NEfﬁgD?MNB APPARATUS FOR DETECTI NG DEGRADATI ON | N DATA STORAGE SYSTEM
SPI NDLE MOTOR PERFORVANCE FI'ELD OF THE | NVENTI ON The present invention
rel ates generally to data storage systens, and, nore particularly, to a
net hod and apparatus for detecting degradation in spindle notor
performance. BACKGROUND OF THE | NVENTI ON A t¥pical data storage system
I ncl:udes one or nore data storage disks coaxially nounted on a hub of a

spindl e notor. The spi . [ ' ly on

t he.order of several %@3’% e?’(/éoilru %%%5%%@“%%&% or mat i on,
representing vari ousIN yDATAOSTURRAGE BESTHMI 8RINDLErMOTOR PBREABMANSEE from
the data storage disks by one or nore transducers, or read/wite heads,

whi ch are nmounted to an actuator and passed over the surface of the rapidly
rotating disks. The actuator typically includes a plurality of outwardly
extending arns with one or nore transducers being nounted resiliently or
rigidly on the extrenme end of the arns. The actuator arms are interleaved
into and out of the stack of rot atﬁi]}Fd‘Ddi@ksT,HEi HVWI;PI‘{W nmeans of a coil
assenbly nmounted to the actuator. The coil assenbly generally interacts

wi th a permanent magnet stiuct d.th |ication_of current to the
coil in one polarity causeéﬂghégggfﬁgt5Pv§Pﬁgggnag§?§ﬁ§dggésgaﬁ YstiGt in
one direction, wikta steorsge sisthwseppuoditwore particularly, to a

method and apparatus for detecting degradation in

spindle motor performance.

BACKGROUND OF THE INVENTION

A typical data storage system includes one or
more data storagé disks coaxially mounted on a hub of a
spindle motor. The spindle motor rotates the disks at
speeds typically on the order-of several thdusand
revolutions-per-minute. Digital information,
representing various types of déta, is typiéally written
to and read from the data storage disks by one or more -
transducers, or read/write heads, which are ﬁounted to
an actuator and passed over the surface of the rapidly
rotating disks.

The actuator typically includes a plurality of
outwardly extending arms with one or more transducers
being mounted resiliently or rigidly on the extreme end
of the arms. The actuator arms are interleaved into and
out of the stack of rotating disks, typically by means
of a coil assembly mounted to the actuator. The coil
assembly generally interacts with a permanent magnet
structure, and the applicatioh of current to the coil in
one polarity causes the actuator arms and transducers to
shift in one direction, while curxrent of the opposite



2 pé%ariﬁ% shifts the actuator arns and transducers in an opposite
direction. In a typical digital data storage system digital data is stored
in the formof magnetic transitions on a series of concentric, closely
spaced tracks conprising the surface of the magnetizable rigid data storage
di sks. The tracks are generally divided into a plurality of sectors, with
each sector conprising a number of informatiéh fields. One of the .

information fields_.is typical designated for storing data, .while qther
fields contain s@@tlﬁni%’grﬁ(i'flfé%%t% AR RO 2RF ohT RRFOHAEE S0 £y

exanpl e. Data i soppaasftes ididkdetiamnd retrieved from specified track and
sector | ocations, by the 1 aiechGRa et 1 VL {4 O ELASK Lgefefck
typical ly includésdgd tedadiadieenigntstamied im itthee ef@menct @ageetircansducer
ety Con UCHL A R o a) 1 eianiee ELSIER upedce
data storage di skYgess SampriRiny dshosufare elirtkatnagnetgrable wiodd
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magnetize a Specggeg|£M£td£g&{¥yt£¥éégéﬂgrsl with each sector comprising
a number of information fields. One of the information
fields is typically designated for storing data, while
other fields contain sector identification and
synchronization information, for example. Data is
transferred to, and retrieved from, specified track and
sector locations by the transducers being shiftéd from
track to track, typically under the control of a
controller- The transducer assembly typically includes
a read element and a write element. Other transducer
assembly configurations incorporate a single transducer
element used to write data to the disks and read data
from the disks. ' _

Writing data to a data storage disk generally
involves passing a current through the write element of
the transducer assembly to produce magnetic lines of
flux which magnetize a specific location of the disk
surface. Reading data from a specified disk location is
typically accomplished by a read element of the
transducer assembly sensing the magne;ic field or flux
lines emanating from the magnetized locations of the
disk. As the read element passes over the rotating disk
surface, the interaction between the read element and
the magnetized locations on the disk surface resuits in
the production of electrical pulses in the read element.
The electrical pulses correspond to transitions in the
magnetic field.

It is recognized by those skilled in the art

that the performance of the spindle motor is critical to



surﬁace.rReading data froma specified disk location is typically
acconplished by a read el enent of the transducer assenbly sensing the
magnetic field or flux lines emanating fromthe nmagnetized | ocations of the
disk. As the read el enent passes over the rotating disk surface, the

I nteraction between the read el enent and the jragneti zed | ocations on the

di sk surface results in the production of electrical pulses in the read
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increased friction within the spindle bearing assembly
and accelerated bearing assembly fatigue. Such
undesirable changes in the spindle bearing asseﬁbly
operating condition generally lead to a progressive
degradation in spindle motor performance, increased
consumption of spindle motor supply current to overcome
additional mechanical friction, and, more significantly,
a higher probability of temporary or permanent loss 6f
data stored on one or more data storage disks mounted to
the hub of the spindle motor.

It.is generally donsidered desirable to detect
changes in the perfdrmance of the spindle motor early
in, and.throﬁghoﬁt, its sefvice'life in order to
minimize the probability of intermittent and
catastrophic failure of the data storage system. A
number of elaborate and'typically expensive predictive
failure analysis methodologies have been developed in an
attempt to detect the existence of failure modes
associated with spindle motor bearing assembly

" deterioration. Many of these prior -art methodologies
require that the data channel or servo channel be active
in order to perform various test routines and to acquire
data that, when analyzed, only indirectly indicates the
existence or non-existence of a spindle motor failure
mechanism. .

Additional electronic hardware and control
circuitry is often installed into a data storage system
in order to support these and other known predictive



degtadatfon in spindle notor performance, increased consunption of spindle
not or supply current to overcone additional mechanical friction, and, nore
significantly, a higher probability of tenporary or permanent |oss of data
stored on .one or nore data storage di sks nounted to the hub of the spindle
notor. It-is generally considered desirable to detect changes in the
performance of the spindle notor early in, afd throughout, its service life

in order to mninize the prqbahility of intermttent and catastrophjc
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these and ot her 592@21&5%%2%?B%eaddi%ional system compénents. Moreover,
it is believed that none of the conventional spindle
motor predictive failure analysis methodologies are
capable of detecting the existence of internal data
storage system failure modes that adversely affect
spindle motor performance yet are not attributable to’
spindle bearing deterioration or wearout.

| There exists in the data storage system

manufacturing industry ‘a keenly felt need to provide a
spindle motor predictive failure analysis tool that
detects degradation in spindle motor performance during
the service life of the spindle motor. There exists a
further need to provide such a detection tool that
requires little or no alteration of the existing
configuration of a data storage system, and that
minimally impacts the standard operation of thé,system.
The present invention fulfills these and other needs.



