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(57) Abstract: In a particular embodiment, a system 102 is disclosed that includes a solid-state data storage medium 134, a disc
data storage medium 156, and a controller 118 adapted to selectively adjust a spindle speed associated with the disc data storage
medium 156 and a buffer size associated with the solid-state data storage medium 134 responsive to a trigger.
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VARIABLE SPINDLE SPEED CONTROL FOR DATA STORAGE DEVICES

TECHNICAL FIELD

The present disclosure relates generally to variable spindle speed control for data
storage devices, and more particularly but not by limitation to a hybrid data storage device
including at least two data storage media and including a controller to selectively apply a
selected operating mode having a particular spindle speed associated with at least one of
the two data storage media.

SUMMARY

In a particular embodiment, a controller is adapted to selectively alter a spindle
speed associated with a disc data storage medium and alter an associated sample rate in
response to a data input. The controller can also selectively alter a buffer size associated
with a solid-state data storage medium based on the data input. The controller may be
internal to a data storage device such as a disc drive or a hybrid data storage device.

In another embodiment, a system comprises a solid-state data storage medium; a
disc data storage medium; and a controller adapted to selectively adjust a spindle speed
associated with the disc data storage medium and a buffer size associated with the solid-

state data storage medium responsive fo a trigger.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a block diagram of a particular illustrative embodiment of a system

including a hybrid storage device adapted to control a variable spindle speed;

FIG. 2 is a diagram of a method of variable spindle speed control for a hybrid data

storage device;

FIG. 3 is a diagram of a particular representative example of roll versus spindle
speed for a take-off profile of a slider of a rotatable data storage device over a range of

spindle speeds;

FIG. 4 is a diagram of a particular representative example of fly height versus

spindle speed for a take-off profile of the slider of FIG. 3 over a range of spindle speeds;
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FIG. 5 is a diagram of a particular representative example of pitch versus spindle

speed for a take-off profile of the slider of FIG. 3 over a range of spindle speeds;

FIG. 6 is a diagram of a second particular representative example of fly height
versus spindle speed at an outside diameter of the rotatable storage medium for a shider of

a load-unload drive;

FIG. 7 is a diagram of rotations per minute (RPM) versus frequency for a
representative rotatable storage medium having variable spindle speeds illustrating no

significant resonance coupling due to thermal cycling and spindle speed switching;

FIG. 8 is a diagram of disc mode versus temperature for a representative rotatable
storage medium illustrating no significant resonance coupling due to thermal cycling at a

fixed spindle speed; and

FIG. 9 is a flow diagram of a particular illustrative embodiment of a method of

varying a spindle speed of a rotatable storage medium of a hybrid data storage device.

DESCRIPTION OF EMBODIMENTS

In a particular embodiment, a hybrid data storage device is disclosed that includes
a hard disc data storage medium and a solid-state data storage medium (such as a non-
volatile flash storage medium). In a particular embodiment, a spindle speed (or rate)
associated with the hard disc data storage medium plays a significant role in input/output
(I/O) performance for the data storage device. External disturbance (windage and disc
modes) is highly dependent on the spindle speed, which is also one of the gating factors
for areal density and performance of the hard disc data storage medium. While some hard
disc data storage devices utilize a fixed spindle rotation speed to deliver a desired
performance and handle induced external disturbances for the particular spindle speed, a
controller of the hybrid storage device is adapted to selectively utilize variable spindle
rates to improve reliability and reduce power consumption in response to input data. The
input data can include user input data received from a host system via an interface,
external disturbance data related to one or more environmental sensors, performance data

from one or more firmware sensors, or any combination thereof. Further, the hybrid data
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storage device can utilize the solid-state data storage medium to provide a large data

buffer/cache to maintain desired performance, even when the spindle speed 1s reduced.

FIG. 1 is a block diagram of a particular illustrative embodiment of a system 100
including a hybrid storage device 102 adapted to provide a variable spindle speed. As
used herein, the term “hybrid storage device” refers to a data storage device that includes
both a rotating storage medium (hard disc data storage medium) and a second data storage
medium, such as a solid-state storage medium. The hybrid storage device 102 is adapted
to communicate with a host system 104. In a particular embodiment, the host system 104
can be a computer, a processor, a personal digital assistant (PDA), a portable telephone,

another electronic device, or any combination thereof.

