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MITIGATING THE EFFECTS OF
DISTURBANCES OF A DISK DRIVE

FIELD OF THE DESCRIBED EMBODIMENTS

The described embodiments relate generally to disk drives.
More particularly, the described embodiments relate to a
method and apparatus for mitigating the effects of distur-
bances of disk drives.

BACKGROUND

Servo systems of disk drives control a radial position of a
transducer coupled to the disk in an attempt to keep the
transducer over the center of a pre-selected track of the disk.
In a disk file system this is done as the transducer reads
position information from the track in the surface of the disk
as the disk rotates. For an embedded or sectored servo system
the position information is obtained from inter sector infor-
mation placed at predetermined locations on the tracks of the
disk. The position information is then used to develop a
position error signal (PES). The PES is fed back through a
compensator into a drive motor for the transducer actuator to
move the transducer in a direction to reduce the error from the
desired position within any given track. Typically, the desired
position is the geometric center of the track with the PES
value increasing as a positive value in one direction from the
center and as a negative value in the other.

The servo systems include a feedback servo loop (head
actuator loop). The PES is coupled into the head actuator loop
and is the primary means by which the head actuator is main-
tained in the desired position over the center of a selected
track. Although the aforementioned feedback servo loop in
combination with the PES can adequately maintain the posi-
tion of the head actuator in most use situations, mechanically
induced disturbances or displacements of the disk drive, how-
ever, cannot be totally eliminated because of the finite
response time and finite gain of the feedback servo loop
correcting for these disturbances or displacements. A finely
balanced mechanical actuator can be used to desensitize
rotary actuator disk drives to translational disturbances by
means of directing the translational disturbances solely
through the center of the pivot point of the actuator. This
creates a zero length moment arm about the pivot point which
results in no net torque or angular forces to disturb the actua-
tor to push it out of position when a purely translational
disturbance is applied. This is true to a first order as slight
imbalances, the stiffness of actuator connector wires, and
pivot bearing stiffness contribute to some translational sensi-
tivity, but this is relatively small in comparison to the sensi-
tivity to rotational disturbances. However, in order to access
data, the actuator must be able to pivot freely with minimal
bearing friction. Because of this, the actuator is susceptible to
rotary disturbances. Such disturbances either rotate the head
away from the track center or rotate the track center away
from the head. Either of these results in a net increase in the
position error signal (PES) sensed by the read/write head.
Such effects result in the unreliable reading and writing of
datato and from the desired tracks on a disk drive. Thus, when
the head is forced sufficiently off track—typically from 8% to
15% of the track width—the reading and writing of data is
discontinued.

Several important trends within the data storage industry
have made the effects of rotational disturbances increasingly
severe wherein a cost effective solution is more important
than ever before. The rise in availability, density, and cost
effectiveness of Electrically Erasable Programmable Read
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Only Memory (EEPROM) has hastened the need to be able to
add increased storage capacity to disk drive products with no
room for commensurate cost or physical size increases. Thus
the materials used to construct all critical components of a
disk drive, from storage platters to actuators and mechanical
structures must be both lower cost, and often lighter as well.
Such design requirements generally lead to less rigidity and
more susceptibility to mechanical disturbances that are only
partially mitigated by the shrinking of the drive dimensions.
Also, the traditional means of generating more storage capac-
ity on disk drives has been to pack more tracks of data onto
disks of the same or smaller size. More tracks on a disk leads
to a higher number of Tracks Per Inch (TPI) and thus increas-
ingly narrow track widths which makes accurate alignment
over track centers significantly more challenging for an unas-
sisted servo system. Since EEPROM is an entirely semicon-
ductor-based technology, it does not suffer from issues related
to mechanical disturbances and so, to be competitive, disk
drives must also mitigate its performance disadvantages due
to mechanical disturbances as well.

With the improvement in read/write heads and the com-
mensurate increase in areal densities the requirement for
tracking accuracy is constantly increasing. With finer track
widths comes an increased susceptibility to both internal and
external disturbances. While improving the drive feedback
loop can improve susceptibility to issues that include—but
are not limited to—spindle harmonics, PES noise, and dis-
turbances due to air flow, the finite sample rate of the control
system and the system resonances limit the bandwidth of the
closed-loop system. Thus, for external disturbances, espe-
cially rotational shock and vibration, auxiliary sensors are
often necessary to provide the needed disturbance rejection
and maintain tracking fidelity.

Because most disk drives use the sectored servo method of
generating the PES, there is a direct trade-off between the
space allocated for user data and that allocated to record
position information. Thus, to increase the performance of
the servo control loop solely by means of adding more PES
sectors comes at a direct cost to the available space for user
data storage.

Finally, two of the largest markets for data storage are
mobile computing (including laptops, portable communica-
tions, gaming and navigation devices) and corporate data
centers. The susceptibility of mobile disk drives to the
mechanical disturbances of shocks and bumps are fairly obvi-
ous. However, the requirements of corporate datacenters are
for applications that run the gamut from corporate databases
(for enterprise management software to regulatory document
storage for audit compliance) to search engines, to video
sharing internet sites. The efficiency of these centers is
directly tied to the ability to constantly read and write data to
the disk drives in the center. It is in these high volume data
storage applications where multiple disk drives are ganged
into server boxes where the effects of mutual coupling of disk
drive operations such as seeks and spindle wobble create
disturbances that cause severe degradation in the throughput
of'its neighboring drives. Finally, as disk drive track densities
increase, the issues of shock and vibration become more
significant for the commodity drives in desktop and laptop
computers as well.

One possible solution includes the use of a monolithic
rotational accelerometer to sense rotational shock and vibra-
tion of the disk drive. The rotational accelerometers generate
a signal which can be used as a feedforward controller to the
servo loop for making the disk drive more robust to shock and
vibration. However, because of the continual push to reduce
the manufacturing costs of disk drives, monolithic rotational
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accelerometers are impractical for such a cost sensitive, high
volume application due to their relatively high cost. Mono-
lithic rotational accelerometers are relatively expensive
because they are extremely difficult to manufacture. This is
true for all such sensors in general, but especially so for
MEMS rotational accelerometers as they are fabricated on
silicon wafers. Because rotational accelerometers seek to pro-
vide a perfectly balanced output that is immune to transla-
tional forces, their construction is very difficult. For the
MEMS variety, the additional complexity involved in the
masking and etching process of the silicon wafers used in
their fabrication creates asymmetries which cause all but a
few of the fabricated accelerometers to exhibit non-balanced
outputs susceptible to translational accelerations. There are
analogous difficulties involved in the fabrication of the non-
MEMS varieties of rotational accelerometers as well.

In addition, rotational accelerometers suffer from poor sen-
sitivity because the acceleration sensing structures are in such
close proximity to each other. This is problematic because
rotation is best sensed along the largest possible diameter
about a given center of rotation. Finally, rotational acceler-
ometers require factory calibration in order to provide a
known gain in response to a specific rotational input as well as
to provide true rejection of linear acceleration. This calibra-
tion step also adds significant cost to the devices and also
becomes a significant production bottleneck when large vol-
umes must be produced.