f afl uref"anal ysi s schenes, thus adding to the overall cost and conpl exity of
the system In small and very small formfactor data storage systens,

which, in general, are particularly susceptible to spindle bearing fatigue,
the rel atively conpact packagi ng configuration of such mniaturized systens
often preclude enploynment of a predictive failure analysis schene that
requires installation of additional system®onponents. Moreover, it is
bel i eved that none of the conve ndl e _not dictive failure
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perlodlcally during the service life of the spindle
motor. Deviations between the manufacturing and in-
service time durations are computed and, depending on
the magnitude of the deviation, invoke particular data
storage system responses. The in-service time duration
determination procedure is preferably performed when
spindle motor power is removed, typically during a

normal power-down or power-saving sequence.
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SUMVARY OF THE | NVENTI ON The present invention is a nethad and apparat us
for detecting degradation in data storage system spindl e notor performance.
A duration of time required for the spindle notor to transition between an
initial velocity and a test velocity is determned at or near the tine of
data storage system nanufacture and perlodlqglly during the service life
of 't he splndle not or. Devi ations between the nmanufacturing and in- service

time durations are conputed F USREAH S QP dP eriR IR il the

devi ation, invoke particular ta storage systemresponses. The in-service
tinme duration determ nation procedure is preferably perfornmed when spindle

notor power is renoved, tYPL%a|iY1§Ué'E@Eﬁ?é%&%%§tf@&eﬁléﬁmefOé data
power - savi ng seguence. Rl EF DESCRI THE DRAW NGS Fi g. is a

top perspective SFEFET W84 E%BPabESS§%E%ﬁhVﬁ?ﬁl?gscﬁﬁﬁﬁrrﬁﬁﬁgﬁﬁg cover
renmoved; Fig. 2 is a side plan ¥i ew @f spdélgpPast wi@geotyat @8t 80BPbIraRI a
pLural ity of dat Sl gt st heag P Fe by & SeBes L) o8 sl odeRictt 19
condi tions and degraded conitkdit i ®nss a generalized graph depicting
typical coastdown time curves for a spindle motor
operating under nominal conditions and degraded
conditions;

Fig. 4 is a generalized graph depicting
typical spin-up time curves for a spindle motor
operating under nominal conditions and degraded
conditions;

Fig. 5 is a flow chart describing a method for
determining a characteristic coastdown time for a
spindle motor at the time of manufacture in accordance
with a novel spindle motor predictive failure analysié
procedure;

Fig. 6 is a flow chart describing a method for
detecting degradation in spindle motor performance in
accordance with a novel spindle motor predictive failure
analysis procedure; '

Fig. 7 is a continuation of a flow chart
describing a method for deteéting degradation in spindle
motor performance in accordance with a novel spindle
motor predictive failure analysis procedure; and '

Fig. 8 is a flow chart describing an
alternative method for detecting degradation in spindle
motor performance in accordance with a novel spindle
motor predictive failure analysis procedure. '



Fig” 4 ig a generalized graph depicting typical spin-up tine curves for a
spi ndl e notor operating under nom nal conditions and degraded conditi ons;
Fig. 5is a flowchart describing a nmethod for determ ning a characteristic
coastdown tinme for a spindle notor at the tinme of manufacture in accordance
with a novel spindle notor predictive failurﬁ anal ysis procedure; Fig. 6 is
a fiow chart describing a nethod for detectindg degradation in spindle notor

performance in accor t q edl Gl ' e
anal ysi s procedure; g%q‘% \éd'lns%aE%cdoin\éﬁlm;{) %d%t‘a&ﬁ#ﬁc éﬁ*%@%@ﬁ% .
met hod for detecting degradatlon i n spindle notor performance in accordance

with a novel spindle nntorﬁgfgyfﬂ d”héﬁ“ﬂd”éhé”&%?ﬁﬂﬁh&rQ&E&“&Sreand Fi g.
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typlcally includes one or more rlgld data storage disks

24 which are stacked coaxially in a tandem spaced
relationship, and rotate about a spindle motor 26 at a
relatively high rate of rotation. Each disk 24 is
typically formatted to include a plurality of spaced
concentric tracks 50, with each track being partitioned
into a series of sectors 52 which, in turn, are further
divided into individual information fields. One or more
of the disks 24 may alternatively be formatted to
include a spiralled track configuration.

An actuator 30 typically includes a plurallty

of interleaved actuator arms 28, with each arm having

one or more transducer 27 and slidexr body 35 assemblies
mounted to a load beam 25 for reading and writing
:information to -and from the data storage disks 24. The
slider body 35 is typically designed as an aerodynamic
lifting body that 1lifts the transducer 27 off of the
surface of the disk 24 as the rate of spindle motor 26
rotation increases, and causes the transducer 27 to
hover above the disk 24 on an air bearing produced by
airflow patterns produced by high-speed disk rotation.
A conformal lubricant may alternatively be disposed.on
the disk surface 24 to reduce static and dynamic
friction between the slider body 35 and disk surface 24.
The actuator 30 is usually mounted to a
stationary actuator shaft 32, and rotates on the shaft
to move the actuator arms 28 into and out of the stack
of data storage disks 24. A coil assembly 36, mounted
to a coil frame 34 of the actuator 30, generally rotates
within a gap 44 defined petween the upper and lower



st ofage §ystem 20 with the cover renoved fromthe base 22 of the housing
21. The data storage system 20 typically includes one or nore rigid data
storage disks 24 which are stacked coaxially in a tandem spaced

relati onship, and rotate about a spindle notor 26 at a relatively high rate
of rotation. Each disk 24 is typically formgfted to include a plurality of
spaced concentric tracks 50, with each track being partitioned into a
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| ubricant may alternatively be disposed on the di sk surface 24 to reduce
static and dynafaguet AFMpbisRt0 t38 43 RF HRRIWPITIRNE BROBEES ace 24.
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rotates on the nggl motor 39 responsive to control signals produced by

a controller 58. The actuator voice coil motor 39
produces a torquing force on the actuator coil frame 34
when control currents of varying direction and magnitude
flow in the coil assembly 36 in the presence of a
magnetic field produced'by the permanent magnet
structure 38. The torquing forces imparted on the
actuator coil frame 34, in turn, cause corresponding
rotational movement of the actuator arms 28 in
directions dependent on the polarity of the control
currents flowing in the coil assembly 36. A controller
58 preferably includes control circuity that coordinates
the transfer of data to and from the data storage disks
24,'and cooperates with the actuator voice coil motor 39
to move the actuator arﬁs 28 and transducers 27 to
prescribed track 50 and sector 52 locations when reading
and writing data to and from the disks 24.

It is well understood that optimum spindle
motdr 26 operation is essential for maintaining a high
level of data storage system 20 performance and
reliability. Degradation in spindle motor 26
performance is often attributed to mechanical fatigue in
the bearihg assembly of the spindle motor 26.
Irregularities in the configuration of the bearings or
bearing cartridge, for example, can impede the movement
of the bearings as the spindle'motor 26 rotates at



to fove the actuator arns 28 into and out of the stack of data storage

di sks 24. A coil assenbly 36, nounted to a coil frame 34 of the actuator
30, generally rotates within a gap 44 defined between the upper and | ower
8 magnet assenblies 40 and 42 of a pernmanent nagnet structure 38, causing
the actuator arms 28, in turn, to sweep overgthe surface of the data

st or age disks 24. The spindle notor 26 typically conprises a poly-phase,
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detection of subtle and pronounced changes in the
spindle bearing condition which, if undetected, can lead
to progressive degradation and accelerated failure of
the spindle motof assembly 26. Natural spindle bearing
assembly wearout is also detected by periodic execution
of the novel spindle motor degradation detection method
during the service life of the spindle motor. The novel
predictive failure analysis method further detects the
existence of data storage system 20 failure modes that
affect spindle motor 26 performance yet are not directly

i associated with spindle bearing damage and wearout.

In one embodiment, the novel predictive
failure analysis method and” apparatus for assessing the
operating condition of the spindle motor 26 is
preferébly employed to determine the coastdown time of
the spindle motor 26 at the time of manufacture and at
various times throughout the service life of the spindle
moﬁor 26. Coastdown time (CDT) -of the spindle motor 26,
as discussed herein, refers to a duration of time
required for the spindle motor to transition between an
initial angular velocity (w;) and a test angular velocity
(w,) .