The hybrid storage device 102 includes recording subsystem circuitry 106 and a
head-disc assembly 108. The recording subsystem 106 inciudes storage device read/write
control circuitry 110 and disc-head assembly control circuitry 120. The recording
subsystem circuitry 106 includes an interface circuit 112, which has a data buffer for
temporarily buffering the data and a sequencer for directing the operation of the read/write
channel 116 and the preamplifier 150 during data transfer operations. Further, the hybrid
storage device 102 can utilize a portion of a solid-state data storage device, such as a data
flash memory 134, as a data buffer, which has a data buffer size that can be adjusted. The
interface circuit 112 is coupled to the host system 104 and to a control processor 118,
which is adapted to control operation of the hybrid storage device 102. In a particular
embodiment, the control processor 118 includes spindle speed control logic 119 that is
adapted to control a spindle circuit 126 and a spindle motor 158 to adjust a rotational
velocity (spindle speed or rotations per minute (RPM)) associated with one or more
rotatable discs 156. In a particular embodiment, the spindle speed control logic 119 can
include processor executable instructions that are executed by the control processor 118.
The storage device 102 may include firmware sensors 160 to monitor bit error rate, read
retry rates, other parameters, or any combination thereof that are associated with
performance of the storage device 102. Further, the storage device 102 can include one or

more environmental sensors 162 to monitor external disturbances and environmental
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parameters. The one or more sensors 162 can include shock events, vibrations sensors,

temperature sensors, other sensors, or any combination thereof.

In a particular embodiment, the control logic 119 can receive input data including
at least one of a user input (such as user data or instructions received from the host system
104 via the interface 112), environmental data from an environmental sensor (such as one
or environmental sensor 162), performance parameter data from firmware sensors (such as
one or more firmware sensors 160), or any combination thereof. Further, the control logic
119 can selectively adjust a spindle speed of the spindle 157 and a sampling rate
associated with the one or more read/write heads 154 based on the received input data, to
enable reading and writing data from and to the one or more discs 156 at the altered
spindle speed. Further the control logic 119 is adapted to adjust a size of a data buffer

within a solid-state memory, such as the data flash 134.

The control processor 118 is coupled to a servo circuit 122 that is adapted to
control the position of the one or more read/write heads 154 relative to the one or more
discs 156 as part of a servo loop established by the one or more read/write heads 154. Ina
particular embodiment, the servo circuit 122 is adapted to control a fly height, pitch and
roll associated with the one or more read/write heads 154, which are mounted to a
respective one or more sliders having aerodynamic profiles for flying above the surfaces
of the one or more discs 156. The one or more read/write heads 154 are mounted to a
slider that is coupled to a rotary actuator assembly to which a coil 152 of a voice coil
motor (VCM) is attached. The VCM includes a pair of magnetic flux paths between
which the coil 152 is disposed so that the passage of current through the coil causes
magnetic interaction between the coil 152 and the magnetic flux paths, resulting in the
controlled rotation of the actuator assembly and the movement of the one or more

read/write heads 154 relative to the surfaces of the one or more rotatable discs 156. The

servo circuit 122 is used to control the application of current to the coil 152, and hence the

position of the one or more read/write heads 154 with respect to the tracks of the one or

more rotatable discs 156.

The disc-head assembly control circuitry 120 includes the servo circuit 122 and

includes the spindle circuit 126 that is coupled to the spindle motor 158 to control the
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rotation of the one or more discs 156. The disc-head assembly control circuitry 120
further includes voltage regulator circuitry 128 that controls a power supply to the spindle
motor 158 via the spindle circuit 126. The hybrid storage device 102 also includes an
auxiliary power device 130 that is coupled to the disc-head assembly control circuitry 120
and that is adapted to operate as a power source when power to the hybrid storage device
102 is lost. In a particular embodiment, the auxiliary power device 130 can be a capacitor
or a battery that is adapted to supply power to the hybrid storage device 102 under certain
operating conditions. In a particular example, the auxiliary power device 130 can provide
a power supply to the recording subsystem assembly 106 and to the disc-head assembly
108 to record data to the one or more rotatable discs 156 when power is turned off. Ina
particular embodiment, the auxiliary power device 130 is adapted to supply power to the
spindle motor 158 via the spindle circuit 126 to increase the spindie speed if power is lost
during an unload operation. Further, the auxiliary power device 130 may supply power to
the recording subsystem assembly 106 to record data to a data flash 134 or to a code flash

138 when power is turned off.

Additionally, the hybrid storage device 102 includes the data flash 134 (such as a
NAND flash memory), a dynamic random access memory (DRAM) 136, the code flash
138 (such as a NAND or NOR flash memory), other memory 142, or any combination
thereof. In a particular embodiment, the code (NOR) flash 138 stores spindle speed
control logic instructions 140, which can be loaded and executed by the control processor

118.

In a particular illustrative embodiment, the code (NOR) flash 138 is a solid-state
memory that stores operating instructions (including spindle speed control logic
instructions 140) that are executable by the control processor 118 to control the variable
speeds via the spindle circuit 126 and the spindle motor 158 and to control operation of the
actuator assembly, including the servo circuit 122, the coils 152 and the read/write heads
154.