Another type of sensor which can be employed is a single-
axis linear-translation accelerometer, both of MEMS and
non-MEMS varieties. These sensors are designed to be sen-
sitive to only linear acceleration along their axis of sensitivity
and do not respond to angular acceleration when the axis of
rotation passes through the center of the sensor. They are
much less expensive and simpler to fabricate than their rota-
tional counterparts. It is well known in the art that two linear
accelerometers can be configured to measure rotational accel-
erations by arranging them parallel to each other on opposing
tangents of a circle of rotation about a desired point of rota-
tion. When arranged in this manner the difference of their
signals yields pure rotation while the sum yields pure trans-
lation. If the sensors are arranged in an anti-parallel configu-
ration, then the sum of their signals yields rotation while their
difference yields translation. The terms “combination” or
“combining” are occasionally used to mean either a differ-
ence or a sum, or the act of their calculation, which yields the
desired result of either rotation or translation depending upon
the specific polarities of the sensor outputs wherein a number
of factors could impact the net polarity of said sensor outputs.

The advantage of using linear accelerometers for rotational
acceleration measurement is that they are low cost and also,
depending upon the pair’s separation distance, can create
relatively large signal output levels in response to a rotational
acceleration. This greatly enhances their usability, especially
when the rotational stimulus is small.

In order for linear accelerometers to be used effectively for
angular acceleration measurements in the paired configura-
tion, their respective gains must be well matched, otherwise
there is an incomplete separation between rotational and
translational acceleration components. The offsets of the
accelerometers can be easily compensated for by the electri-
cal drive circuitry, and therefore, are not addressed. Even the
most expensive and well-produced linear accelerometers
typically vary in gain by up to +/-15% from sensor to sensor.
The gain mismatch between low cost sensors can be even
greater. This leads to significant errors in measured angular
acceleration when using such linear accelerometers, espe-
cially when there is a presence of translational acceleration as
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well. In addition to the actual sensor gain mismatches, there is
a significant influence to measured accelerations depending
upon how and where the sensors are actually mounted to the
disk drive. For instance, if one sensor is mounted closer to a
housing feature, such as a screw or a mounting boss, the
transfer of acceleration to the measuring sensor can be either
amplified or attenuated compared to its partner. This means
that even if a pair of linear accelerometer sensors were per-
fectly calibrated at the factory prior to installation into the
disk drive, by the time they are mounted, their effective gains
would again be mismatched.

Itis desirable to have a low-cost, easy to implement method
and apparatus for compensating for disturbances of a disk
drive.

SUMMARY

An embodiment includes a method of mitigating effects of
disturbances of a disk drive. The method includes sensing a
position error signal of a transducer coupled to a surface of the
disk drive, wherein the position error signal aids in control of
an actuator of the disk drive. A first disturbance signal is
generated by sensing a disturbance of a first sensor attached to
the disk drive, wherein the first disturbance signal aids in
control of the actuator. A second disturbance signal is gener-
ated by sensing a disturbance of a second sensor attached to
the disk drive, wherein the second disturbance signal aids in
control of the actuator. Effects of the disturbances on the
position error signal are reduced by adaptively adjusting a
gain of the first disturbance signal and a gain of the second
disturbance signal.

Another embodiment includes a method of calibrating at
least a pair of sensors of a disk drive. The method includes
sensing a position error signal of a transducer coupled to a
surface of the disk drive, wherein the position error signal aids
in control of an actuator of the disk drive. A first disturbance
signal is generated by sensing a disturbance of a first sensor
attached to the disk drive, wherein the first disturbance signal
aids in control of the actuator. A second disturbance signal is
generated by sensing a disturbance of a second sensor
attached to the disk drive, wherein the second disturbance
signal aids in control of the actuator. A relative gain between
the first disturbance signal and the second disturbance signal
is adaptively adjusted and a response of the position error
signal is measured.

Other aspects and advantages of the described embodi-
ments will become apparent from the following detailed
description, taken in conjunction with the accompanying
drawings, illustrating by way of example the principles of the
described embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an example of a top-view of disk drive that
can utilize embodiments of reducing the effects of rotational
and/or translational disturbances.

FIG. 2 shows an example block diagram of a control sys-
tem that can be used to implement embodiments for mitigat-
ing the effects of disturbances of a disk drive.

FIG. 3 shows an example of an embodiment of the adaptive
gain control of FIG. 2.

FIG. 4 is a flow chart that shows one example of steps of a
method of mitigating the effects of disturbances of a disk
drive.

FIG. 5 is a flow chart that shows one example of steps of a
method of calibrating at least a pair of sensors of a disk drive.
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FIG. 6 shows an example of a more detailed block diagram
of a control system that can be used to implement embodi-
ments for mitigating the effects of disturbances of a disk
drive.

FIG. 7 shows an example of the block diagram of the
control system that shows a simplified version of the feedfor-
ward loop.

FIG. 8 shows an example of the block diagram of a control
system that shows how mismatched gains effect how transla-
tional and rotational accelerations influence the drive loop.

FIG. 9 shows an example of a block diagram that illustrates
the relationships between the physical disturbances, mea-
sured disturbances and pseudo or estimated disturbances.

FIG. 10 shows an example of a block diagram of a disk
drive control system that shows translational and rotational
disturbance influencing the drive loop.

FIG. 11 shows an example of a block diagram of the disk
drive control system that shows translational and rotational
disturbances influencing the drive loop, and includes transla-
tional and rotational disturbances being estimated from a
disturbance that has an unknown amount of rotational and
translational components.

FIG. 12A shows another example of the adaptive gain
control.

FIG. 12B shows another example of the adaptive gain
control.

FIG. 13 A shows an example of a sine wave, and the effects
of threshold detection.

FIG. 13B shows an example of a threshold detection cir-
cuit.

DETAILED DESCRIPTION

The embodiments described provide methods and systems
for reducing the effects of disturbances of disk drives. The
described embodiments include sensors that detect distur-
bances of the disk drives. The described embodiments com-
pensate for mismatches of sensor gains, thereby allowing the
use of low-grade sensors. That is, the described embodiments
provide sensing and mitigation of the disturbances, that can
utilize low-grade, low-cost sensors.

The more effectively the described embodiments adapt to
sensor gain mismatches, the lower the quality and cost the
type of linear accelerometer that can be used for disk drive
disturbance mitigation. There exists a class of linear rate
sensors that disk drives currently use as shock sensors. The
linear rate sensors operate on the basis of a proof mass
attached to a piezo-electric base material and are exception-
ally low cost. These types of piezo-electric shock sensors can
only measure the time rate of change of acceleration and
cannot measure constant accelerations such as gravity.
Because of their low cost construction, they are generally
only used for gross measurements such as shock. The
described embodiments allow the use of such poor perfor-
mance and exceptionally low cost accelerometer sensors for
the reduction of disturbances of disk drives.

It should be noted that the same techniques herein
described can easily be applied to also allow unbalanced and
uncalibrated monolithic rotational accelerometers to be used
effectively to reduce the effects of rotational disturbances on
disk drives as well. The rotational sensor needs to have sepa-
rate outputs for its separate sensor halves, such that the
described embodiments are able to treat the monolithic rota-
tional accelerometer as two electrically separate accelerom-
eter sensors. This is, in fact, exactly how such rotational
accelerometers actually function and are constructed, as it is
usually the sensor’s embedded drive electronics which inter-
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nally combines the electrical signals of the two separate sen-
sor halves into one single output signal for use by the user.
Many rotational sensors are already designed to have such a
dual output format, and the ones that don’t can be easily
modified to do so, enabling them to operate with the described
embodiments for hard disk drive disturbance correction.

FIG. 1 shows an example of a disk drive that can utilize
embodiments of mitigating the effects of rotational and trans-
lational disturbances. As shown, the disk drive includes a disk
110 that rotates in a plane. A read/write head 120 floats on an
air bearing entrained around the disk 110 by air flow and
suspension of an actuator 130. A positions error signal (PES)
is read from the disk 110, and used to drive a control loop that
controls the position of the head 120 over the surface of the
disk 110.

