system that effects the head positioning
control. This prevents an excessive decrease in the
precision of head positioning.

(Modification of the Third Embodiment)

FIG. 11 is a flowchart explaining the sequence of
the learning operation performed in a modification of
the third embodiment.

The modification is a servo system in which a
differential value is calculated from a learned valué.
If the differential value is less than 0, it is
determined that the learned value is converging.

If the differential value is greater than 0, it is
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determined that the learned value is an erroneous one.

First, the CPU 10 moves the head 2 to the learning
cylinder designated on the disk 1 (Step S51). Then,
the CPU 10 performs a learning operation while the disk
1 is rotating once, calculating a learned value (Step
S52). Further, the CPU 10 stores the learned value
into the memory 11 (Step S53).

Next, the CPU 10 determines whether the learned
value stored in the is converging or not (Step S54).
The CPU 10 may make this decision by the same method as
in the third embodiment, namely by comparing the two
latest learned values calculated. If NO, the CPU 10
calculates a differential value from the latest learned
value (Step S55). Then, it is determined whether the
differential value is less than 0 or not (Step S$56).

If YES, the CPU 10 determines whether the learned value
is converging within a preset value or not (Step S57).
If YES, the CPU 10 stores the learned value into fhe
memory 11 (Step S58).

If NO in Step S56, that is, if the differential
value is not less than 0 due to an external disturbance
or the like, the CPU 10 abandons the learned value
stored in the memory 11 (Step S59).

Thus, the CPU 10 can infers that the learned value
is erroneous due to the external disturbance or the
like, from the differential value obtained from the

learned value. The CPU 10 then abandons the erroneous
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learned value. 1In practice, the CPU 10 sets "0" as a
learned value in the memory 11, as has been described
above. It is therefore possible to prevents an exces-
sive decrease in the precision of head positioning,
that may result from servo compensation that uses
erroneous learned values.

(Fourth Embodiment)

FIG. 12 is a flowchart illustrating the sequence
of the learning operation performed in a servo system
according to the fourth embodiment of the invention.
In the fourth embodiment, whether the learned value
calculated in the learning operation is erroneous or
not is determined in accordance with the amplitude and
phase of the learned value.

How a disk runout is obtained from a position
error E in the fourth embodiment will be explained
first.

If a Fourier series is developed from the position
error E, the first-order component Ll, second-order
component L2, third-order component L3, ** , and
nth-order component LN will be given as follows:

Ll = alsin(1*27/T*t) + Blcos(1l*27x/T*t)

L2 = @2sin(2*2x/T*t) + B2cos(2*2x /T*t)
L3 = o3sin(3*2x/T*t) + B3cos(3*2x/T*t)
In = ansin(n*2x /T*t) + Bncos(n*2x/T*t) (1)

where T is the time the SPM 3 needs to rotate

once, t is the time the SPM 3 keeps rotating, ol to an
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are the first-order to nth-order learning coefficients,
and Bl to Pn aré the first-order to nth-order learning
coefficients.

A learned value N can be found as follows:

L = sgqrt (an"2+8n"2)*sin(n*2x/T+8§) s (2)

where sqrt is a square root.

Each component Ln synchronous with the rotation of
the SPM 3 is obtained as indicated by the equation (1).

The compensation units C2a and C2b, both shown in
FIG. 2, perform the operation of the following equation
(3), thereby calculating a servo compensation value Uf.

Uf = (14C1+*P)/P*L " (3)

where L = L1 + L2 + L3 + - +Ln, Cl is the output
(control value) of the controller C1, and P is the
output of the plant P.

If the disk runout occurs repeatedly, the
amplitude A (= sgrt ("2 + B"2)) and phase 6 of the
learned value L will have almost the same value as
before. If an external disturbance is applied to the
servo system as shown in FIG. 2, however, neither the
amplitude A nor the phase 6 will have the same value as
before.

In the servo system according to the fourth
embodiment, the learning operation is repeated several
times at the same learning cylinder. If the amplitude
A or the phase O does not have the same value again, it

is determined that an erroneous learned value has been
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calculated due to an external disturbance or the like.
In this case, the learned value calculated last is
abandoned. The sequence of the learning operation will
be described below, with reference to the flowchart of
FIG. 12.

First, the CPU 10 moves the head 2 to the learning
cylinder designated on the disk 1 (Step S100). Then,
the CPU 10 performs a learning operation several times,
calculating a learned value upon completing each
learning operation (Step S101). The CPU 10 stores the
amplitude A and phase 6 of each learned value into the
memory 11 (Step S102).