In a particular embodiment, the spindle speed conirol logic 119 is executed by the
control processor 118 in response to a trigger, such as a user input received from the host

system 104 via the interface 112 fo select an operating mode from a plurality of operating
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modes. In a particular example, the plurality of operating modes can include a “normal”
operating mode, a “safe” operating mode, a “voice” operating mode, an “audio” operating
mode, a “video” operating mode, other modes, or any combination thereof. In this
particular example, the “normal” operating mode can refer to performance and operational
settings (such as default settings) for the data storage device of a particular host system.
For example, a “normal” operating mode for a storage device within a mobile telephone
may be different from the “normal” operating mode for a storage device of a desktop or
portable computer. The “safe” operating mode may refer to a diagnostic mode of a
particular device. The “voice” operating mode refers to a mode for recording audio
signals or voice communication where acoustic noise from the hard disc is undesirable,
while drive input/output (I/O) performance is less significant. The “andio” operating
mode refers to a mode for playback of audio recordings where the 1/O performance is
more important than that of “voice mode”, but acoustic noise from the hard disc is
tolerable. The “video” operating mode refers to a mode for playback of audio and video
signals, requiring a high input/output (I/O) rate. Further, other operating modes are also
contemplated, such as a reliability mode for adjusting spindle speed, sampling rate,
seel/settle criteria, buffer size, and other parameters to handle significant external

disturbances while maintaining performance.

In a particular embodiment, the trigger can be a measured environmental parameter
(such as a shock parameter, a vibration parameter, and the like) received from the one or
more environmental sensors 162, a firmware parameter (such as bit error rates, read retry
rates, other external or internal disturbance estimates, or any combination thereof)
received from one or more firmware sensors 160, a user input (such as a mode selection
input) received from a host system 104 via the interface 112, or any combination thereof.
In a particular illustrative embodiment, the spindle speed control logic 119 1s adapted to
selectively adjust a spindle speed of the spindle 157, selectively adjust the size of a data
buffer of a solid-state memory (such as a data buffer within the data flash 134), selectively
alter a sampling rate associated with the one or more read/write heads 154, or any
combination thereof in response to receiving the trigger. In a particular example, the data
buffer can include a portion of the solid-state memory (such as the data flash 134) that is

allocated for use as a data buffer.
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FIG. 2 is a diagram 200 of a method of variable spindle speed control for a hybrid
data storage device. The diagram 200 includes a hybrid data storage device 202 having a
plurality of operating modes, including a “normal” mode 204, a “safe” mode 206, a
“voice” mode 208, an “audio” mode 210, a “video” mode 212, another mode (not shown),
or any combination thereof. In a particular embodiment, each of the plurality of operating
modes includes a particular spindle speed and a particular data buffer size. Further, each
particular spindle speed may have an associated sample rate to read data from and write
data to a hard disc data storage medium. In a particular embodiment, the “normal” mode
204 includes a first data buffer size associated with a solid-state data storage medium and
a first spindle speed associated with the hard disc data storage medium. The “safe” mode
206 includes the first data buffer size and a second spindle speed, where the second
spindle speed is slower than the first spindle speed. In this particular instance, the “safe”
mode 206 can be a diagnostic mode that includes a second sampling rate that is slower

than a first sampling rate associated with the “normal” mode 204.

In a particular embodiment, the “voice” mode 208 can be used during audio
recording or voice communication. The “voice” mode 208 uses the first data buffer size,
the second spindle speed and the second sampling rate. Further, the “audio” mode 210
uses a second data buffer size that is larger than the first data buffer size and uses the
second spindle speed. In a particular example, the “audio” mode 210 can be used during
audio playback to reduce disc-related noise. The “video” mode 212 includes the second
data buffer size and the first spindle speed. In a particular embodiment, the “video” mode
212 can utilize a third spindle speed and a third sampling rate that are greater than the first

spindle speed and the first sampling rate, providing improved VO performance.

The diagram 200 further inchudes a user input 214 that is coupled to the hybrid
storage device 202 via a mode switch 216. The mode switch 216 is adapted to enable the
“normal” mode 204 directly and to enable the other modes 206, 208, 210, and 212 via a
node 228 that is coupled to a trigger switch 218. In a particular embodiment, the mode
switch 216, the node 228, and the trigger switch 218 can be logic that is included within a
controller, such as the control processor 118 illustrated in FIG. 1. The trigger switch 218

can be responsive to real-time (or near real-time) sensor detection 220, which is coupled to
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a shock vibration sensor 222 to provide a signal related to external disturbance data to the
trigger switch 218. Additionally, firmware performance estimation 224 is coupled to an
input/output (I/O) estimate / disturbance estimate module 226, which is coupled to the
trigger switch 218. In a particular embodiment, 2 controller of the hybrid data storage
device 202 is adapted to selectively apply one of the “normal” mode 204, the “safe” mode
206, the “voice” mode 208, the “audio” mode 210, and the “video” mode 212 to adjust
parameters of the hybrid data storage device 202 iﬁ response to a trigger from the mode

switch 216, from the trigger switch 218, or any combination thereof.