The disk drive includes a pair of disturbance sensors 192,
194. Disturbance signals generated by the sensors 192, 194
can be injected into the control loop providing additional
control of the actuator 130. As will be described, the distur-
bance sensors 192, 194 can be inexpensive linear accelerom-
eters. These accelerometers are used to provide feedforward
signals to the control loop based upon rotational disturbances
to cancel the effects of disturbances on the PES.

FIG. 2 shows an example of a block diagram of a control
system that can be used to implement embodiments for miti-
gating the effects of disturbances of a disk drive. As will be
described, the disturbances can be rotational and/or transla-
tional. As previously described, the control system includes a
PES disk drive control loop that mitigates, at least to some
extent, translational disturbances of the disk drive. An exem-
plary disk drive control loop includes a plant (P) block 250,
and a controller (C) block 260. The P block 250 represents the
physical system to be controlled and is often referred to as the
“plant”. For disk drive applications, the P block 250 typically
represents the rotary actuator of the drive and associated
dynamics of the read/write head. The C block 260 represents
the controller and provides the mechanism in which the PES
is turned into an input adjustment to the physical system. The
PES control of the disk drive control loop, however, does not
provide acceptable mitigation of rotational disturbances of
the disk drive.

As shown, the control system includes sensors 212, 214
that sense disturbances of the disk drive. The sensors 212, 214
can be, for example, accelerometers. However, the sensors
can be any device that generates a signal that represents a
detected disturbance of the sensors, and therefore, the disk
drive. Examples of devices that can be used as the sensors
212, 214 includes MEMS capacitive linear accelerometers,
piezo-resistive linear accelerometers, MEMS load sensors in
conjunction with proof masses, MEMS pressure sensors with
proof masses attached, non-MEMS bulk linear accelerom-
eters, and even low cost shock sensors, These represent some
but not all types of such disturbance sensors.

The embodiments described provide disk drive distur-
bance mitigation that allows the sensors 212, 214 to be imple-
mented using low-quality, low-cost sensors. More specifi-
cally, the described embodiments can compensate for
mismatches of gains of the sensors, thereby allowing the
embodiments to use lower quality sensors than embodiments
that do not compensate for such gain mismatches. This is
advantageous because low-quality sensors typically cost less.
The sensors can be oriented to allow estimation of both rota-
tional and translational disturbances of the disk drive. The
embodiments described may refer to the sensors as acceler-
ometers, but it is to be understood that the described embodi-
ments can be implemented with other types of disturbance
sensors, an example of which is shock sensors. Once again,
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shock sensors do not directly measure acceleration but rather
the time rate of change of acceleration.

The control system includes gain elements 222, 224 that
adaptively adjust gains of the disturbance signals D1, D2
generated by the sensors 212, 214. The gain adjusted distur-
bance signals are summed and injected into the disk drive
control loop to provide additional mitigation of the effects of
the disturbances. In one embodiment, an auxiliary control
signal is generated by combining the first disturbance signal
and the second disturbance signal. The auxiliary control sig-
nal is injected into the drive control loop of the disk drive for
aiding in control of the actuator. It would be apparent to one
of'ordinary skill in the art that such an auxiliary control signal
is not the sole means to mitigate the effects of disturbances.
The embodiments described and shown by example can also
easily be implemented entirely inside of a controller (C),
block 260, wherein the disturbance mitigation adjustments
could be made and combined internally to form a single
compensated output control signal.

The gains of the gain elements 222, 224 are adaptively
adjusted (controls k, ., k, ) so that mismatches of the gains of
the sensors 212, 214 are minimized. This is accomplished by
adaptively adjusting the gains of the gain elements 222,224 to
de-correlate the position error signal with respect to rotational
disturbance and translational disturbance of the disk drive. As
will be described, the gain of the first disturbance signal and
the gain of the second disturbance signal are adaptively
adjusted in response to an estimated rotational component of
the first and second disturbance signals as separated from an
estimated translational component of the first and second
disturbance signals as determined by a response of the posi-
tion error signal to the disturbances.

An adaptive gain control block 230 is included within FIG.
2 to represent the adaptive control of the gain elements 212,
214 that is dependent upon the sensed disturbance signals D1,
D2 and the PES.

FIG. 3 shows an example of an embodiment of the adaptive
gain control 230 of FIG. 2. The gains (A1, A2) which scale the
disturbance signals (D1, D2) to form a feedforward control
signal (u,) are adjusted as shown in FIG. 3. The adjustment
mechanism shown is a simple Least Mean Squares (LMS)
algorithm of Widrow and Hoff. However, any gain adaptation
algorithm can be used. The disturbance signal is multiplied by
the PES and is then processed according to an integration
algorithm. The resulting gain output from the integral is
scaled in relation to the correlation between the disturbance
and the uncompensated PES signal.

FIG. 4 is a flow chart that shows one example of steps of a
method of mitigating effects of disturbances of'a disk drive. A
first step 410 includes sensing a position error signal of a
transducer coupled to a surface of the disk drive, wherein the
position error signal aids in control of an actuator of the disk
drive. A second step 420 includes generating a first distur-
bance signal by sensing a disturbance of'a first sensor attached
to the disk drive, wherein the first disturbance signal aids in
control of the actuator. A third step 430 includes generating a
second disturbance signal by sensing a disturbance of a sec-
ond sensor attached to the disk drive, wherein the second
disturbance signal aids in control of the actuator. A fourth step
440 includes reducing eftects of the disturbances on the posi-
tion error signal by adaptively adjusting a gain of the first
disturbance signal and a gain of the second disturbance sig-
nal.

For an embodiment, reducing effects of the disturbances on
the position error signal includes adaptively adjusting a gain
of'the first disturbance signal and a gain of the second distur-
bance signal in response to an estimated rotational compo-
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nent of the first and second disturbance signals as separated
from an estimated translational component of the first and
second disturbance signals as determined by a response of the
position error signal to the disturbances. The gains are adap-
tively adjusted so that the effect of the rotational component
of the sensed disturbances on the position error signal is
reduced. That is, the gains are adjusted to reduce mismatches
between the gains of the disturbance signals.

In a further embodiment, an auxiliary control signal can be
generated by combining the first disturbance signal and the
second disturbance signal. The auxiliary control signal is
injected into the drive control loop of the disk drive external
to the Controller (C) and aids in control of the actuator.
Additionally, should such an auxiliary control signal, or its
digital equivalent inside controller (C), be used, the overall
gain can also be adjusted once the rotational component of the
sensed disturbance signal has been properly measured and
calculated by means of having the gains of the first and second
disturbance signals adequately matched.

An embodiment includes reducing effects of translational
disturbances on the position error signal by adjusting a rela-
tive gain between the first disturbance signal and the second
disturbance signal. Effects of rotational disturbances on the
position error signal are reduced by adjusting an overall gain
of the first disturbance signal and the second disturbance
signal. These adjustments can be implemented by adaptively
adjusting the gain of the first disturbance signal by monitor-
ing an output of the first sensor, and adaptively adjusting the
gain of the second disturbance signal by monitoring an output
of the second sensor.