In practice, the initial angular velocity w; is -
preferably selected as the nominal design velocity (wy)
of the spindle motor 26, and the test angular velocity w,
is preferably selected as a relatively slow veloqity
with respect to the initial velocity w;. It has been
determined that a decrease in the in-service coastdown



curfents’flowing in the coil assembly 36. A controller 58 preferably

I nctudes control circuity that coordinates the transfer of data to and from
the data storage disks 24, and cooperates with the actuator voice coi

notor 39 to nove the actuator arns 28 and transducers 27 to prescribed .
track 50 and sector 52 | ocations when readlﬁg and witing data to and from
the disks 24. It is wel | under st ood that optimum spi ndl e notor 26 operation
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provi des for ear
tlme curves 66 and 68 for a particular splndle motor 26

' respectively determined at or near the time of data
storage system 20 manufacture and at a later time during
the service life of the spindle motor 26. The coastdown
time curve 66 is generally depictive of the mnatural
deceleration of the spindle motor 26, after power is
removed, plotted as a function of spindle motor wvelocity
(wgy) and time (t). At -the time of data storage system
20 mandfacture, and preferably after the system 20 has
passed final acceptancé testing, the characteristic
coastdown time of the spindle motor is determined. The
spindle bearing friction, which will affect the
deceleration and acceleration time, is strongly
temperature dependant. Thus, the characteristic
coastdown time of a spindle motor 26 should be
determined with the data storage system maintained at
normal operating temperature. After the spindle motor
26 attains its nominal design speed wy 64, and after the
data storage systém 20 reaches a steady-state operating
temperature, the power supplied to the spindle motor 26
is removed or otherwise disabled. Preferably, the
spindle motor 26 then decelerates unaffected by a
breaking mechanism or other apparatus that might
otherwise increase the rate of spindle motor 26
deceleration. . | _

The dufation of time required for the spindle
motor 26 to decelerate frem the initial speed w, 64 to
the spindle motor 26 test velocity w; 62 is then



det &cti oh of subtle and pronounced changes.in the spindl e bearing condition
which, if undetected, can |l ead to progressive degradation and accel erated
failure of the spindle notor assenbly 26. Natural spindle bearing assenbly
wearout is also detected by periodic execution of the novel spindle notor
degradation detection method during the serV|ce life of the spindle notor.
The' novel predictive failure anaIyS|s met hodtturther detects the existence
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as discussed herein, refers to _a duration_ of reqU|red for _the spindle
notor to transitPBRIPETRESS -an Tthiks é}Oteﬁ?blH%t \Fé?%&?’%%f:?qlﬁﬁ]ﬁoﬁnd a test
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been determ ned {0at) R dgCIeA% ddld Qddd " 587Y Ce1E038! $@her noted that
the spindle motor 26 test velocity w, 62 is preferably
selected to be relatively slow in comparison to.the
initial velocity w, 64 in order to increase the accuracy
of the novel predictive failure énalysis procedure.

With further reference to Fig. 3, the

coastdown time curve 68 is generally representative of
the deceleration characteristics of the spindle motor 26
at a point in time during the sexvice life of the
spindle motor 26. An in-service coastdown time for the
spindle motor 26 is illustrated as tg 70, and is depicted
as being substéntially shorter in duration relative to
the benchmark coastdown time t; 72 established at the
time of data storage system 20 manufacture. The
difference 71 between the nominal benchmark coastdown
time t; 72 and the degraded in-service coastdown time tg
70 is a general measure of the magnitude of spindle
motor 26 performance degradatién. An in-sexrvice
coastdown time ts being substantially equivalent to the
benchmark coastdown time t; 72 is generally indicative of
a spindle motor 26 experiencing little or no performance
degradation rélative to its performance characteristics
determined upon initial usage. It is further noted that
a correction factor may be applied when determining the
in-service coastdown time ts 70 when the operating -
temperature of the data storage system 20 at the time of
performing the in-service coastdown time determination



10 t'ime bf a particular spindle notor 26 is generally indicative of a
failure nmechani smwhich | eads to progressive and accel erated degradation in
spindl e notor 26 perfornmance. One conmon failure nechanism as previously
di scussed, is associated with an increase in nmechanical friction within the
bearing assenbly. Referring nowto Fig. 3, there is shown a generalized
graph depicting the characteristic coast dowt4 i me curves 66 and 68 for a

particul ar spindle notor 26 rgﬁggctiv I§ detgggined at_.or Qﬁar the tine of
data storage sysPERFSHREndFa EXERE AFCR FRPePPEYAE 'AF i RHS S-Y Vi ce
life of the spi ndhennbher béfchihekc casstidawnt Limec iy, ve266aks egeadldlshed .
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IS rem)ved, p|0t €d as a runction ol s |_n e notor ve OCIty err and tine
(t). At the tinehanggst Ansspiagdespensingoasaambdot pesfampprefas abl y

after the SYSte”fﬁﬁcﬂ@%npé%s%ﬂe&h@ihgaﬁéﬁ E%aﬁﬁrbesgdalgéﬂékéiﬁyaCFeriStiC
coastdown tine of the spindle notor is erm ned. The spindl e bearing

friction, which %FPFOXFFeEgetﬁECHéégVéP%?FBﬁ ARaSECVESE S ITHR, tire

strongly tenperagdterfiepandant.. Thus, the characteristic coastdown tine of

a spindl e motor 26 should e deternined, with the data storade system
failurée analysis method and apparatus is preferably
employed to determine the spin-up time (SUT) of the
spindle motor 26 at the time of data storage system 20
manufacture and at various times throughout the service
life of the spindle motor 26. The spin-up time refers
to a duration of time réquired for the spindle motor 26
to .transition between an initial angular velocity w,; and
a relatively higher test angular ielocity w;, preferably
the nominal design velocity w, of the spindle motor 26.
An increase in the spin-up time may also be indicative
of performance degradation in the spindle motor assembly
26. '

In Fig. 4, there is illustrated a géneralized
graph depicting the characteristic spin-up time curves
80 and 82 for a spindle motor 26 tested at the time of
data storage system 20 manufacture and at a later time
during the service life of the spindle motor 26. The
spin-up time curve 80 is generally representative of the
acceleration profile for the spindle motor 26
transitioning from an initial angular velocity w, 76 to a
higher test angﬁlar velocity w, 78. The initial velocity
w; of the spindle motor 26 under test may be selected as
zero velocity or a velocity significantly lower than the
test velocity w, 78. During the service life of the
spindle motor 26, a number of spin-up time
determinations are preferably performed to determine the
existence and magnitude of spin-up time deviations with
respect to a nominal benchmark spin-up time t, 84



nor fral oﬁerating tenperature. After the spindle notor 26 attains its

noni nal design speed [err] 64, and after the data storage system 20 reaches
a steady-state operating tenperature, the power supplied to the spindle
notor 26 is removed or otherw se disabled. Preferably, the spindle notor 26
t hen decel erates unaffected by a breaking meg ani sm or other apparatus that
m ght otherw se increase the rate of spindle tor 26 decel eration. The

duration of tine t t
initial speed [edréfgggkf{lt%%(i ﬁaret s&ienr§ e nn}%eo%t%fgté&ﬁgom%%?er r#ggg}" 98
t hen det er m neanufigEicturiare dlth%ltmaﬂnlnudﬁ it dcheast i nevhail:ign 80 is
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manuf acture of the data storag; system 6 which is |later referenced as a
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of the spindle notor 26 at the t uf cture be repeat a nunber
of times in order to obtai® %ﬁﬁﬁ%@% éﬁgg P&P%g?rT9§??
It is further nonedpbltzftoxtﬂmapld‘aﬁzﬁadanitm ﬁﬁg&ﬁpﬁﬁib@lrﬁg‘tcﬂﬂ@aéﬁdb@n
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the flow charts provided in Figs. 5 7. Establishing a
nominal benchmark coastdown time t; for a particular
spindle motor 26 is initially determined during or
shortly after the time of data storage system 20
manufacture. The spindle motor 26 is preferably rotated
to its nominal design speed w, at step 100 for a period
-of time sufficient to allow the data storage system 20
to achieve a steady-state operating temperature. The
novel spindle motor predictive failure analysis
procedure is theﬁ initiated at step 102 by starting a
timer while simultaneously removing power from the
spindle motor 26. It is considered advantageous to
allow the spindle motor 26 to decelerate without
assistance from a breaking mechanism.  Such breaking
would tend to mask any subtle deceleration factors that
would otherwise indicate a degraded spindle bearing
condi;ion.