Upon finishing the second learning operation, the
CPU 10 compares the first learned value and the second
learned value in terms of amplitude A and phase O (Step
$104). It is then determined whether the amplitude
difference and phase differencé between the first and
second learned values are equal to or less than the
preset values (Step S105). If YES, the CPU 10 stores
one of the learned values compared (e.g., the first
learned value) into the memory 11 (Step S106).

If NO in Step S105, the CPU 10 infers that the
latest learned value is erroneous and abandons the
latest learned value (Step S107). 1In practice, the CPU
10 sets "0" as a learned value in the memory 11, as has

been described above.
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(Fifth Embodiment)

FIG. 13 is a flowchart explaining the sequence of
the learning operation carried out in a servo system,
which is the fifth embodiment of the invention.

In the fifth embodiment, whether the learned value
calculated in the learning operation is erroneous or
not is determined in accordance with the learning
coefficients al to an and Bl to Bn, all mentioned above
in conjunction with the equation (1). How the learning
operation is carried out in the fifth embodiment will
be described below, with reference to the flowchart of
FIG. 13.

First, the CPU 10 moves the head 2 to the learning
cylinder designated on the disk 1 (Step S110). Then,
the CPU 10 performs a learning operation several times,
calculating a learned value upon completing each
learning operation (Step S111). The CPU 10 stores the
learning coefficient of each learned value into the
memory 11 (Step S112).

Upon finishing the second learning operation,
the CPU 10 compares the first and second learning
coefficients (Step S114). It is determined whether
the difference between the first and second learning
coefficients is equal to or less than a preset values
{Step S115). If YES, the CPU 10 stores one of the
coefficients compared (e.g., the first learning

coefficient) into the memory 11 (Step S116).
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If NO in Step S115, the CPU 10 infers that the
latest learned value is erroneous and abandons the
latest learned value (Step S117). 1In practice, the CPU
10 sets "0" as a learned value in the memory 11, as has
been described above.

(Sixth Embodiment)

FIG. 14 and 15 are flowcharts illustrating the
sequence of the learning operatioﬁ performed in a servo
system according to the sixth embodiment of the
invention.

In the sixth embodiment, the number of the head
that is positioned when an erroneous learned valued is
calculated is stored in a memory. When a host system
supplies the next read/write command to the disk drive,
the learning operation is performed by using the head
identified by the head number stored in the memory.

The sequence of the learning operation carried out
in the sixth embodiment will be described below, with
reference to the flowchart of FIGS. 14 and 15.

As shown in FIG. 14, the CPU 10 moves the head
2.to the learning cylinder designated on the disk 1
(Step S61). Then, the CPU 10 selects one of the heads
(Step S862) and performs a learning operation by using
the head selected (Step S63). The CPU 10 determines
whether an erroneous learned value has been calculated
or not, by the same method as used in the each embodi-

ment described above (Step S64). If NO, the CPU 10
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stores the learned value into the memory 11, together
with the number of the head selected (Step S65).

If YES in Step S64, the CPU 10 abandons the
learned value (Step S67). More precisely, the CPU 10
sets "0" as a learned value in the memory 11 and stores
into the memory 11 the number of the head located at
the ‘learning cylinder when the erroneous learned value
was calculated. Then, the CPU 10 determines whether
or not all heads have been used to effect the initial
learning operation (Step S66). If NOT, Steps S62, S63,
564, S65 and S67 are repeated.

How the learning operation is performed by using
the head identified by the number stored in the memory
11 will be explained, with reference to the flowchart
of FIG. 15.

The CPU 10 receives a read/write command generated
by the host system and starts performing a normal
read/write operation. The CPU 10 determines whether
the memory 11 stores a head number “0" (Step S71).

Note that the head number "0" identifies a head not
used to perform a learning operation because an
erroneous learned value has been calculated in the
initial learning operation. If NO in Step S71, the
CPU 10 carries out the normal read/write operation.

If YES in Step S71, the CPU 10 moves the head not
used for learning operation, to the learning cylinder

(Step S72). Further, the 10 selects this head (Step
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S73). Using the head selected, the CPU 10 performs

a learning operation similar to the initial learning
operation, calculating a learned value (Step S74).
Then, the CPU 10 determines whether the learned value
is erroneous or not (Step S75). If NO, the CPU 10
stores the learned value into the memory 11 (Step S6).

If YES in Step S75, the CPU 10 abandons the
learned value and stores the head number again into
the memory 11 (Step S78). The CPU 10 determines
whether or not all heads have been used to effect the
initial learning operation (Step S77). If NOT, Steps
s72, s73, S74, 575, S76 and S78 are repeated.