For an embodiment, the first sensor includes a first accel-
erometer sensing a first acceleration and the second sensor
includes a second accelerometer sensing a second accelera-
tion. This embodiment further includes estimating the rota-
tional acceleration signal from the first acceleration signal
and the second acceleration signal, and estimating the trans-
lational acceleration signal from the first acceleration signal
and the second acceleration signal. Effects of the disturbances
on the position error signal are reduced by de-correlating the
position error signal with respect to the rotational disturbance
and translational disturbance by adaptively adjusting the gain
of the first acceleration signal and adaptively adjusting the
gain of the second acceleration signal. As previously
described, an auxiliary control signal can be generated by
combining the first acceleration signal and the second accel-
eration signal, and the auxiliary control signal is injected into
the drive control loop of the disk drive for aiding in control of
the actuator.

An embodiment includes the sensors, or more specifically,
the accelerometers being a pair of linear accelerometers. The
accelerometers can be physically displaced, oriented in the
same direction, and placed at tangents to a circle along its
diameter with the desired axis of rotation as its center. It
should also be noted that the described embodiments do not
require that the pair of accelerometers be located perfectly
about the center of the desired axis of rotation in order to still
be functional. The rotational acceleration signal can be esti-
mated based on a scaled difference between the first accel-
eration signal and the second acceleration signal (assuming
that the accelerometers are oriented in the same direction and
the scaling coefficients are positive), and the translational
acceleration can be estimated based on a scaled sum of the
first acceleration signal and the second acceleration signal
(again, assuming that the accelerometers are oriented in the
same direction and the scaling coefficients are positive). It is
to be understood that the orientation of the sensors relative to
each other, and the polarity of the scaling coefficients can
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change whether the first and second acceleration signals are
summed or subtracted from one another. It is also to be
understood that other configurations and orientations of the
sensors can be utilized by the described embodiments while
still realizing the same effective result. There always exists
some simple additive or subtractive combination of the accel-
erometer signals which will yield the desired values of the
rotational and translational components of the disturbance
depending upon the actual polarities of the sensor outputs.
Thus the actual polarities of the sensor outputs can be easily
accounted for by one of ordinary skill in the art and in no way
should detract from the described embodiments.

As will be described, an embodiment includes matching a
response of the position error signal to the first and second
disturbance signals by filtering the first and second distur-
bance signals of the first and second sensor before the first and
second disturbance signals are gain adjusted.

As described, the first and second disturbance signals aid in
control of the actuator through an adaptive feedforward con-
trol loop, and the position error signal aids in control of the
actuator through a feedback control loop. This embodiment
can additionally include the adaptive feedforward control
loop of the disk drive being implemented with analog cir-
cuitry.

In some situations, analog adaptive circuits have several
advantages over digital adaptive circuits for implementing the
feedforward control circuitry. Analog adaptive circuits can
consume less power because there is no need for analog to
digital converters (ADC) or digital to analog converters
(DAC) as well as no need for the clock circuits necessary to
drive these devices, which would be necessary in a mixed
analog and digital circuit approach. Furthermore, without the
digital clock of a mixed signal circuit, the noise performance
of the circuit is typically better and allows for better perfor-
mance of the sensors and overall system.

Additionally, such an analog adaptive circuit approach
would be significantly less expensive, due to the reduced cost
realized by eliminating the requirement for ADC and DAC
conversion circuits which would be required for the data
interfacing between the analog and digital portions of cir-
cuits. This is because in a pure analog implementation there
would be no requirements for ADC’s or DAC’s to convert the
signals from the analog domain into the digital domain for
processing and then back into the analog domain for control.

An additional advantage is that the sample rate of an analog
adaptive circuit is not artificially constrained. Therefore,
theoretically, the speed of the analog circuit is only con-
strained by the device response times. The devices operate in
their linear regions instead of in saturation, and therefore,
operate faster.

Therefore, an adaptive analog circuit can be designed that
does the feedforward compensation. The accelerometers
should be followed by an equalizing filter. The feedforward
signal is then formed by a combination of the analog filtered
acceleration signals using analog circuits that have gains
adjusted by the analog adaptive loop. Because the gains are
continuously adjusted, there are no sampling effects.

The described embodiments of mitigating the effects of
disturbances of a disk drive can utilize threshold detection.
That is, the control of the mitigation and/or the gain adapta-
tion can be activated when some function of the sensed dis-
turbance signals falls within a predetermined or user select-
able range, for instance between upper and lower thresholds.
For an embodiment, average amplitudes of the first and sec-
ond disturbance signals are detected, and the gains of the first
and second disturbance signals are adaptively adjusted only
when the amplitudes are within a specified range. One
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example of a method of detecting the average amplitudes
includes rectifying the first and second disturbance signals,
and low-pass filtering the rectified first and second distur-
bance signals. Additionally, the feedforward loop can be con-
trolled by the threshold detection. That is, an embodiment
includes detecting average amplitudes of the first and second
disturbance signals, and injecting the auxiliary control signal
into a drive control loop of the disk drive only when the
amplitudes are within a specified range.

A feature of the described embodiments is a matching of
gains of multiple disturbance sensors. FI1G. 5 is a flow chart
that shows one example of steps of a method of calibrating at
least a pair of sensors of a disk drive. A first step 510 includes
sensing a position error signal of a transducer coupled to a
surface of the disk drive, the position error signal aiding in
control of an actuator of the disk drive. A second step 520
includes generating a first disturbance signal by sensing a
disturbance of a first sensor attached to the disk drive, the first
disturbance signal aiding in control of the actuator. A third
step 530 includes generating a second disturbance signal by
sensing a disturbance of a second sensor attached to the disk
drive, the second disturbance signal aiding in control of the
actuator. A fourth step 540 includes adaptively adjusting a
relative gain between the first disturbance signal and the
second disturbance signal. A fifth step 550 includes measur-
ing a response of the position error signal.

The gains ofthe pair of sensors are calibrated by adaptively
adjusting a gain of the first disturbance signal and a gain ofthe
second disturbance signal in response to an estimate of a
rotational component of the first and second disturbance sig-
nals as separated from an estimate of a translational compo-
nent of the first and second disturbance signals as determined
by a response of the position error signal. As previously
described, the gains are adaptively adjusted so that the effect
of'the rotational component of the sensed disturbances on the
position error signal is reduced. The gains can also be adap-
tively adjusted so that the effect of the translational compo-
nent of the sensed disturbance on the PES is reduced. That is,
the gains are calibrated to reduce mismatches between the
gains of the disturbance signals, and the total gain is adjusted.
For an embodiment, the first sensor and the second sensor are
aligned on a common translational axis, and sense transla-
tional disturbance.

After the sensors have been calibrated, a rotational distur-
bance signal is estimated by combining the first disturbance
signal and the second disturbance signal. Effects of rotational
disturbance are canceled by aiding control of the actuator
with the estimated rotational disturbance signal by scaling the
estimated rotational disturbance signal, and summing the
scaled estimated rotational signal into a control loop of the
disk drive. The position error signal is de-correlated with
respect to the first disturbance signal and the second distur-
bance signal by adaptively adjusting the gain of the first
disturbance signal and adaptively adjusting the gain of the
second disturbance signal.

FIG. 6 shows an example of a more detailed block diagram
of a control system that can be used to implement embodi-
ments for mitigating the effects of disturbances of a disk
drive. The adaptive gain adjustment 230 is not shown in this
FIG. 6, but is used to adjust the gains of gain elements k, , 636
and k,, 637.

Regardless of which form is used, there is a sign difference
in the adaptive gain for each channel. This is due to the change
in the gradient of PES with respect to each of the channels.