At step 104, the deceleration of the spindle
motor 26 is monitored and the velocity wg, is sampled at
various times during spindle motoxr 26 deceleration. The
sampled spindle motoxr velocity wgy is compared to a
predetermined test velocity w;, at step 106, which is
preferabiy a significantly lower. velocity relative to
the initial spindle motor 26 velocity ;. Spindle motor
26 deceleration is monitored until the spindle motor 26
velocity wg, is substantially equivalent to the
predetermined test velocity w,, at which point the timer
is stopped at step 108. The coastdown time tg for the



of the nbvel predictive failure analysis procedure. Wth further reference
to Fig. 3, the coastdown tinme curve 68 is generally representative of the
decel eration characteristics of the spindle notor 26 at a point in tine
during the service life of the spindle nmbtor 26. An in-service coastdown
time for the spindle notor 26 is illustrated as [err] 70, and is depicted
as -bei ng substantially shorter in duration t8l ative to the benchmark

coastdown tine [err].,72 established at the tine of data st ge system 20
manuf acture. Th pdirlfq]e‘? éﬁ‘ﬁ:‘é‘”‘?lé et eePTR HEOTRNF R Ia‘beﬁgﬁﬂagﬁ(gcaﬁs tine
[err] 72 and t heldgypatadine-setweae stoxss dDO® andel8r ihd7Bateda agendiea
measure of the |- of ' t . perfor e tion. Al
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) It is noted that a number of known means may
be employed to determine whether the spindle motor 26
has decelerated to the predetermined test velocity w, at
step 106. The test veloéity'a& is preferably selected to
be significantly lower than the initial spindle. motor 26
velocity w;, and is typically limited by the accuracy and
resolution of the épecific velocity and time measuring
apparatus of a particular data storage system 20. The
back-EMF of the spindle motor 26, for example, may be

- used when determining- whether the predetermined test
velocity'ag has been reached. The test velocity w; is
preferably selected so that the back—EMF voltage at the
test velocity w; can be easily distinguished from
background noise. A data storage system 20 that employs
Hail—type-sensors to determine spindle motor 26
velocity, for.example, can generally resolve a lower
test velocity w, than a system 20 that utilizes back-EMF
for similar velocity determinations.

During the service life of the spindle motor 26, a
coastdown time determination procedure similar to that
described with reference to Fig. 5 is preferably
performed in the field and on a routine basis in
accordance with the flow charts illustrated in Figs. 6-
7. A significant advantage of the novel spindle motoxr

- predicﬁive failure analysis procedure concerns the

execution of the procedure during the normal power-down
sequence Or power-saving routine perfo;med by the data



wheli t hebenchmark coast down ti.me [err] 72 was established. The correction
factor preferably accounts for normal changes in spindle bearing assenbly
performance as a function of operating tenperature, and generally inproves
the accuracy of the in-service coastdown tinme determ nation. In another
enbodi ment, a novel predictive failure analysis nmethod and apparatus is
preferably enployed to determ ne the spin-uplﬁine (SUT) of the spindle

t 26 at the tine of data sto e stem 2 nuf actu and at various
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Fig. 4, there is illustrated a generalized graph depicting. the
characteristic spPRHAST igfbdimant 80-hth Bk FFoasewd| eifdt or 26 tested
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during the service life of, the spindle notor . The spin-up tinme curye 80
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temporarily disable the delivery of current supplied to
the spindle motor 26, typically after the transducers 27
have been moved to a parked position ox unloaded to a
parking ramp 60, in an effort to conserve system power.
The novel spindle motor predictive failure analysis
procedure is preferably executed during this power-
saving mode, thus having no appreciable affect on the
normal operation of the data storage system 20.:
Barly in the service life of the spindle motor
26, the coastdowﬁ time - determination procedure is
preferably performed on a relatively infrequent basis,
such as every 500 or 1,000 Start/stop sequences, for
example. As the spindle motor 26 ages, the frequency of
in-service coastdown time determinations preferably
increases, such as to every 50 oi 100 start/stop
sequences. In one embodiment, the frequency of
coastdown time determinations is dynamically determined
by the data storage system 20 and altered in response to
the magnitude of change between the in-service coastdown
time tg and the predetermined benchmark coastdown time
tg. For exampiei an acceptable deviation of the in-
service coastdown time tg with respect to the
predetermined benchmark coastdown time t; may be one to
three sigma from the mean, as represented in Fig. 3 by
the tolerance band 73 defined by tg.,, 75 and tg,,, 77
bounding t; 72. A deviation on the order of five to six



[ert] of”the spindle nmotor 26 under test nmay be selected as zero velocity
or a velocity significantly Iower than the test velocity [err] 78. During
the service life of the spindle notor 26, a nunber of spin-up tine

determ nations are preferably perforned to determ ne the existence and
magni tude of spin-up time deviations wth rggpect t.o a nom nal benchmark
spin-up tine [err] 84 - determned at or r the time of data storage

system 20 nanufactur fThe n tude f t@e tine evr i on g Eetween t he
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at step 102 by steartiegy spindle motor predictive failure analysis
procedure is initiated at step 112, with power initially
being supplied to the spindle motor 26. The spindle
motor 26 is rotated, at step 114, tc its nominal
velocity w, for normal data storage system 20 operation.
At step 116, a stop/start counter is incremented by one.
The stop/start counter, preferably included as part of
the controller 58 electronics of the data storage system
20, stores the cumulative number of stop/start sequences
executed since the previously performed in-sefvice
coastdown time deteimination procedure. If, at step
118, the count C of the stop/start counter is not equal
to the testing freqﬁency count N, the coastdown time
determination procedure is not performed} as at step
120. If, however, the count ‘C of the stop/start counter
is equal to the testing frequency count N, normal
operation of the data storage system 20 is preferably
uninterrupted, at step 123, until the system 20 executes
a normal power-down sequence or power-saving routine at
which time the novel spindle motor predictive failure
analysis procedure is preferably performed, as at steps
122 and 124. o

Referring now to Fig. 7, the novel in-service

coastdown time determination procedure is initiated at
step 126 by starting a timer and simultaneously
disabling power to the spindle motor 26. As discussed
previouély, the spindle motor 26 is preferably allowed
to decelerate without influence from a braking



tingr while si mul t aneously renovi ng power fromthe spindle notor 26. It is
consi dered advant ageous to allow the spindle notor 26 to decelerate w thout
assi stance from a breaki ng nechani sm Such breaking would tend to mask any
subtl e deceleration factors that would otherw se indicate a degraded

spi ndl e bearing condition. At- step 104, the deceleration of the spindle
notbr 26 is nonitored and the velocity [err]lzs sanpl ed at various tines

during spindle notor 26 deceleration., The sanpled spindle notor velocity
[err] is conpare@P3 8 BPede é‘Fﬁﬁge&hFegter\}é’gg& fpﬁé':}ﬂ]e [ ?q06, which
Is preferably a degaléreainbhy Melecitel deteymiekitions taxrd perfotnad at
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[err] is later usgdegfidalenehwer knkokeassealbhd tihe, Openat thfegond tion of
the spindle notor,26 dyring its $§LVvi ce | ife. The .benchmark coastdown. tine

[err] is preferaﬁ??ppearat step The in-service coastdown tlmg te
for the spindle motor 26 is computed at step 134 as the
total elapsed time recorded by the timer. The computed
in-service coastdown time tg is then compared with phé
predetermined benchmark coastdown time tp; at step 136.
It is noted that the predetermined benchmark coastdown
time t, parameter is preferably stored in a memory device
included within the electronics of the controller 58 at
the time of data storage system 20 manufacture. Also
preferably stored in memory are the test velocity w.,
initial velocity w;, benchmark coastdown time ty, and
tolerance band parameters, for example. '

In practice, is may be desirable to establish
a tolerance range within which a computed in-service
spindle motor coastdown time tg may be considered
acceptable and generally indicative of inconsequential
changes in spindle motor 26 performance. At step 13é;
the computed in-service coastdown time tg is tested to
determine whether it falls within the tolerance band 73
illustrated in Fig. 3. If the computed in-service
coastdown time tg falls within this tolerance band 73,
normal operation of the data storage system is continued
-at step 140. It is noted that resuming normal operation
of the systeﬁ 20 at step 140 may, for example, involve
continuing the power-down sequence or the power-saving
routine of the data storage system 20. Depending on the
magnitude of the -deviation between the computed in-
service coastdown time t¢ and the predetermined benchmark

coastdown time t,, different system responses are



repfesentative of an average coastdown time [err] determned after
repeati ng nethod steps 100 through 110 a nunber of tinmes. It is noted that
a nunber of known nmeans may be enpl oyed to determ ne whet her the spindle
notor 26 has decelerated to the predeterm ned test velocity [err] at step
106. The test velocity [err] is preferably selected to be significantly.

| ower than the initial spindle nmotor 26 veIo%@ty [err], and is typically
limted by the accurac nd .resol ution of the .specific velocity and ti
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for performing the in-service spindle motor predictive

failure analysis procedure, as at step 144. A dramatic
deviation between the computed in-service coastdown time
ts and the predetermined benchmark coastdown t; may, for
example, cause the data storage system 20 to produce a
warn signal which is transmitted to a host computer to
which the data storage system is coupled, as at step
146. The warn signal preferably alerts a user that
timély repair or replacement of the data storage system
20 is required.