In a particular example, if the user input 214 does not indicate a change in mode,
the controller can selectively apply the “normal” mode 204. If the user input 214 specifies
a mode switch at 216, external disturbance data from the shock vibration sensor 222 and
/O estimate / disturbance estimate data from the I/O estimate/disturbance estimate module
226 can be used by the controller to selectively activate one of the plurality of modes. Ina
first instance, when the disturbance data and the /O estimate / disturbance estimate data
indicate no external disturbance (or external disturbances within an acceptable range), the
controller can selectively activate the “normal” mode 204. In a second example, when the
disturbance data and the /O estimate / disturbance estimate data indicate an external
disturbance (or an external disturbance that exceeds a threshold), the controller can
selectively apply one of the “safe” mode 204, the “voice” mode 208, the “audio” mode

210, and the “video” mode 212 based on the particular trigger.

In a particular embodiment, the variable spindle speed can be used to reduce power
consumption, reduce errors and enhance overall reliability. Power consumption by the
hybrid data storage device 202 can be measured under different operating conditions,
including idle and high input/output operations per second (IOPS). In a particular
example, the idle power can be proportional to the rotations per minute squared (rpm?) of

the spindle according to the following equation:
Pige=K*rpm’ (Equation 1)

where the variable P represents the power and where K is a constant. In a particular
example, if the spindle rotation speed (hereinafter “spindle speed”) decreases from 10000

rpm to 7200 rpm, the idle power of a particular embodiment of a hybnid data storage
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device 202 can be reduced by almost 48%. In an example, the hybrid data storage device
202 includes power savings modes that utilize the lower spindle speeds to reduce power
consumption and that utilize an increased data buffer to maintain a consistent input/output

performance.

In another particular embodiment, the controller of the hybrid data storage device
202 may be adapted to vary the spindle speed based on real-time (or near real-time)
estimates of the external disturbance. In an example, the controller is adapted to
selectively adjust the spindle speed to achieve a desired track mis-registration (TMR)
reduction. In a particular embodiment, several mechanical contributors operate to limit
the tracking TMR, including coil excitation driven hard disc related resonance,
spindle/windage driven related disc modes, and windage driven resonance. In a particular
example, windage driven resonance can be more than half (50%) of the total non-
repeatable runout (NRRO). Reducing the spindle speed (i.e., rpm) can reduce windage
driven NRRO. Table 1 below includes data related to two different hard disc drive

devices having different outside diameters and different spindle speeds.

TABLE 1: NRRO Comparison Between 15K rpm and 10K rpm

First HDD / 15K rpm Second HDD / 10K rpm

NRRO | Mean Mean+3 sigma Mean Mean+3 sigma

Micro % TP Micro % TP Micro % TP Micro % TP

D 0.4 5.93 0.46 6.96 0.32 4.8 0.38 5.7

MD 0.43 6.42 0.49 7.39 0.36 54 0.44 6.6

oD 0.51 7.66 0.67 10.08 0.45 6.75 0.56 8.4

Overall | 0.45 6.72 0.63 9.38 0.38 5.7 0.53 7.95

As shown in TABLE 1, the second hard disc drive (HDD) had a lower NRRO than
the first HDD due to the reduced spindle rotation speed. In particular, the second HDD
experienced approximately twenty percent (20%) less windage driven NRRO. Since the

second HDD had an outside diameter (OD) of 65 mm as compared to 54 mm for the first
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HDD, the first HDD should have twenty percent (20%) more NRRO if the NRRO 1s
proportional to the disc radius or 45% more NRRO if the NRRO is proportional to the
square of the disc radius. In other words, the second HDD should have about 33% or 45%
less windage, respectively, than the first HDD if the first HDD used the same size disc

radius.

Since NRRO dominates the tracking capability of an HDD, tracking of the TMR
can be significantly improved after the rpm adjustment. For data storage devices in
consumer electronics, varying the spindle speed according to TMR-related errors and
adjusting a corresponding sampling rate associated with a read/write head can enhance
performance, particularly where the disc drive operating conditions can be significantly
different on a case-by-case basis. In a particular example, the spindle speed is adjusted
when the TMR-related errors exceed a TMR threshold. The TMR threshold may represent
a number of TMR related errors at which performance falls below a desired performance

level.