US 7,768,738 B2

11

This embodiment includes a feedforward loop 630 that
includes two adaptive loops. The two loops effectively cali-
brate the gains of two sensors A, 632, A, 633 relative to
each other, and also relative to the disk drive. Therefore, the
effects of mismatched gains of the sensors are reduced. Only
two sensors are shown. However, it is to be understood that
the embodiments provided can include any number of two or
more sensors. The feedforward loop additionally includes
filters N, 634, N, 635, and a rotational acceleration filter 638.

An HDA (head disk assembly) block 610 depicts, for
example, translational acceleration a,, rotational acceleration
a, and shows influences of the two types of acceleration
types on the feedforward loop 630, and the drive loop 620. For
example, block 612 shows the influence forces have on the
PES due to the rotational acceleration ag. The summers
within the HDA 610 show contributions of the translational
acceleration a,, and rotational acceleration ag, to the distur-
bances sensed by the first sensor A, 632 and the second
sensor A, 633.

A drive loop 620 includes previously described gain ele-
ments C 622 and P 624.

Gain elements k, and k, depict the gains of the first sensor
A, 632 and the second sensor A, 633, which are generally
assumed to be mismatched. Typical levels of mismatch from
the literature are +/-15% difference between the two sensors.
The switches depict sampling of the sensed signal with a
sample period of T/M, where T is the sample period, of the
PES and M is a multiple of the sample rate (For a given sample
rate, f,, the sample rate is related to the sample period, T,, by

s s

fs=n

). This allows the feedforward circuit to run at a different rate
from the disk drive control loop. Often this rate is faster
(M>1) since the accelerometers are not constrained by the
multiplexing of user data with servo position information in
the way that PES is. Each of the sensed disturbance signals are
filtered by filters N, 634 and N, 635. The sampled and filtered
disturbance signals are gain adjusted by adjustable gain ele-
ments k,;, 636 and k,, 637. As previously described, the
adaptive gain control of the adjustable gain elements k, , 636
and k,, 637 is not shown. The gain-adapted disturbance sig-
nals are combined to form a feedforward signal U that is
summed into the drive loop. As is well known the in art, the
feedforward signal Uy, can (and in this particular embodi-
ment, is shown to be) generated by an additional rotational
disturbance gain and phase matching block Fz*K, , 638.1f a
monolithic balanced-output rotational accelerometer that
was calibrated to reject translational disturbances were to be
used to mitigate disturbances of a disk drive, its influence on
the control loop would be controlled by such a block 638 as
well.

An embodiment includes the sensors 632, 633 being accel-
erometers and the gains of the sensed signals are adjusted to
compute an estimate of the rotational acceleration of the disk
drive. That is, estimates of the rotational and translational
accelerations are generated from the two linear acceleration
signals a, and a,. The gains of the two feedforward loops are
adapted. A mismatch in the relative gains of the two acceler-
ometers results in the feedforward control signal having a
parasitic sensitivity to translational acceleration. When
stimulated by translational acceleration, as the translational
loop affecting the drive converges, the two accelerometer
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gains are matched allowing the feedforward signal to be sen-
sitive only to rotational accelerations of the drive.

FIG. 7 shows an example of the block diagram of the
control system that shows a simplified version of the feedfor-
ward loop. More specifically, FIG. 7 assumes that the filters
634, 635 are matched. The block diagram of FIG. 7 assumes

F

N = R,HDA,
AcP
F

Ny = R,HDA,
AP

Fr=1, and k,,=1. Additionally, sampling issues are ignored.

FIG. 8 shows an example of the block diagram of the
control system of FIG. 7 that shows how mismatched gains
effect how translational and rotational accelerations influence
the drive loop. Assuming the disturbance sensors are two
accelerometers on a common (same) axis, and that the disk
drive structure experiences translational acceleration perpen-
dicular to that axis and rotationally, each of the accelerom-
eters ideally senses:

a,=a;+azanda,=a;—a,, where a,is the translational accel-
eration and ay is the rotational acceleration. Assuming the
sensed accelerations are ideal, then:

a; +ay a) —ay
ar = and ag =

However, a, and a, are not accessible, but a,, =k;a; and
a,,.=k,a, wherek, k, can be sensed. Reasonable estimates of
arand a, are:

kigQim + kogQom
e = ———5——— and
kigaim = kogQom
AR est = 72

Where kla and k2a are gain adjustments applied by the
described embodiments to the measured accelerometer gains.
k,, and k,, are adaptively determined such thatk, =1/k, and
k,,=1/k,, as such k, , and k, , normalize the measured accel-
erometer outputs allowing them to be combined to accurately
estimate both pure translational acceleration, a,,, and pure
rotational acceleration, AR oor

When a, does note couple directly into PES, the feedfor-
ward signal is ideally entirely proportional t0 az ... az .5, i
turn is only sensitive to ay when the relative scaling between
a,,,anda,,, is correct. This is true notonly whenk, ,=1/k, and
k,,=1/k,, but also when k, ,=k/k, and k, ,=k/k,. That is, as
long as the relative scaling between k, , and k, , is correct, the
feedforward signal based on A oss is independent of a,.

FIG. 9 shows an example of a block diagram that illustrates
the relationships between the physical disturbances ag, a,,
measured disturbances a,,,, a,,, and pseudo or estimated dis-
turbances ag ., 7,05
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For the feedforward signal which is proportional to a

k1a@1m — kagOom
ARest = f
kigkiar — kygkran
- 2
_ kwaky(ar + ag) — kaaka(ar — ag)
- 2
(kigk1 — kaak2) (k1gk1 + kaakz)
= 2 ar + 2 a

R-

And therefore,

(k1gky — kagkz) (kighy +kagky)
AR,est = 3 ar + 3 a

It can be observed that the feedforward signal (a_.,)
includes both rotational acceleration and translational accel-
eration. However, if the gains are properly chosen, then the
rotational component of the feedforward signal is maximized
and the translational component is minimized. This is illus-
trated as well in FIG. 7 which shows that the rotational accel-
eration influences the position of the disk head over a track,
and through the feedforward correction loop.

For completeness, it is worth noting:

kigaum + kogQom
Aot = 5

_ kigkiay + kakoay

2
_ kicki(ar +ag) + kyakolar — ag)
- 2
(k1gky + kaghz) (k1gky = kagkz)
= ar + ag.
2 2
And therefore,
(k1gk1 + kogk2) (k1gk1 — kogk2)
QT,est = 5 T 5 ag.

As previously described, an embodiment includes match-
ing the filters N, and N, to accelerometer responses A, and
A, respectively and Kz F g to Fy, 5, /P. Thus, the output of
the filtered accelerometer signals is matched in frequency
characteristics to the response of the PES. FIG. 6 includes
sensors (accelerometers) 632, 633 that have transfer func-
tions a.;, a-,. Embodiments of the filters N, 634, N, 635
equalize these transfer functions. Ideally applying the filters
allows the transfer function of the accelerometers 632, 633 to
be ignored. Therefore, all that needs to be dealt with is the
unknown gains of the accelerometers and the filter K, Fy
which matches the frequency response of the feedforward
loop with the frequency response of the drive loop.

Defining:

Fi =k ki=kyaks
Fl,}?:klak1+k2ak2>

and assuming that in a frequency range of interest;

14

That is, in the frequency range of interest the filters N, and
N, can be used to equalize the effects of the accelerometer
dynamics A, and A .,. The rotational and translational filters
F and F . can be used to equalize F;,,, and P by:

PES  Frupsa FrFipP
ag 1+PC 1+PC’
PES _ FgFirP
T 1+pPC’

and

ar

where P and C are shown in FIG. 6.