. It is noted that large deviations between the
in-service coastdown time tg and the predetermined
benchmark coastdown time t, is often indicative of
imminent spindle motor bearing failure. Moderate to
large deviationé may also be indicative of data storage
system 20 failure mechanisms not attributable to bearing
failure or excessive wear of the bearing assembly. A
significant advantage of the novel spindle motor
predictive failure analysis procedure concerns the
ability to detect other internal data storage system 20
failure modes that affect spindle motor performance but
are not detectable using conventional predictive failure
analysis methodologies. For example, interference of
spindle motor 26 or disk 24 rotation by a displaced or
dislodged component within the housing 21 of the data
storage system 20 can adversely affect the.performance

r

'
]



exetutioh of the procedure during the nornmal power-down sequence or
power - savi ng routine performed by the data 15 storage system 20. In one
enbodi ment, the novel coastdown tine determ nation procedure is preferably
performed during the normal power-down sequence.of the system 20, thereby
having lLittle or no inpact on the nornal opg£%tion of the data storage-
system 20. I n anot her enbodinent t he novel astdown tinme determ nation

procedure is pref ly perf ri saV| u execut ed by
t he system 20. f ﬁg‘ lnﬁl %etx%er% ed no t?t za{&l}Losnl é%erf‘g %ln?ernag
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consume excessive amounts of supply current. Execution
of the novel coastdown time determination procedure will
detect a significant change in the coastdown time of the
spindle motor 26, thereby indicating a substantial
degradation in spindle motor 26 performance. Direct
contact between an internal component and either the
data storage disk 24 or spindle motor 26 is preferably
indicated by the production of a warn signal which, when
transmitted to a host computer, alerts the user to the
severe anomalous condition of the data storage system
20. ' - i
Another. internal data storage system 20
failure mechanism that can significantly impacﬁ_spindle
motor 26 performance is associated with one or more
read/write transducer 27 and slider body 35 assemblies
experiencing significant increases in take-off velocity.
Such an increase in take-off velocity is generally
indicative of intermittent or imminent contact between
the transducer 27/slider body 35 assembly and the disk
surface 24. Such deleterious contact can significantly
reduce the in-service coastdown time tg of the spindle
motor 26. It is noted that the novel spindle motor
predictive failure analysis procedure may be employed in
combination with other.'and typically more -
sophisticated, failure analysis procedures. For
example, various known methods for determining changes
in transducer 27/slider body 35 assewmbly flying
characteristics using data or servo channel measurements



exaﬁpre.‘As the spindle notor 26 ages, the frequency of in-service
coastdown tine determ nations preferably increases, such as to every 50 or
100 start/stop sequences. |n one enbodi nent, the frequency of coastdown
time determnations is dynamcally determined by the data storage system 20
and altered in response to the magnitude of change between the in-service
coastdown tine [err] and the predeterm ned Bghchmark coastdown time [err].
For exanple, an acceptable devi ation of the in- _service coastdown tine
[err] with respeR¥etoftRe BPRAEYEFNTReACBENERNEIRIGESs tidod ity iRF r] nay

be one to three ﬁeggntf wrrthaea@géﬁ.blgrs FEEth& hed thedd Gind3 dbhéﬁ‘lacnown
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sequences, for exa ncrease Stop s quences in
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coast down tines:égfgica@g [8LEL !% ggrkg%Eeheﬁ%r%Q&q 3% Hlehathi i€ | N-
service spindle tor predictive nal'ysi's procedure_is initliated at
step 112, with power |n|t|$PF?1n9 now to Fig.” 8, there is illustrated in

flow diagram form the method steps for employing a novel
spindle motor predictive failure analysis procedure in
accordance with an alternative embodiment as discussed
previously with reference to Fig. 4. Rather than _
determine spindle motor performance degradation as a
function of coastdown time, the start-up time for the
spindle motor 26 to transition between an initially low
velocity w; and a relatively high test velocity w, is
determined. The test velocity w,.is preferably the
nominal design velocity wy of the spindle motor 26, while
the initial velocity w; is preferably a spindle motor 26
velocity significantly lower than the test velocity w,,
such as zero velocity.

Still referring to Fig. 8, the in-service
start-up time determination procedure is initiated at
step 148 by enabllng power dellvery to the spindle motor
26. A timer is started at step 150 when the spindle
motor velocity wg, is equivalent to the predetermined
initial velocity ;. During spindle motor 26
acceleration, the spindle motor 26 velocity wg, is
monitored and compﬁted at step 152, and compared to the
test velocity w, at step 154. When the spindle motor
velocity wg, is substantially equivalént to the test
velocity a., the timer is stopped at step 156. The in-
service spin-up time t¢; is then computed at step 158,
which is equivalent to the time recorded by the timer at
step 156. The computed in-service spin-up time tg, at
step 160, is then compared with a predetermined



beiﬁg"§ubplied to the spindle notor 26. The spindle notor 26 is rotated, at
step 114, to its nomnal velocity [err] for normal data storage system 20
operation. At step 116, a stop/start counter is increnented by one. The
stop/start counter, preferably included as part of the controller 58

el ectronics of the data storage system 20, %gres the cunul ati ve nunber of
stop/start sequences executed since the prev usly perforned in service
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frequency count N, oper ation of the stora e syste
preferably unint &SR, S%Rrrs‘[‘&b ime t‘tmtfalllehelwemem zzelezf@émeesbaend 88

nor mal power - doWbRERITRE - e ﬁ’ﬁé’@étéﬁﬂiﬁkﬂi UHdiga At SdEh- G eihdecpovel

spindle notor pre |ct|ve fajlure an roceduyre is preferably
perforned, as at TRt meed /e ohe %—%‘F‘grqé) \%’?W?—? Ba-xdt B REFel

I n-service coast agQyy 85nmendrigr Ninahbenapr epeﬁatﬁ:onsmfntheaaa&aatstare@el%

26. "o di soussed WEATDA FORTINGE o ot D6 B oA T aBpS et thed 1o

decelerate Wi t howerivifdel esterectf rugn tairie did fglls beyond the bounds of the
tolerance band 88, the data. storage system 20 preferably
responds in accordance with the relative magnitude of
the spin-up time deviation by, for example, recording
the out-of-tolerance incident at step 166, adjusting the
testing frequency of the in-service start-up time
determination procedure at step 168, or producing a warn
signal and transmitting the warn signal to a host
computer coupled to the data storage system 20 at step
170. | |

! E The electronics of the controller 58 generally
includes a microprocessor or other processing circuitry
suitable for storing and executing the novel spindle
motor predictive failure analysis procedﬁre. The timexr
used to determine the coastdown time and start-up time
may be implemented in hardware or software. Moreover,
the microcode executed by the controller 58 to
orchestrate the normal operations of the data storage
system 20 may include code representative of a sub-
routine for performing the novel spindle motor
predictive failure analysis procedure, which is
preférably executed during the normal pbwer—dqwn
sequence or power-saving routine of the data storage
system 20, As such, no additional hardware and only a
minor modification to existing software is required to
fully implement the novel spindle motor predictive

failure analysis method and apparatus.