Further, in a particular example, hard disc drive read/write performance can be
highly dependent upon the servo seek settle parameters. When the external disturbance is
high, the amount of seek retries can also increased, which can result in reduced
input/output (VO) performance. In a particular embodiment, the control‘ler is adapted.to
adjust the spindle speed, the associated sample rate, and associated seek/settle criteria to
deliver improved I/O performance. In a particular illustrative example, the controller can
selectively adjust the spindle speed and the sample rate to achieve a desired seek/settle
track mis-registration (TMR) performance parameter and to deliver improved /O

performance.

In consumer electronics applications, the controller can be adapted to adjust the
spindle speed for handset devices (personal digital assistants (PDAs) and cell phones)
where drive acoustics can be important, such as when the handset device is in a voice
communication or voice recording mode. In a particular example, the controller of the
hard disc drive can reduce the spindle speed to a relatively low RPM to reduce acoustic
noise. In another particular embodiment, the controller of the hard disc drive can adjust

the spindle speed based on a particular object, such as an object-oriented spindle speed.
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Further, the controller can adjust the spindle speed to achieve a desired I/O performance,
to-achieve a desired power consumption level, to achieve a desired acoustic reduction, or

any combination thereof.

In an example, there are technical challenges for spindle speed coﬁtrol including
servo control, head fly height control, and resonance waterfall control. In a particular
example, the servo delivers a package targeted at a fixed sampling rate corresponding to a
constant spindle speed. Further, the slider can be designed to fly properly at the constant
spindle speed, and the read/write assembly can be adapted to control resonance under
constant spindle speed. In a particular embodiment, the controller is adapted to vary the
spindle rate based on a received trigger (and/or according to a selected operating mode).
The variable spindle rate leads to variable sampling rates for the digital servo control
system. In this example, a system-on-a-chip (SOC) can support complex servo features.
Further, multiple sample rate controllers can be pre-designed and saved at the SOC to
support the variable spindle speeds. The mode change to switch between the modes 204,
206, 208, 210, and 212 can include varying the spindle speed and applying an associated
sample rate. Further, some parameter varying algdrithms can also be implemented for
such variable spindle rate scenarios. Accordingly, the data buffer size may be adjusted in

conjunction with a change in the spindle speed.

In a particular example, the spindle speed may be constrained, in part, by the fly-
height characteristics of the slider that bears the read/write head. In a particular
embodiment, the slider can maintain proper flight characteristics over a wide range of
spindle speeds, and a controller of the data storage device can use different parameters to
trigger spindle speed changes. For example, in high vibration/shock environment, the
controller of the drive can switch to lower spindle speeds to increase reliébility while
maintaining performance by expanding the buffer of the solid-state storage media. Data
recetved from vibration sensors or shock sensors and data error information from firmware
sensors can be used to trigger the spindle speed change. Further, the spindle rate
adjustment can be determined by the input/output ('O) duty level for power consumption

purposes, performance purposes, acoustic purposes, or any combination thereof.
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FIGS. 3-5 demonstrate that a particular embodiment of a shder can function under
varying spindle speeds from approximately 6000 RPM to 10000 RPM. In the
embodiments of FIGS. 3-5, the data storage device 1s a contact start/stop (CSS) device.

FIG. 3 is a diagram 300 of a particular representative example of roll versus
spindle speed for a take-off profile of a slider of a rotatable data storage device over a
range of spindle speeds. The diagram 300 illustrates take-off performance of a particular
storage device at a contact start/stop (CSS) zone. As shown, at speeds of about 6000 rpm
to 10000 rpm, the roll characteristics of the slider are represented by a relatively smooth
curve indicating a slowly changing (controllable) roll characteristic, which can achieve

desired roll performance.

FIG. 4 is a diagram 400 of a particular representative example of fly height versus
spindle speed for a take-off profile of the slider of FIG. 4 over a range of spindle speeds.
Low fly heights have an increased chance of head crashes in the data zone, as compared to
greater fly heights. However, AE (acoustic emission) sensors can be used to provide
contact detection functionality to improve fly height controls. In a particular example,
such AE sensors can provide fly height data that can be used to dynamically adjust fly
height parameters associated with a slider to which a read/write head is mounted. In the
diagram 400, the fly height is roughly the same between 7200 RPM and 10000 RPM.
When the slider (read/write head) flies into an inside diameter (ID) zone of the data
storage medium, the flying height can become a little lower, but tests demonstrate that the

data storage device can still function properly, even at lower spindle speeds and lower
flying heights.