The first equation describes the transfer function between
PES and rotational acceleration, a, while the second equation
describes the transfer function between PES and translational
acceleration a;.

The primary difference between previous two equations is
that the first equation has Fy, ;;,, in it, which reflects how
much aj directly affects the PES. In this embodiment, the
second equation does not have a corresponding F ;. ,,, , which
indicates a direct coupling between a, and PES. Instead,
F 1 1.4 18 so small as to be negligible and therefore ignored.
This means that aonly affects PES when there is a mismatch
between relative accelerometer gains that results in a parasitic
component of the feedforward signal. The described embodi-
ments utilizes a,’s affect on PES to adjust the accelerometer
gains k, , and k, , in order to minimize this affect.

20

Conditions in which the transfer functions between exter-
nal accelerations and the PES are zero include:

30

PES .
—— =0 if Fir = kiaky —kooks = 0, and
35 ar

PES Z0if Frupa  FRFLRP _ Frupa = FRFLRP _ 0
B 1+PC 1+PC ~ 1+PC -

ag

The first of these conditions indicates that the accelerom-
eter gains are properly matched. The second of these condi-
tions indicates that the overall rotational accelerometer gains
are matched with the gains of the rotational acceleration being
fed into the drive loop.

The matching condition that nulls the effect of a; on the
PES includes matching both the magnitude and phase of
Fr zzp.4 With the fixed filter F, the scaled accelerometer sig-
nals k, k, +k, k., and the disk actuator model P. The scaled
accelerometer signals only account for the gain matching
50 condition. The filter F, can be considered to be an equalizer to
match the phase of the effect of rotary acceleration on the disk
drive with the feedforward signal.

45

In some situations coupling of translational acceleration
into the PES is not negligible. FIG. 10 shows an example of a
block diagram of a disk drive control system that shows
translational and rotational disturbance influencing the drive
loop. A block 1012 depicts coupling of rotational disturbance
into the PES, and a block 1014 depicts coupling of transla-
tional disturbance into the PES. The accelerometers 1032,
60 1033 are translational and rotational accelerometers, respec-
tively. The feedforward loop 1030 includes filters N 1034,
Nz 1035, gainelements k,, 1036,k , 1037, filters F 1038, F
1039. In this simplified case, a pure rotational and a pure
translational sensor are used, allowing the two effects of
rotary and translational acceleration to be sensed and dealt
with separately. The two responses are only combined to
generate the feedforward signal U .
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As shown, in this embodiment, there is non-zero coupling
of translational acceleration into PES even in the absence of
the feedforward signal. This translational coupling, however,
is generally lower than the rotational coupling due to the use
of'balanced rotary actuators in disk drives. Based on previous
equations and FIG. 10, it can be shown that:

PES  Frupa AcrkrNgkgaFrP

= - and
ag 1+PC 1+PC
PES _ Frupa  AcrkrNrkraFrP
ar ~ 1+PC 1+PC i

where A, and A ., are the transfer functions of the accel-
erometers to rotational and translational acceleration respec-
tively.

To cancel the effects of the accelerations on PES, the accel-
erometers need to be matched as previously described. The
difference, however, is that the effects of a, are no longer
solely due to a mismatch in the accelerometers’ gains, but due
to coupling in the drive. Generally, for disk drives with bal-
anced rotary actuators, Frp, is significantly lower than
Fr zp4 Over most frequencies of interest. This is typically
determined by measuring the frequency responses from a,
and a, to PES and examining the magnitude of these
responses.

The matching conditions, that is, the values of gains and
filters for which the sensitivity of PES to a; and a, can be
minimized are:

PES Frupa _ AcrkRNRkpFrP
— =0 = =0, and
1+PC 1+PC
PES Frupa _ AcrkrNrkroP
ar 1+PC~ 1+PC ~

Assuming that the feedback control loop running the drive
is stable, a necessary condition for drive operation, the factor

1
1+PC

is always finite, allowing the matching conditions to be sim-
plified as:

F, R.HDA =A cpkgNghp L gP=(A cgNgF g P)kgkg, and

FT,HDA:ACTkTNTkTaFZP:(ACTNTFZP)kaTa-

Again, there are multiple ways of adjusting the filters to
achieve this condition. One such condition is to choose N
and N to equalize the transfer functions of the accelerom-
eters A -z and A -,inthe frequencies of interest and choose F,
and F . to adjust the feedforward to match the effects of a; and
ayon PES. That is choose:

to equalize the response of the accelerometers in the frequen-
cies of interest. Then choose
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F F,
Fp= R,IIZDA and Fy = T,IIZDA’

then all that needs to be adapted is the gains k5, k,, to
cancel the unknown gains k and k;. If it is assumed that the
equalizing filters N and N .cancel the unwanted dynamics of
the accelerometers A, and A, and the filters F; and F,
match the dynamics of the accelerometer feedforward signals
to the response of the disk drive PES to az and a, respectively,
then the problem can be greatly simplified.

The situation is more difficult if the accelerometers are
mismatched. FIG. 11 shows an example of a block diagram of
the disk drive control system that shows translational and
rotational disturbance influencing the drive loop, and
includes translational and rotational disturbances being esti-
mated from linear disturbances. FIG. 11 requires measure-
ment of a,, a, in place of az, a, by accelerometers A, 1132,
A, 1133. The feedforward loop 1130 includes filters N,
1134, N, 1135, gain elements k, , 1136, k, , 1137, and filters
FzKg, 1138, F K, 1139.

To obtain

PES

ag

it is assumed that a,=0. Then:

ay =ar +ag =ag, and ap = ar — ag = —ag, and

PES  Frupa kia kog Y KraFrP
T2 TRHDA N S A 22 )
ax  1+PC (C“ 17 TGk 2]1+PC

As before, this can be simplified by first equalizing the accel-
erometer responses in the frequencies of interest by setting:

In the event that the accelerometer gains are known, then
these can be compensated through:

Usually, they are not and adjustments must be adapted to
them.

Using the above filter settings, the previous equation can be
simplified to:

PES  Frupa KraFrP

= - and;
ag 1+PC 1+PC
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-continued
PES Frupsa  KroFrP
UM TePCc T TePC

For a stable drive loop control system,

1
1+PC

stays finite, so this condition simplifies to

PES F

T2 0 if K Fg = HPA

agR P
To get

PES

ar

it is assumed that az=0. Therefore;

a; = ar +ag = ar, and
a; = ar — ag = ar, and

PES _ Frupa
T 1+PC

ky ko \K1.Fr P
_(ACIkINl 70 +Aczk2N2—] i :—PC

ar 2

which can be simplified using the same filter settings used
for

PES_
agr

PES _ Frups KraFrP

ar 1+PC 1+PC’
Therefore;

PES _ ” Frupa _ KraFrP
o Y 1ypcT 1RO

For a stable drive loop control system,

PES F,
220 it Ky Py = —PA
ar P

stays finite, so this condition simplifies to

1+PC
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Note that there is a signal from the linear filters, and a signal
for rotational and translational acceleration components.
Therefore, one set of filters can be used to equalize and match
the accelerometers, and another set can match the loop gains.
The same conditions apply for equalizing the linear acceler-
ometers. However, the matching of the feedforward is difter-
ent because the coupling between a, az, and PES is different.

A linear system can be simplified through superposition
when a, a; are nonzero. That is:

Ny = .
Ny x L,
Acz
kig = i,
ki
ko = i,
ka

The individual accelerometers are equalized, and behave
as a pure rotational or pure translational accelerometer. The
following two equations can be used to calibrate the com-
bined accelerometer responses to cancel the effect of distur-
bance.