In the sixth embodiment, the number of the head
used to effect the initial learning operation is stored
into the memory 11 if the learned value calculated in
the learning operation is erroneous. The head is used
again to perform a learning operation in response to
a read/write command. Hence, the possibility of
calculating a correct learned value increases even if
there remains a condition in which erroneous learned
values may be calculated. The head may be used again
to effect a learning opération, in response to not only
a read/write command, but also an idle command.

(Seventh Embodiment)

FIG. 16 is a flowchart showing the sequence of
the learning operation performed in a servo system

according to the seventh embodiment of this invention.
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In the seventh embodiment, the number of times the
learning operation can be repeated is limited.

The sequence of the learning operation carried out
in the seventh embodiment will be described below, with
reference to the flowchart of FIG. 16.

First, the CPU 10 moves the head 2 to the
learning cylinder designated on the disk 1 (Step S81).
Then, the CPU 10 selects one of the heads (Step S82)
and performs a learning operation by using the head
selected (Step S83).

The CPU 10 determines whether an erroneous learned
value has been calculated or not, by the same method as
used in the each embodiment described above (Step S84).
If NO, the CPU 10 stores the learned value into the
memory 11, together with the number of the head
selected (Step S85).

If YES in Step S84, the CPU 10 abandons the
learned value (Step S87). That is, the CPU 10 stores
"0" into the memory 11 as the learned value for the
head identified by the number stored in the memory.

In this case, the learning operation is repeated

a prescribed number of times. The CPU 10 determines
whether or not the learning operation has been the
prescribed number of times (Step S88). If NO in Step
588, Steps S82, S83, S84, S87 and S88. If YES in Step
S88 and if the learned value calculated is erroneous,

the Then, the CPU 10 abandons the learned value and
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stores the number of the head into the memory 11
(Step S89). The CPU 10 determines whether or not all
heads have been used to effect the learning operation
(Step S86). If NOT in Step S86, Steps S82, S83, S84,
S85 and 586 are repeated. If YES in Step $86,

the initial learning operatibn is terminated.

‘Once the learned value is abandoned, no servo
compensation values Uf are supplied to the feedback
control system. The precision of head positioning may
therefore decrease. The learning operation repeated
may be repeated more times than pfescribed may serve
to calculate a correct learned value. If the learning
operation is repeated many times, however, the
performance of the disk drive will degrade. Hence, the
number of times the learning operation can be repeated
is limited, thereby preventing the performance of the
disk drive from degrading.

(Eighth Embodiment)

FIG. 17 is a flowchart explaining the sequence of
the learning operation carried out in a servo system
according to the eighth embodiment of the invention.

In the eighth embodiment, the latest learning
value calculated is abandoned and the learning
operation is carried out again, if the precision of
head positioning decreases (that is, if a drift-off
occurs) during the normal read/write operation after

the initial learning operation has been performed.
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The sequence of the learning operation carried out
in the seventh embodiment will be described below, with
reference to the flowchart of FIG. 17.

Upon receipt of a read/write command wvia the HDC 9
from the host system, the CPU 10 moves the head 2 to
the desired cylinder that is to be accessed (Step S91).
Then,  the CPU 10 determines whether the position error
obtained from the servo data has a level lower than a
preset drift-off level (Steps S92, S93). If YES, the
CPU 10 performs a read/write operation (Step S94).

If NO in Step S93, that is, if the position error
has a level equal to or higher than the drift-off
level, indicating that the precision of head position-
ing has decreased below a tolerance value, the CPU 10
inhibits the read/write operation and determined
whether the read/write operation is tried or not
(Step S95). 1If YES, the HDC 9 updates the number of
read/write trials set in a retry counter, thereby
instructing that the read/write operation be carried
out again (Step S103). Thus, the CPU 10 repeatedly try
to effect the read/write operation a prescribed number
of times.

In NO in Step S$95, that is, if the read/write
operation is no longer tried because the precision
of head positioning remains below the tolerance value,
the CPU 10 infers that the servo compensation value Uf

supplied from the feedforward control system to the
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feedback control system is an erroneous one. Thus, the
CPU 10 abandons the learned value calculated last (Step
S$96). In practice, the CPU 10 sets "0" in memory 11,
as the learned value for the head used to perform the
learning operation.

The CPU 10 then moves the head 2 to the learning
cylinder (Step S97) and performs the learning operation
again by using the head 2 (Step S$98). The CPU 10
determines whether an erroneous learned value has been
calculated or not (Step S99). If NO, that is, if the
learning operation has been performed correctly, the
CPU 10 stores the learned value into the memory 11
(Step S100). In this case, the CPU 10 informs the
HDC 9 that the learning operated has been tried again
(Step S101).