FIG. 5 is a diagram 500 of a particular representative example of pitch versus
spindle speed for a take-off profile of the slider of FIG. 3 over a range of spindle speeds.
The diagram 500 demonstrates that the slider pitch stabilizes at about 6000 RPM, such that
over a range from about 5000 RPM to 10000 RPM, the pitch of the slider remains

substantially constant,

In the embodiments of FIGS. 3-5, the particular data storage device is a contact
start/stop (CSS) data storage device. However, for a load-unload drive, the flying height

control is different, since the slider flies in the outside diameter (OD) zone of the data
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storage medium. In this instance, the fly height control sometimes favors low spindle

speed for head load/unload because of the ramp/unramp contact chalienges.

FIG. 6 is a diagram 600 of a second particular representative example of fly height
versus spindle speed at an outside diameter of the rotatable storage medium for a slider of
a load-unload drive. In this particular instance, the data storage device was designed to
operate at approximately 7200 RPM. However, the fly height remains substantially stable
over a range of approximately 3000 RPM to 7200 RPM. Accordingly, varying of the
spindle speed and operating using different sample rates can function with existing OD

data storage devices.

It should be understood that the graphs of FIGS. 3-7 are provided for illustrative
purposes, and are not intended to be limiting. Further, it should be understood that the
sliders and the fly height controls can be modified to maintain a substantially constant fly
height over a wide range of spindle speeds, allowing for a high degree of granularity with
respect to the number of different spindle speeds and data sampling rates that can be

applied to a particular data storage device.

FIG. 7 is a diagram 700 of temperature versus frequency for a representative
rotatable storage medium having variable spindle speeds illustrating no significant
resonance coupling due to thermal cycling and spindle speed switching. In a particular
example, disc modes change with varying spindle rotation speeds. Other modes in the
data storage device may be checked at different temperatures to confirm that there is no
significant resonance coupling. If the data storage device has a limited number of spindle
speeds, the mechanical features of the read/write circuitry can be designed to limit
resonance coupling due to thermal cycling and spindle speed switching. In a particular
embodiment, the mechanical features of the read/write circuitry can be designed to Lt

resonance coupling over a desired range of spindle speeds.

FIG. 8 is a diagram 800 of disc mode versus temperature for a representative
rotatable storage medium illustrating no significant resonance coupling due to thermal
cycling at a fixed spindle speed. In a particular embodiment, if the disc mode frequency
does not change with temperature, then resonance is less of an issue for the servo.

However, by comparing the RPM waterfall of FIG. 7 and the thermal waterfall of FIG. 8
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against other sources of resonance (such as actuator arm modes including arm bending,
torsion, and other modes), such sources of resonance coupling can be reduced or

eliminated.

In a particular example, a data storage device can be configured to switch between
two different operating spindle speeds, including a high RPM mode and low RPM mode.
The RPM waterfall can be used to identify the disc mode frequencies at different RPM.
Then, at each RPM, a thermal waterfall test can be performed to identify variations.
Further, in conjunction with the RPM and thermal waterfall tests, other modes can be
identified via laser scanning or other testing techniqﬁes to check for resonance coupling
and to identify sources of such coupling. Once the sources are identified, the design can
be adjusted to reduce the coupling, such as by changing the frequencies of the low/high

RPM modes, by altering other design features, or any combination thereof.

It should be understood that the controller of the data storage device may be
adapted to select a spindle speed from a plurality of spindle speeds and to apply the
selected spindle speed to a spindle coupled to a disc data storage medium. In this instance,
the controller can be adapted to selectively apply any number of spindle speeds. Further,
the controller is adapted to apply an sample rate related to the selected spindle speed, and
to selectively adjust a size of a buffer (which may be an allocated portion of a non-volatile

memory) within a solid-state data storage medium.

FIG. 9 is a flow diagram of a particular illustrative embodiment of a method of
varying a spindle speed of a rotatable storage medium of a hybrid data storage device. At
9012, input data is received at a controller of a hybrid data storage device having a solid-
state data storage medium and a hard disc data storage medium, where the input data
includes a trigger related to at least one of a user input, an environmental parameter from
an environmental sensor, and a performance parameter from a firmware sensor. In a
particular embodiment, the user input can be a mode selection, such as a user selected
“safe” mode, a user selected “audio” mode, a user selected “voice” mode, or any
combination thereof. In a particular example, the hybrid data storage device may include
a software interface accessible to a user to configure the hybrid data storage device for

operation in a particular operating mode. Further, the hybrid storage device can include
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environmental sensors adapted to detect vibrations, shock events, and other external
disturbances and to generate a signal including an environmental parameter representative
of such external disturbances that can be received at the controller. Additionally, the
hybrid storage device can include firmware sensors to monitor performance parameters,
such as bit error rates, read retry rates, other performance data, or any combination
thereof, and to generate a signal including performance parameter data that can be

received at the controller.