_ Frupa

KgraFg = T, and
Fr,1pa
KraFr = =522

To this point, the conditions needed for the feedforward to
cancel rotational disturbances have been discussed. However,
how to adapt the gains k, , and k, , to the proper levels has not
been fully discussed. Once the equalizing filters have been
properly set, then the gains should be adjusted to the point
where:

ky ki =koko.

For the standard situation in which Fy .., is approxi-
mately zero, then the transfer function from the translational
acceleration a, to the PES is approximately zero. In the situ-
ation in which Fy,;,, is not zero, then matching the above
equation provides cancellation of both rotational and transla-
tional acceleration. That is, the gains are adjusted such that
the sense signals of the two accelerometers are equalized. The
adaptation essentially includes two components. A first com-
ponent decouples the translational acceleration from the feed-
forward signal. The second component operates much like
adaptation using a pure rotational accelerometer.

Based on previous equations for filtering the accelerometer
responses;

PES _ Frupa
T 1+PC

(klkla +k2kZa]KRaFRP
ag 2 1+PC’
Setting kg, = 1, and

H - Frupa _ KrafgP
YTT¥PCT THPC

and,
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-continued
PES kikiq + kok
e H1 1— 15, 282a )
agR 2

Similarly, with F . ;;,,=0, and F;=F, then;

PES

kikiqa —kok
__Hl[ll 220:|.

ar 2

Combining these results in:

kikig + kakag kikig —kakag
ap — a

PES = Hy|ag - 5 X 5 .

A search algorithm such as a Least Means Squares (LMS)
algorithm can be generated using some set of derivatives of a
cost function. In the case of LMS, the cost function is qua-
dratic, and the derivative is the gradient.

A gradient of PES can be derived as:

oPES [k ki
ET 1[‘7“"’ B T“T]
H,
= _Tkl lag +ar]
= —%klal
H,
= _7alm
Likewise:
JPES kn kn
Ok ‘[_T“R - 7‘”]
H,
= —Tkz[aR +ar]
H,
= —Tkzaz
H
= —7512”‘

The filter H, filters all the signals, and therefore, does not
change the adaptation. The filter represents a fixed filter that
matches the frequency response of the feedforward signal to
the PES signal. Note that the sign of the gradient with respect
to k,,, is opposite that of the gradient with respect to k.. This
results in a difference in sign of the adaptation gain for the
updates of'k,, versus k, ,.

The adaptation for k, , and k,, is based on the two signals
a,,,=k,a, and a,,=k,a,. However, k, and k, are unknown, so
their effect should be decoupled from the PES. Based on the
negative of the gradient, a parameter update is:

ko (i+1)=k () +20 PES(i)a (i)
ko oi+1)=ko (1) - 21PES(i) a5,,(0)

where 11, and W, are adaptation gains and control both the
stability of the adaptation loop as well as the speed of con-
vergence.

The sign difference in the two equations is based on the fact
that the gradient from the measured acceleration a,,, to PES
has a different sign than that of the measured acceleration a,,,
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to the PES. FIG. 12A shows an example of the adaptive gain
control that depicts these equations. FIG. 12A shows a Least
Mean Squares (LMS) algorithm for adapting a,,, and a,,,.
Each of the inputs from the accelerometers is multiplied by
PES. The products are scaled by the respective adaptation
gains, 211, or —211,, and then fed into cumulative sums. The z~*
block is a unit time delay, which when put into a positive
feedback loop implements a digital integrator. Thus, when the
scaled products of the acceleration are fed into the positive
feedback loops, these scaled products are integrated. Thus,
over time, the integrators compute a gain that is proportional
to the correlation of each of the accelerometer signals to PES.

Inthe presence of translational acceleration, it can be better
to rearrange a, ,,, and a,, generating a new set of signals. For
example, let:

these can be rewritten:

kig
A est = T(QIm +k3gazy,) and

kig
ARest = 7(alm — k3g@am).-

These parameters can be adapted in a similar way as pre-
viously described, or by multiplying the PES with these esti-
mated accelerations forming an update. That is, assuming the
gain mismatch is not too large, a simple version of an adap-
tation includes a simple LMS adaptation, such as:

kla(i+1):kla(i)+2HRPES(i)aR,esz(i)

ksa(i"'l):ksa(i)—zllTPES(i)aT,esz(i)-

FIG. 12B shows another example of the adaptive gain
control that depicts adaptation according to the equations
above. The sign difference between the two equations is due
to the fact that the gradient of the measured acceleration a, ,,
to the PES has a different sign than the measured acceleration
a,,, to the PES.

Some methods of using disturbance sensors for reducing
the effects of disturbances ofa disk drive only use disturbance
signals generated by the disturbance sensors if the distur-
bance signals exceed a predetermined threshold. For
example, FIG. 13A shows an example of a sine wave (repre-
senting a detected disturbance signal), and the effects of
threshold detection applied to that detected disturbance sig-
nal. However, as shown, portions of the sine wave are
excluded even though the disturbance signal could be helpful
in the excluded portions. That is, the excluded portions
include perfectly valid values of a sine wave, wherein the
amplitude of the sine wave exceeds the threshold boundaries.
It can be observed that even for reasonable signal amplitudes,
the threshold (minimum) eliminates a valid portion of the
disturbance signal that lies below the minimum level thresh-
old. Additionally, some implementations include a maximum
threshold level which can cause the top portions of the dis-
turbance signals to be unused. Using such a simple thresh-
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olding scheme on the disturbance signal to turn adaptation or
feedforward on and off, disables portions of a signal that
contain useful information.

A more advanced method of thresholding allows for adap-
tation and/or feedforward correction to continue even when
portions of the disturbance signal are beyond the threshold
values. FIG. 13B shows an example of such a threshold detec-
tion circuit. This simple rectifying and low pass filter provides
an amplitude representation of the disturbance signal. The
amplitude of this signal is constant and non-trivial. This
threshold detection circuit allows adaptation and/or feedfor-
ward to continue, even when the signal is outside the thresh-
old levels such as during short periods of time when the large
signal passes through 0 and is below the minimum threshold.
This simple method prevents the loss of useful signal infor-
mation for the algorithms of the described embodiments to
process.

Although specific embodiments have been described and
illustrated, the embodiments are not to be limited to the spe-
cific forms or arrangements of parts so described and illus-
trated.

What is claimed:
1. A method of mitigating effects of disturbances of a disk
drive, comprising:
sensing a position error signal of a transducer coupled to a
surface of the disk drive, the position error signal aiding
in control of an actuator of the disk drive;
generating a first disturbance signal by sensing a distur-
bance of a first sensor attached to the disk drive, the first
disturbance signal aiding in control of the actuator;
generating a second disturbance signal by sensing a distur-
bance of a second sensor attached to the disk drive, the
second disturbance signal aiding in control of the actua-
tor;
reducing effects of the disturbances on the position error
signal by adaptively adjusting a gain of the first distur-
bance signal and a gain of the second disturbance signal;
comprising;
estimating a rotational component of the first and second
disturbance signals;
estimating a translational component of the first and
second disturbance signals;
adaptively adjusting a gain of the first disturbance signal
and a gain of the second disturbance signal in
response to an estimated rotational component of the
first and second disturbance signals as separated from
an estimated translational component of the first and
second disturbance signals as determined by a
response of the position error signal to the distur-
bances;
detecting average amplitudes of the first and second
disturbance signals;
adaptively adjusting gains of the first and disturbance
signals only when the detected average amplitudes
are within a specified range;
rectifying the first and second disturbance signals; and
low-pass filtering the rectified first and second distur-
bance signals.
2. The method of claim 1, wherein
at least one of the first and second disturbance signals is
sampled at a different rate than a sampling rate of the
disk drive position error signal.
3. The method of claim 1, further comprising:
generating an auxiliary control signal by combining the
first disturbance signal and the second disturbance sig-
nal;
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injecting the auxiliary control signal into a drive control

loop of the disk drive for aiding in control of the actuator.