17 dpparatus. During the period of spindl e notor 26 decel eration, velocity
determ nations are perforned at step 128. At step 130, the velocity of the
spindle notor [err] is conpared to the test velocity [err] and if unequal,
nonitoring of the spindle notor velocity [err] is continued at step 128. |If
the spindle nmotor velocity [err] is equivalent to the test velocity [err]
the timer is stopped at step 132. The in-seldice coastdown tine [err] for

the spindle notor 26 is conputed at step 134 as the total el apsed tine
recorded by the tiner. Théﬂgdﬂbﬂ}edofnggg?§?cgbﬁoﬁ??@ﬁﬁﬁOPamg%ﬁﬁwﬂaﬁ%PQ§mm
conpared with thedqredeictohdcandeaddbas sknsosahdbanmbdeetpetthe at step 136.
It is noted that_ the,predeterm ned nchmar k_coast do ti err]. parameter
is preferably sfgﬁgﬁ#)eé%?mé&ﬁ?uﬁgggc@eF%%Pﬁgggemr ﬁﬁﬁughee%ﬁﬁﬁﬁﬂ)ié%?%ﬁ
the controll er 3Shetscdre tonespiriataf sthe ageesgsteimgentipenf-acFlore. Al so
preferably stored MY Ye ¥ fadd SEoM EL Vb 857 LheNicbia@h deslP G
[err] benchmark coé@%%’vm t? nme T%??E‘,E§an% ?%?gF%%'ge %ang par grré:td\gr sd,)qﬂflge/e
exanpl e. or staytryp seime edeterninabioncBFPEBARTEOTAYT B8l iS§t 40

tolerance range iWdrimente Cht Be £ OFR4H CEhbBe S ¥EG8sERI ABLG DL &2rsSt down
time [err] may be consi dered acceptable and generally |ndicative of, -
| nconsequent | &l FARARIBES Mapi Mol B0 EFS 362 Pet 1BF FuftEBST AL RERo SUEIRS { he
conput ed i n- ser \tize moasd dodwét FRover séquéntesodedpbeedebanvinge rahatibey it
falls wthin theof:t qgheer L EEN b@i‘:’]grgg’e system 20. Moreover, it should be
understood that in-determining the coastdown or start-up
time, measurements other than the elapsed time may be
employed; such as measurements associated with épindle
motor 26 velocity as a function of time, spindle motor
26 acceleration or deceleration as a function of time,
or the number of spindlé motor 26 revolutions over a
predetermined period of time, for example. Accordingly,
the scope of the present invention should not be limited
to the particular embodiﬁentsfdiscussed above, but
should be defihed_only by the claims set forth below and
equivalents of the disclosed embodiments.



i11dsttated in Fig. 3. If the conmputed in-service coast down tine [err]
falls within this tolerance band 73, normal operation of the data storage
systemis continued at step 140. It is noted that resum ng nornal operation
of the system 20 at step 140 may, for exanple, involve continuing the

pomer-domn sequence or the power-saving routine of the d € system

20." Dependi ng on the magnitude of the devi &3 on between the

service coastdown tinme [err] and the predetern ned benchmar w mf““ \m\
[err] different system responses are 1§ rably |npl nsi p ght

devi ati on between the conputed coastdown tine [err] and the predeterm ned

benchmar k coastdﬁﬂg [ggr%l g?rrant only a mniml system 20 response,
such as recordin Ee : tol é&rance incident at step 142. Recordi ng of

t he out-of-tol erance incident “may include increnenting a counter or bit
status register wthin thejcont h%'e%oﬁ%%' QQEEQEHB dedh o4 dif in the

noni toring data storage system 20 faul A Targer deviation may warrant a
more drastic syS@%ﬁﬁ?GmP§§§oﬁ§ea datp &§°§éﬁ9$@ﬁ¥ﬁ?eopaﬁﬁégt@s F

frequency for pesterayBydibR FBrSetviréagsaned fotaten poed @tpl\tﬂuf@nﬁdﬁ@r
anal ysi s procedU£e as a%.ste% 1ﬁéé A éganagiﬁ.s vi ation % meenﬁ%ﬁﬁa
conput ed in-servieE E85EFHBEn henEafar PFO%Age: Ad re&eFEPﬁl rk
coastdown tB maytrénsferring data to and from the disk, an actuator for
) moving the transducer across the disk, and a controller
for coordinating the transfer of data to and from the
disk, the performance degradation detection method
comprising the steps of:
rotating the spindle motor at an initial
velocity;
rotating the spindle motor at a test velocity;
computing a duration of time for the spindle
motor to transition between the initial velocity and
test velocity; and |
comparing the computed transition time with a
predetermined transition time; -
wherein a degradation in spindle motor
performance is indicated by a deviation between the
computed transition time and the predetermined

transition time.

2. A method as claimed in Claim 1, wherein
~ the initial velocity of the spindle motor is the nominal.
operating velocity of the spindle motor, and the test
velocity of the spindle motor is a spindle motor
velocity lower than the nominal operating velocity.

3. A method as claimed in Claim 1, wherein
the test velocity of the spindle motor is the nominal -
operating velocity of the spindle motor, and the initial



exar’rpl'e cause the data storage system 20 to produce a warn .Si gnar—which— s

transmtted to a host conputer to which the data storag
as at step 146. The warn signal preferably alerts a useﬁmm mﬂ'!E @HMarr
or replacenent of the data storage system 20 is required* [

| ar ge devi ati ons between the in-service coastdown tine [err] and the
predet er mi ned benchnar k coastdomn tinme [err]24s often indicative of

i mm nent spindle nDtor bearrn fail.ur Moderate to | arge devratrons may

al so be indicatiVeleFigat F s Jé’g?ﬁ-@er‘ﬂof@rf 38 & & MPROT ot

attributable to beabchgyl didwdre thiareXies Yest Wedloddfcyi.he bearr ng assenbly.
A significant advantage of the novel spindle notor predictive failure
anal ysis procedure concerns the ability to detect other internal data
storage system 20 failure Aondes A metthaidf ect cdpiimedide impt@iraipery orfmnclee but

are not detect abl g QRO We RiRAIGY (o Pl A °

met hodol ogi es. For "exanple, I nterference of- not o di sk 24
rotation by a drgpaageﬁlom @ﬂgﬁodged conponent within the housing 21 of the
data storage system 20 can adversely affect the perfornmance 19 of the

spindl e notor 26. A | oose or di sl od%ed I nt er nal, partrcl e fil ter for

the step of comparing the computed transition time with
the predetermined transition time includes the step of

retrieving the predetermined transition time.

6. A method as claimed in Claim 1, wherein
the step of rotating the spindle motor at the initial
.velocity includes the step of removing power from the

spindle motor.

7. A method as claimed in Claim 1, wherein
the predetermined transition time is computed by a
method including the steps of:

rotatiﬁg the spindle motor at the initial
velocity; _

rotating the spindle motor at the test
velocity; and - '

'computing the predetermined transition time as
a duration of time for the spindle motor to transition
between the initial velocity and the test velocity.

8. A method as claimed in Claim 1, wherein
the step of comparing the computed transition time with
the predetermined transition time includes the further
steps of:

computing a time deviation between the
computed transition time and the predetermined

transition time; and



the*di sk* 24 or hub 27 of the spi ndl e notor 26. Although in sone instances
such contact nmay not induce catastrophic data storage system 20 failure,
the additional resulting friction may ulti mately damage a ' =
transducer 27, the sensitive surface of a data storage d'Hlmﬁnmu“meum )
the spindle nmotor 26 to consune excessive anounts of supply currientt. 5 *
Execution of the novel coastdown tinme determati on procedure will detect a
significant change in the coastdown tinme of the spindle notor 26, thereby

i ndi cating a substantial dBFPLMSEFEN3 WaZPi SdPBtoisr TESPRBERotmidEe

Direct contact bebipaRedn thfietdeat atadpOBRAhgaBtleaitbReHahe adat a st or age

di sk 24 or spindlgeagtor 26 is pref rabl%.ingicated by the production of a

warn signal whi cR SR RRS eI SFE 3 H88 conputer, alerts the user to
t he severe anomal ous condition of the data storage system 20. Anot her

I nternal data storage systgn120Af%Ekﬂgg ggcg§3§%ghtg§tcﬁ%qm§hgmdﬂé¥ggﬁy
i npact spindle notor 26 performance i's asSocCiated w th oné of ‘'nore’

read/ wite transtheepezfozmdnsei degrbddyi®s deterblipns methed dsci ng

signi ficant i ncrggses-hiq! Bes 0l 4ThOCHhYingIERABRYILEINE A Jrdkgrf f
velocity is general I ndi Cative of intermttent or I nmmnent contact

bet ween t he tranSB&B8Le2mesprder body 35 assenbly and the disk surface 24.
Such del eterious contact can significantly reduce the in-service coastdown

time [err] of the spindle motor 26. |t .is no&ed that the novel spindle
ot or 10. A method as claimed in Claim 9, erein

the. frequency for performing the performance degradation
detection method is adjusted in response to the
magnitude of the deviation between the computed

transition time and the predetermined transition time.