Advancing to 904, an operating mode is identified that is related to the input data
from a plurality of operating modes, where the operating mode specifies a spindle speed
and an associated sample rate for the hard disc data storage medium and specifies a buffer
size associated with the solid-state data storage medium. In a particular embodiment, the
controller of the storage device uses the input data (the user input, the environmental
parameter, the performance parameter data, or any combination thereof) to identify an
operating mode based on the input data. In a particular example, the operating mode may

be selected based on the received data.

Continuing to 906, a spindle speed of the hard disc data storage medium is
selectively adjusted to the specified spindle speed of the identified operating mode. The
spindle speed may be increased, decreased, or left unchanged depending on the identified
operating mode. Proceeding to 908, a sample rate of the hard disc data storage medium is
selectively adjusted to the associated sample rate specified by the identified operating
mode. In this embodiment, the sample rate may vary when the spindle speed is changed.
Moving to 910, a buffer size associated with the solid-state data storage medium is
selectively adjusted based on the identified operating mode. In a particular example, the
buffer size may be increased, decreased or left unchanged depending on the particular
operating mode. The method terminates at 912.

In conjunction with the systems and methods disclosed above with respect to
FIGS. 1-8, a hybrid data storage device is disclosed that has a solid-state data storage
medium and a rotatable disc data storage medium. The hybrid data storage device farther
includes a controller that is adapted to receive at least one of a user input, an

environmental data input, and a performance input. The controller is adapted to
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selectively activate an operating mode from a plurality of operating modes, where each
operating mode specifies a spindle speed and an associated sample rate for the rotatable
disc data storage medium and specifies a data buffer size for the solid-state data storage
medium. In a particular embodiment, the controller may also configure a caching policy
and/or a memory partitioning parameter to adjust how received data is allocated between
the solid-state data storage medium and the rotatable disc data storage medium.

It is to be understood that even though numerous characteristics and advantages of
various embodiments of the invention have been set forth in the foregoing description,
together with details of the structure and function of various embodiments of the
invention, this disclosure is illustrative only, and changes may be made in detail,
especially in matters of structure and arrangement of parts within the principles of the
present invention to the full extent indicated by the broad general meaning of the terms in
which the appended claims are expressed. For example, the particular elements may vary
depending on the particular application for the hybrid data storage system while
maintaining substantially the same functionality without departing from the scope and
spirit of the present invention. In addition, although an embodiment described herein is
directed to a hybrid data storage system including a controller adapted to adjust a spindie
speed and an associated sample rate related to a hard disc data storage medium and to
adjust a data buffer size associated with a solid-state data storage medium, it will be
appreciated by those skilled in the art that the teachings of the present invention can be
applied to other hard disc drive systems, without departing from the scope and spirit of the

present invention.
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WHAT IS CLAIMED I8:

1. A system comprising:

a solid-state data storage medium;

a disc data storage medium; and

a controller adapted to selectively adjust a spindle speed associated with the disc
data storage medium and a buffer size associated with the solid-state data
storage medium responsive to a trigger.

2. The system of claim 1, wherein the controller is further adapted to selectively
adjust a sampling rate associated with reading data from the disc data
storage medium at the adjusted spindle speed.

3. The system of claim 1, wherein the trigger comprises a signal indicating that a
track mis-registration (TMR) performance parameter exceeds a TMR
threshold.

4. The system of claim 1, wherein the system comprises:

a data storage interface coupled to a host system, and

wherein the trigger comprises user input received via the data storage interface.

5. The system of claim 1, wherein the system comprises:

at least one sensor to measure an environmental parameter;

at least one firmware detector to estimate data errors associated with reading data
from and writing data to at least one of the solid-state data storage medium
and the disc data storage medium; and

a mode switch responsive to the environmental parameter, the data errors, and a
user input to select an operating mode from a plurality of operating modes,
each operating mode to specify a particular buffer size and a particular
spindle speed,

wherein the controller is adapted to selectively adjust the spindle speed and the

buffer size according to the selected operating mode.



WO 2010/091084 PCT/US2010/023051

18-

6. The system of claim 3, wherein the plurality of operating modes comprises:

a first operating mode having a first buffer size and a first spindle speed;

a second operating mode having the first buffer size and a second spindle speed;

a third operating mode having a second buffer size and the second spindle speed;
and

a fourth operating mode having the second bugger size and the first spindle speed.

7. The system of claim 6, wherein the first operating mode comprises a normal
mode, the second operating mode comprises a safe mode for diagnostic
applications or a voice mode for reduced acoustic noise, the third operating
mode comprises an audio mode for reduced power; and the fourth operating
mode comprises a video mode for high input and output performance. |

8. The system of claim 6, wherein the first spindle speed is greater than the second
spindle speed, and wherein the first buffer size is less than the second
buffer size.