4. The method of claim 3, further comprising:

detecting estimated amplitudes of the first and second dis-

turbance signals;

injecting the auxiliary control signal into a drive control

loop of the disk drive only when the estimated ampli-
tudes are within a specified range.

5. The method of claim 1, further comprising:

reducing effects of translational disturbances on the posi-

tion error signal by adjusting a relative gain between the
first disturbance signal and the second disturbance sig-
nal.

6. The method of claim 1, further comprising:

reducing effects of rotational disturbances on the position

error signal by adjusting an overall gain of the first
disturbance signal and the second disturbance signal.

7. The method of claim 1, further comprising:

adaptively adjusting the gain of the first disturbance signal

by monitoring an output of the first sensor;

adaptively adjusting the gain of the second disturbance

signal by monitoring an output of the second sensor.
8. The method of claim 1, wherein the first sensor com-
prises a first accelerometer sensing a first acceleration and the
second sensor comprises a second accelerometer sensing a
second acceleration, and the method further comprises:
estimating the rotational acceleration signal from the first
acceleration signal and the second acceleration signal;

estimating the translational acceleration signal from the
first acceleration signal and the second acceleration sig-
nal; and wherein

reducing effects of the disturbances on the position error

signal comprises;

de-correlating the position error signal with respect to
the rotational disturbance and translational distur-
bance comprises adaptively adjusting the gain of the
first acceleration signal and adaptively adjusting the
gain of the second acceleration signal.

9. The method of claim 8, further comprising:

generating an auxiliary control signal by combining the

first acceleration signal and the second acceleration sig-
nal, wherein combining comprises a scaled combination
of the first acceleration signal and the second accelera-
tion signal, and the translational acceleration is esti-
mated based on the scaled combination of the first accel-
eration signal and the second acceleration signal;
injecting the auxiliary control signal into a drive control
loop of the disk drive for aiding in control of the actuator.

10. The method of claim 8, wherein the rotational accel-
eration signal is estimated based on a scaled combination of
the first acceleration signal and the second acceleration sig-
nal, and the translational acceleration is estimated based on a
scaled combination of the first acceleration signal and the
second acceleration signal.

11. The method of claim 1, further comprising matching a
response of the position error signal to the first and second
disturbance signals by filtering the first and second distur-
bance signals of the first and second sensor before the first and
second disturbance signals are gain adjusted.

12. The method of claim 1, wherein the first and second
disturbance signals aid in control of the actuator through an
adaptive feedforward control loop, and the position error
signal aids in control of the actuator through a feedback
control loop.

13. The method of claim 1, wherein an adaptive feedfor-
ward control loop of the disk drive is implemented with
analog circuitry.
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14. A method of calibrating at least a pair of sensors of a
disk drive, comprising:

sensing a position error signal of a transducer coupled to a

surface of the disk drive, the position error signal aiding
in control of an actuator of the disk drive;
generating a first disturbance signal by sensing a distur-
bance of a first sensor attached to the disk drive, the first
disturbance signal aiding in control of the actuator;

generating a second disturbance signal by sensing a distur-
bance of a second sensor attached to the disk drive, the
second disturbance signal aiding in control of the actua-
tor;

adaptively adjusting a relative gain between the first dis-

turbance signal and the second disturbance signal to
minimize a difference between a gain associated with
the first disturbance signal, and a gain associated with
the second disturbance signal; and

measuring a response of the position error signal;

rectifying and filtering at least one of the first disturbance

signal and the second disturbance signal;

detecting if the at least one rectified and filtered signal

exceeds a threshold, and

if the signal exceeds the threshold, then decoupling the first

disturbance signal and the second disturbance signal
from control of the actuator.

15. The method of claim 14, wherein adaptively adjusting
a relative gain between the first disturbance signal and the
second disturbance signal, further comprises:

adjusting the gain of the first disturbance signal to mini-

mize its correlation with the position error signal; and
adjusting the gain of the second disturbance signal to mini-
mize its correlation with the position error signal.

16. The method of claim 14, further comprising:

estimating a rotational disturbance signal by combining the

first disturbance signal and the second disturbance sig-
nal;

canceling effects of rotational disturbance by aiding con-

trol of the actuator with the estimated rotational distur-
bance signal, comprising:

scaling the estimated rotational disturbance signal; and

summing the scaled estimated rotational signal into a con-

trol loop of the disk drive.

17. The method of claim 14, further comprising:

generating a translational disturbance signal by combining

the first disturbance signal and the second disturbance
signal;

aiding in canceling effects of translational disturbance by

aiding control of the actuator with the translational dis-
turbance signal.

18. The method of claim 14, further comprising:

gain adjusting the first disturbance signal and gain adjust-

ing the second disturbance signal, and

de-correlating the position error signal with respect to the

first disturbance signal and the second disturbance sig-
nal by adaptively adjusting the gain of the first distur-
bance signal and adaptively adjusting the gain of the
second disturbance signal.
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19. The method of claim 14, wherein the first disturbance
signal and the second disturbance signals aid in control of the
actuator through an adaptive feedforward control loop, and
the position error signal aids in control of the actuator through
a feedback control loop.

20. The method of claim 14, wherein an adaptive feedfor-
ward control loop of the disk drive is implemented with
analog circuitry.

21. The method of claim 14, wherein the first sensor and the
second sensor are aligned on a common translational axis,
and sense translational disturbance.

22. The method of claim 14, further comprising:

detecting estimated amplitudes of the first disturbance sig-

nal and the second disturbance signal;

adaptively adjusting the gain of the first disturbance signal

and the gain of the second disturbance signal only when
the estimated amplitudes are within a specified range.

23. The method of claim 14, wherein at least one of the first
and second disturbance signals is sampled at a different rate
than a sampling rate of the disk drive position error signal.

24. The method of claim 14, further comprising:

detecting average amplitudes of the first and second dis-

turbance signals;

injecting an auxiliary control signal into a drive control

loop of the disk drive only when the average amplitudes
are within a specified range.

25. A method of calibrating at least a pair of sensors of a
disk drive, comprising:

sensing a position error signal of a transducer coupled to a

surface of the disk drive, the position error signal aiding
in control of an actuator of the disk drive;
generating a first disturbance signal by sensing a distur-
bance of a first sensor attached to the disk drive, the first
disturbance signal aiding in control of the actuator;

generating a second disturbance signal by sensing a distur-
bance of a second sensor attached to the disk drive, the
second disturbance signal aiding in control of the actua-
tor;

adaptively adjusting a relative gain between the first dis-

turbance signal and the second disturbance signal to
minimize a difference between a gain associated with
the first disturbance signal, and a gain associated with
the second disturbance signal; and

measuring a response of the position error signal;

detecting estimated amplitudes of the first and second dis-

turbance signals;

adaptively adjusting gains of the first and disturbance sig-

nals only when the detected estimated amplitudes are
within a specified range;

wherein detecting the average amplitudes comprises:

rectifying the first and second disturbance signals; and
low-pass filtering the rectified first and second distur-
bance signals.