11. A method'of detecting degradation in the
performance of a data storage device having a data
storage disk for stbring data mounted to a Spindle motor
for rotating the data storage disk, a transducer for
transferring data to and from the disk, an actuator for
moving the transducer across the disk, and a controller
for coordinating the transfer of data to and from fhe_
disk, the performance degradation detection method
comprising the steps of:-

rotating the spindle motor at an initial
velocity; .

initiating a timer at a starting time
associated with removing power from the spindle motor;

terminating the timer at an ending time '
associated with the spindle motor attaining a test
velocity;

computing a coastdown time of the spindle
motor as an elapsed time between the ending time and
starting time; and ' _ -

COmparing the computed coastdown time of the

spindle motor with a predetermined coastdown time;



preditfite failure analysis procedure may be enpl oyed- i ' T
other, and typically nore sophisticated, failure analys r
exanpl e, various known net hods for determ ni ng changes @umm?ﬂ&m“m
27/ sl ider body 35 assenbly flying characteristics using ) 0 =
channel neasurenents 20 are often enpl oygg to measure changes in the
flying height of the assenbly. Enploying th © and other known _

sophi sticated predictive failure analysis pracedures_i.n gonbination with
the relatively sinple yet é’ﬁ}%agréaﬂtn nao\%ﬁgréé%sﬁl@%q e % f4ti on
procedure can prperferefhics 6t ideliesttesh and hec omgiud 6 gic s todowi ime
particul ar data g : L) ur ' Tyrni DY | 8,
there is illust rgtégé@i %h%vt?%r}lggréé%léf%ro% {%(e\igﬁr:g;‘%g]&os#eﬂgs%%or en%) 0:51%1%% a
novel spindl e nDEBRSEESHTCILAE f ai | ure anal ysis procedure in accordance
with an alternative enbodi nent as di scussed previously with reference to

Fig. 4. Rather than determ_ne spi ndl tor perforyance_degradati qn as, a
function of coastdown timet%he %t"é?r'ﬁ’-ﬁaﬂ I?Q‘af:‘ﬁ‘re‘fﬁél S ot HheBgi o

transition betweeheathniifiitilakie) daiww efoaiHey dpdmdl eammb iy alsatihee | yorhighl
test velocity [err] Ls.determnedq. T est_velqcit err].i referably
Lhe. nom nal - des: GRETBESEE: st ok 1 SR st ol e €8¢

velocity of the spindle motor is a spindle motor

velocity lower than the nominal operating velocity of

the spindle motor.

_ 13. A method as claimed in Claim 11, further
including the step of storing the predetermined

coastdown time.

14. A method as claimed in Claim 11, wherein
the step of comparing the computed coastdown time of the
spindle motor with the predetermined coastdown time
includes the step of retrieving the predetermined

codastdown time stored in the data storage device.

15. A method as claimed in Claim 11, wherein
the predetermined coastdown time is computed by a method
including the steps of:

rotating the spindle motor at the initial
velocity;

initiating a timer at a starting time
associated withiremoving power from to the spindle
motor;

terminating the timer at an ending time
éssociated.with the spindle motor attaining the test
velocity; and .

computing the predetermined coastdown time of
the spindle motor as a time duration between the ending

time and the starting time.



the‘iﬁ?tfal'velocity [err] is preferably a spindle notor 26 velocity ——
significantly lower than the test velocity [err] such as zero vel ocity
Still referring to Fig. 8, the in-service start-up tinme m m“ﬂ“ r“\“\
procedure i-s initiated at step 148 by enabling power de“ ﬁn

spindle notor 26. Atiner is started at ste:%%SO when:the spirdl & ot or
velocity [err] is equivalent to the predeterf ned |n|t|al veIOC|ty [err].
During spindle notor 26 accel eratian he splndle tor v cit err]
i's nmonitored and conput ed 2% st%b 3ﬁﬁ§t§gn 9%?lqes ! w¥ %?t?
[err] at step 15theWs&ept bd gmmp@lxangotthle we:lnwtteﬁ [oerars]tdwrsdbbnanmahl y
equi val ent to th@h[ee E:e‘é%%%%?h Jastc%v}n' TBhel &n%“lﬁ&gtﬁ{esf Jﬁtﬂéﬁ The
in- service spin-up I'S en conputed at ste 8, whic

equi valent to t hetepmeofecor ded by the tlner at step 156 The conput ed

in-service spin-up tinme [egly u@&n@t%ptiﬁ@ dé%ﬂ&%%&dﬂﬁaﬁﬁééthﬁ@ a
pr edet er m ned 21 benchmark spin-up tinme of the spindle potor

previ ously estabFP@H@&eéuFﬂifqﬁﬂﬁﬁéﬁﬁﬁrénéft@ﬁeﬂfﬁé?%ﬁ?ﬁ%ﬂﬁgES%?%E@?HH
If, at step 162, cihe;camgut ed |n- service start-up tinme [err] falls within

a tolerance band 88 boundln% é%edetermned bgpchnark start qg éﬁne
[err], illustrated as the BAR % 8d "BEPWESF Per 1 SESRTPSE €

computed time deviation being greater than a
predetermined time deviation.

17. system for storing data comprising:
housing;

data storage disk;

popop

spindle motor mounted to the housing and
adapted for rotating the data storage disk;
an actuator movably mounted to the housing; -
a transducer mounted to the actuator; and
a spindle motor degradation detection circuit
including: _
computing means for determining the -
transition time of the.spindle motor to transition
between an initial spindle motor velocity and a test
spindle motor velocity; and,
comparing means for comparing the
transition time of the spindle motor to a predetermined
transition time; '
wherein a degradation in spindle motor
performance is indicated by a deviation between the
-transition time of the spindle motor and the

predetermined transition time.

18. A system as claimed in Claim 17, wherein
the computing means of the spindle motor degradation

detection circuit comprises detection means for



[err]® #85 in Fig. 4, normal operation of the data storage—system20_—. . . _
continues at step 164. |If the conputed in- service start- time [err

falls beyond the bounds of the tol erance band 88, the dat'gwﬂ w l,HﬂkgH“,
20 preferably responds in accordance with the relative nmd k
spin-up tine deviation by, for exanple, recgf'di ng the out-of-tol erance

i ncident at step 166, adjusting the testing trequency of the in-service

start-up tine dSLeLEbagll ehePhAGRUne ol st @P nbilr YelBLadyCiil yarn

signal and transmtting e warn signal to a host conputer coupled to the
data storage syseemm 2piaglet etor) VelRsidYect ronics of the control ler 58
general ly includes a m croprocessor or other processing circuitry suitable
for storing and executing_the novel spindle_mtor, predjct.iv ai l.ure .

anal ysi s procedure. The titder &s&YSEHE e HATEEhd P §A&t oah?f’t S T
start-up tinme najebeomppldmentednsn doapdviaes ar tsafefrwar e. Moreover, the

m crocode executed by the controller 58 to orchestrate the nornal
operations of the data storage system 20 may i nclude code representative.of
a sub- routine for perfor@ong theyshesl aspicldimedotior Gedg A7 .vevtiereine
anal ysi s procedure, whichhg Qkﬁ&%ﬁﬂggynﬁ%ﬁﬁykfﬁhikﬂ§é§3é|Mid¥3§§5ce$sor’
power - down sequence or power-saving routine of the data storage system 20.
As such, no addepupagld fer dwmaryan@®shly a nminor nodification to existing

software is required to fuHey drdetmmti ddie tieweli SRim dimd O rsiieed cinve
the memory.