If YES in Step S99, the CPU 10 abandons the
learned value (Step S102). 1In practice, the CPU 10
stores "0" into the memory 11 as the learned value for
the head to be used to achieve a learning operation.

In this case, too, the CPU 10 informs the HDC 9 that
the learning operated has been tried again (Step S101).

As indicated above, the learned value calculated
for the head is very'likely erroneous 1f the precision
of head positioning has decreased below the tolerance
value, causing a drift-off. If so, the CPU 10 performs
the learning operation again, thereby updating the

learned value (or abandon the learned value). This
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renders it possible to prevent the precision of head
positioning from decreasing below the tolerance.

As has been described, the present invention can
provide a disk drive having a servo system which has
a learning function. In the disk drive, the learned
value is abandoned if it is erroneous due to an
external disturbance or the like applied to the disk
drive. The precision of head positioning is thereby
prevented from decreasing. Further, if the learned
value is erroneous, the learning operation may be
performed again to obtain a correct learned value,
whereby a reliable, high-precision head positioning
control is accomplished.

Additional advantages and modifications will
readily occur to those skilled in the art. Therefore,
the invention in its broader aspects is not limited to
the specific details and representative embodiments
shown and described herein. Accordingly, various
modifications may be made without departing from the
spirit or scope of the general inventive concept as

defined by the appended claims and their equivalents.
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WHAT IS CLAIMED IS:

1. A disk drive comprising:

a disk having a data area for recording data and
a servo area in which servo data is prerecorded;

a head for performing a normal read/write
operation of reading and writing data in and from the
data area and for reading the servo data from the servo
area to achieve a head positioning control;

actuator means supporting the head and designed to
move the head to a desired position on the disk;

servo means for calculating, from the servo data
read by the head, a position error which the head has
with respect to the desired position during the head
positioning control, and for calculating, from the
position error, a control value for driving the
actuator means;

learning means for calculating, from the position
error, a learned value relating to a disk-runout
occurring while the disk is rotating;

learning control means for determining whether
the learned value deviates from a prescribed tolerance
value and for abandoning the learned value when the
learned value is erroneous one deviating from the
prescribed tolerance value; and

servo compensation means for compensating for the
control value by using the learned value, when the

learned value is an effective one while the servo means
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is performing'the head positioning control during the
normal read/write operation.

2. The disk drive according to claim 1, which
further comprises memory means for storing the learned
value calculated by the learning means and in which the
learning control means erases the learned value in the
memory means when the learning control means infers
that the learned value is an erroneous one.

3. The disk drive according to claim 2, wherein
the learning control means erases the learned value
in the memory means when the learning control means
infers that the learned value is an erroneous one, and
stops the learning means and causes the servo means to
perform a head positioning control.

4. The disk drive according to claim 1, wherein
the servo means calculates, from the learned value,

a servo compensation value for suppressing the disk
runout, and adds the servo compensation value to the
control value.

5. The disk drive according to claim 1, which
further comprises detecting means for detecting an
impact resulting from ;n external disturbance and in
which the learning control means abandons the learned
value calculated by the learning means, when the
detecting means detects an impact that exceeds
a prescribed value.

6. The disk drive according to claim 1, wherein
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the learning control means stops the learning means and
abandons the learned value when an error is made in
reproducing the servo data obtained by the servo means,
while the learning means is operating.

7. - The disk drive according to claim 1, which
further comprises counting means for counting drift-
offs occurring during the head positioning control
performed by the servo means, while the learning means
is operating, and in which the learning control means
abandons the learned value calculated by the learning
means, when the counting means counts more drift-offs
than a prescribed number after the learning means
finishes operating.

8. The disk drive according to claim 7, further
comprising means for setting the drift-off at a first
level while the learning means is operating and at a
second level which the head is performing the normal
read/write operation, said first and second levels
being different and applied to determine whether
a drift-off has occurred.

9. The disk drive according to claim 1, which
further comprises memory means for storing a learned
value calculated for one rotation of the disk by the
learning means, and in which the learning control means
compares the latest learned value with the learned
value stored in the memory means and abandons the

latest learned value when the latest learned value is
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greater than the learned value stored in the memory
means.

10. The disk drive according to claim 1, wherein
the learning control means calculates a differential
value of the learned value calculated by the learning
means and abandons the learned value when the
differential value is greater than 0.