9. A data storage device comprising:

a first data storage medium including a data buffer having a variable buffer size;

a second data storage medium adapted to rotate about a spindle;

read write circuitry adapted to read data from and write data to at least the second
data storage medium; and

a controller coupled to the read write circuitry and adapted to receive data related
to at least one of an external disturbance and a user input, the controller
adapted to:
selectively vary a spindle speed associated with the spindle in response to

the received data;
to apply a corresponding sample rate to the read write circuiiry when the
spindle speed is varied; and

selectively adjust the variable buffer size in response to the received data.
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10. The data storage device of claim 9, wherein the received data is related to

track mis-registration (TMR) errors that exceed a TMR error threshold.

11. The data storage device of claim 9, further comprising:

an environmental sensor to measure the external disturbance and to generate a
disturbance signal related to the external disturbance to the controller; and

a firmware sensor to measure performance parameters associated with at least one
of the first and second data storage media and to generate a performance
signal related to the performance parameters to the controller;

wherein the received data is related to at least one of the user input, the disturbance
signal, and the performance signal.

12. The data storage device of claim 11, further comprising an interface
responsive to a host system to receive the user mput.

13. The data storage device of claim 9, further comprising a plurality of operating
modes, each operating mode spectfying a spindle speed associated with the
second data storage medium and a data buffer size associated with the first
data storage medium.

i4. The data storage device of claim 13, wherein the controller is adapted to:

receive an input including at least one of a user input, an environmental input, and
a firmware performance input; '

identify an operating mode from the plurality of operating modes based on the
received input; and

selectively adjust at least one of the buffer size and the spindle speed based on the

identified operating mode.



WO 2010/091084 PCT/US2010/023051

20

15. The data storage device of claim 13, wherein the plurality of operating modes

comprises:

a first operating mode having a first spindle speed and a first data buffer size;

a second operating mode having a second spindle speed and the first data buffer
size;

a third operating mede having the second spindle speed and a second data buffer
size; and

a fourth operating mode having the first spindle speed and the second data buffer
size.

16. The data storage device of claim 14, wherein the first spindle speed is greater
than the second spindle speed, and wherein the first data buffer size is
smaller than the second data buffer size.

17. The data storage device of claim 9, further comprising:

a spindle coupled to the second data storage medium; and

a spindie motor coupled to the spindie and responsive to the controller to vary the
spindle speed of the spindle.

18. A data storage device comprising:

a solid-state data storage medium;

a disc data storage medium;

read write circuitry adapted to read data from and write data to the disc data
storage medium; and

a controller adapted to selectively alter a spindle speed associated with the disc
data storage medium and alter an associated sample rate in response to a
data input, and selectively alter a buffer size associated with the solid-state
data storage medium based on the data input, the data input related to at
least one of an external disturbance and a user input.

19. The data storage device of claim 18, wherein the controller is adapted to
reduce the spindle speed, reduce the sample rate, and increase the buffer

size to reduce overall power consumption, the controller to alter a memory
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partitioning parameter associated with the solid-state data storage medium
to utilize the increase of the buffer size.

The data storage device of claim 18, wherein the controller is adapted reduce
the spindle speed and reduce the sample rate to reduce track mis-
registration associated with the disc data storage medium.

The data storage device of claim 20, wherein the controller is further adapted
to a seek/settle criterion associated with the disc data storage medium.

The data storage device of claim 18, wherein the controller is adapted to
increase a spindle speed and increase the buffer size for a video application.

The data storage device of claim 18, wherein the controller is adapted to
reduce the spindle speed, alter the sample rate, and increase the buffer size
in an audio mode.

The data storage device of claim 18, wherein the controller includes a plurality

of spindle speeds, the plurality of spindle speeds comprising:

a video mode spindle speed for high input-output performance;

an audio mode spindle speed for reduced acoustic noise and reduced power

consumption;

a voice mode spindle speed for reduced acoustic noise; and

a safe mode spindle speed for reduced power consumption.
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902

Receive input data at a controller of a hybrid data storage device having
a solid-state data storage medium and a hard disc data storage medium,
where the input data includes a trigger related to at least one of a user
input, an environmen tal parameter from an environmental sensor, and a
performance parameter from a firmware sensor

!

904\

Identify an operating mode that is related to the input data from a
plurality of operating modes, where the operating mode specifies a
spindle speed and an associated sample rate for the hard disc data
storage medium and specifies a buffer size associated with the solid-
state data storage medium

!

906 —\

Selectively adjust a spindle speed of the hard disc data storage medium
to the specified spindle speed of the identified operating mode

!

908 —\

Selectively adjust a sample rate of the hard disc data storage medium
to the associated sample rate specified by the identified operating
mode

!

910~

Selectively adjust a buffer size associated with the solid-state data
storage medium based on the identified operating mode

912 End
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