11. The disk drive according to claim 1, which
further comprises memory means for storing data
representing amplitude and phase of any learned value
calculated by the learning means, and in which the
learning control means abandons the learned value when
amplitude difference and phase difference between the
learned value and the immediately preceding learned
value are greater than prescribed values. |

12. The disk drive according to claim 1, which
further comprises memory means for storing a learned
value calculated by the learning means and means for
monitoring the number of times the learning operation
is repeated during the normal read/write operation, and
in which the learning control means erases the learned
value stored in the memory means, thereby abandoning
the learned value, when the number of times, monitored,
exceeds a prescribed value.

13. A disk drive comprising:

a disk having two surfaces, each having a data

area for recording data and a servo area in which servo
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two heads each opposing one surface of the disk

data is prerecorded;

and designed to perform a normal read/write operation
of reading and writing data in and from the data area
of one disk and to read the servo data from the servo
area of the one disk to achieve a head positioning
control;

actuator means supporting the heads and designed
to move the heads to a desired position on the disk;

servo means for calculating, from the servo data
read by each head, a position error which the head has
with respect to the desired position during the head
positioning control, and for calculating, from the
position error, a control value for driving the
actuator means;

learning means for calculating, from the position
error, a learned value relating to a disk-runout
occurring while the disk is rotating;

learning control means for determining whether
the learned value deviates from a prescribed tolerance
value and for abandoning the learned value when the
learned value is erroneous one deviatihg from the
prescribed tolerance value; and |

servo compensation means for compensating for the
control value by using the learned value, when the
learned value is an effective one while the servo means

is performing the head positioning control during the
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normal read/write operation.

14. The disk drive according to claim 13, wherein
the learning control means stores the number of the
head corresponding to the learned value, abandons the
learned value and performs the learning operation again
at a predetermined time by using the head identified by
the number stored in the memory means.

15. The disk drive according to claim 14, wherein
the learning control means stores a prescribed number
of times , and the learning means repeats may repeats
the learning operation the umber of times stored.

16. The disk drive according to claim 14, wherein
the learning control means stores the learned value and
a head number corresponding to the learned value into
the memory means when the learned value calculated in
the learning operation is found to be an effective
one after the learning means performs the learning
operation again.

17. The disk drive according to claim 13, which
further comprises means for monitoring the number of
times the learning operation is repeated during the
normal read/write operation is are repeated, and in
which the learning control means erases and abandons
the learned value calculated by using the head the
number of which is stored in the memory means, when the
number of times, monitored, exceeds a prescribed value.

18. A disk drive comprising:
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a disk mechanism having at least one disk and
a drive for rotating the disk, said disk having two
surfaces, each having a data area for recording data
and a servo area in which servo data is prerecorded;

two heads each opposing one surface of the disk
and designed to perform a normal read/write operation
of reading and writing data in and from the data area
of one disk and to read the servo data from the servo
area of the one disk to achieve a head positioning
control;

actuator means supporting the heads and designed
to move the heads to a desired position on the disk;

sensor means for detecting an impact resulting
from an external disturbance;

servo system for calculating, from the servo data
read by each head, a position error which the head has
with respect to the desired position during the head
positioning control, for calculating, from the position
error, a control value for driving the actuator means,
and for performing a learning operation to effect servo
compensation by using a learned value set for the head,
in ordei to suppress a disk runout, said servo system
comprising:

learning means for calculating, from the position
error of each disk, a learned value relating to a disk-
runout occurring while the disk is rotating;

memory means for storing a head number identifying



10

15

20

25

AR R

- 47 -

the head corresponding to the learned value, together
with the learned value; and

learning control means for determining that the
learned value deviates from a prescribed tolerance
value when the sensor means detects an excessive impact
while the learning means is performing a learning
operation, and for erasing the learned value stored in
the memory means.

19. A method of learning control for a servo
system with learning function, for use in a disk drive,
said method comprising the steps of:

moving a head to a learning position on a rotating
disk;

reading servo data prerecorded on the disk, by
using the head, and calculating a position error that
the disk has with respect to the learning position;

performing a learning operation by using the
position error, thereby calculating a learned value
relating to a disk-runout of the rotating disk;

detecting an impact resulting from an external
disturbance during the learning operation; and

abandoning the learned value wﬁen the impact
detected during the learning operation exceeds a
predetermined tolerance value.

20. A disk drive comprising:

a disk having a data area and a servo area;

learning means for calculating a learned value



T e STt e,

—— =

T I

relating to a disk-runout occurring while the disk
rotating; and |
learning control means for determining whether the
learned value deviates form a prescribed tolerance
value and for abandoning the learned value when the
learned value is erroneous one deviating from the

prescribed tolerance value.