farlﬁﬁe'analysis met hod and appar at us. 22 It wll, of course, be
understood that various -nodifications and additions can be nmade to the
~enbodi nents di scussed herei nabove w thout departing fromthe scope or
spirit of the present invention. For exaqﬁée, the frequency for performing
the.coastdown time or start-up tinme deter4mnation procedure may be set to
i ncrements other than those di scussed above, and the procedure may be
performed at times other than during the normal power-down sequence or
power - savi ng routine of the data storage system 20. Mreover, it should be

under st oo h Ln ternmnin he coastdown or_start-up tine, neasurenents
ot her ¢ naMERBQ ANBAPPARATYS BORBETECTINchmERADALTaNIE, DATA STORAGE
associated with spindle i iQn time, spindle
not or 26 accelerationﬂorngggiﬁéf§¥ﬁbﬁﬁgéxgaiﬁﬁg. ﬁﬁﬁﬁ , or the number
of spindle notor 26 revol utions over a predeterm ned period of tinme, for
.exanmpl e. Accordingly, the scope of the present invention should not be
limted tg#§ﬁ§§¢?ticular enbodi ments di scussed above, but shoul d be

niy by

defined o e clainms set forth bel ow and equi val ents of the disclosed
enbodi nent s. :

ps

A method and apparatus for detecting degradation in data storage system spindle motor
performance are dis;closed. A duration of time (t) required for the spindle motor (26) to
transition between an initial velocity (wy) and a test velocity (wr) is determined at or near the
time of data storage system manufacture and periodibally during the service life of the spindle
motor (26). Deviations betwéen the manufacturing and in-service time durations (tg, t;) are

- computed and, depending on the magnitude of the deviation, invoke particular data storage
system responses. The in-service time duration proceduré is preferable performed when

spindle motor power is removed, typically during a power-down or power-saving sequence.

Fig. 5.

ErARE



Waat: i.$ clained is: 1. A nethod of . detecting degradation in the
pefTorfance of a data storage device having a data storage disk for storing
data nounted to a spindle notor for rotating the data storage disk, a
transducer for transferring data to and fromthe disk, an actuator for
nmovi ng the transducer across the disk, ddd a controller for coordi nati ng
the transfer of data to and fromthe di sk, the performance degradation
detection nethod conprising the steps of: rotating the spindle notor at an
initial velocity; rotating the spindle notor at a test velocity; conputing
a duration of time for the spindle notor to transition between the initial
velocity and test velocity; and conparing the conputed transition tine with
a predetermned transition tinme; wherein a degradation in spindle notor
performance is indicated by a deviation between the conputed transition
time and the predetermned transition tine. 2. A nmethod as clainmed in
Claiml, wherein the initial velocity of the spindle notor is the nom na
operating velocity of the spindle notor, and the test velocity of the
spindle notor is a spindle notor velocity |ower than the nom nal operating
vel ocity.




3}__.Ainéthbd as clainmed in daiml1, wherein the test velocity of the
spindle notor is the nom nal operating velocity of the spindle notor, and

the initial 24 velocity of the spindle notor is a spindle notor velocity
| ower than the test velocity. 4. A nmethod as claimed in Claim1, further
including the step of storing the predet2€nined transition tine. 5: A

nmethod as clainmed in Caiml, wherein the step of conparing the conputed
transition time with the predetermned transition tine includes the step of

retrieving the predetermned transition tine. 6. A nmethod as clainmed in
Claim1l, wherein the step of rotating the spindle notor at the initial
velocity includes the step of renoving power fromthe spindle notor. 7. A

method as claimed in Caim1l, wherein the predetermned transition tinme is
conputed by a nethod including the steps of: rotating the spindle notor at
the initial velocity; rotating the spindle notor at the test velocity; and
conputing the predetermned transition tinme as '

20
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FIG. 2



a duratjon of tinme for the spindle notor to transition between the initial

velocity and the test velocity. 8.

A method as clainmed in Caima1l,

wherein the step of conparing the conputed transition time with the

predeterm ned transition time includes the further steps of:

conmputing a

time deviation between the conputed trand/¥ion tine and the predeterni ned

transition tinme; and

25 produci ng a warn signal

in response to the

conputed time deviation being greater than.a predeterm ned tinme deviation.
9. A nmethod.as clainmed in Claim1, wherein the perfornmance degradation

detection nethod is penfforned periodically during the service life of the
spindle notor. 10. A ngt as claimed in Caim9, wherein the. frequency
for perform ng théﬁpﬂgi rmance degradation detection method is adjusted in
response to the magnityd&e{_the deviation between the conputed transition
time and the predeternined t(argition time. 11. A method of detecting
degradation in the perfiormanceso data storage device having a data
storage di sk foSPRMDGEI fg data mdupt €0 a %Bindle not or
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for rotating the data storage disk, a transducer for transferring data to
and fromthe disk, an actuator for noving the transducer across the disk,
and a controller for coordinating the transfer of data to and fromthe

di sk, the performance degradati on detecti.on nethod conprising the steps of:
rotating the spindle notor at an initialguelocity; initiating a timer at a
starting tine associated with renoving power fromthe spindle notor;
terminating the tiner at an ending tine associated with the spindle notor
attaining a test velocity; conmputing a.coastdown tinme of the spindle notor
as an el apsed tinme between the ending tine _and starting tinme; and conparing
t he conputed coastdown time of the spindle notor wwth a predeterm ned
coastdown tine; . 26 wherein a degradation in spindle notor performance is
i ndi cated by the conputed coastdown tine being shorter in duration relative
to the predeterm ned coastdown tinme. 12. A nethod as clainmed in Caiml11l,
wherein the initial velocity of the spindle notor is the nom nal

Rotate Spindle Motor
to Nominal Velocity ——100

:

Start Timer and
Disable Power to 102
Spindle Motor

1

Monitor Spindle 104
Motor Velocity -

(W)

106

Is

WSU at
Test Velocity
X (HT

| _-108

Compute Benchmark ,/’110
Coast Down Time

FIG.5



<A

operating velocity of the spindle notor, and the test velocity of the
spindl & notor is a spindle notor velocity |ower than the nom nal operating
- velocity of the spindle notor. .13. A nmethod as clainmed in Caim1l, further
sincluding the step of storing the predeterm ned coastdown tinme. 14. A
method as clained in Caim1l, wherein Phé step of conparing the conputed
‘coastdown tine of the spindle notor with the predeterm ned coastdown tine
includes the step of retrieving the predetern ned coastdown tinme stored in
the data storage device. 15. A nethod as clained in Caim1ll, wherein the
predeterm ned coastdown tinme is conputed by a nmethod including the steps
of: rotating the spindle notor at the initial velocity; initiating a tiner
at a starting time associated with renoving power fromto the spindle
notor; termnating the tinmer at an ending tinme associated with the spindle
notor attaining the test velocity; and conmputing the predeterm ned
coastdown tine of the spindle notor as ‘a tinme duration between the ending
time and the starting tine.
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i

Rotate Spindle Motor 114
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120
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27,16. . A nmethod as clainmed in daim1l, wherein the step of conparing the
conput ed coastdown tine with the predeterm ned coastdown tine -i ncludes the
further steps of: conputing a tine deviation between the conputed coastdown
time and the predeterm ned coastdown tine, and producing a warn signal in
response to the conputed tine devi at i on %di ng greater than a predetern ned
time deviation. 17. A systemfor storing data conprising: a housing;, a data
storage disk; a spindle notor nounted to the housing and adapted for
rotating the data storage disk; an actuator.novably nounted to the housing;
a transducer nounted to the-actuator; and g spi ndl e notor. degradation
detection circuit including: conputing neaRshjor determ ning the transition
time of the spindle notor to transition between an initial spindle notor
velocity and a test spindle notor velocity; Jand conparing means for
conparing the transition time of the spindl & notor to a predeterm ned

transition tine; :
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wherein,a degradation in spindle notor performance is indicated by a

devi ati on between the transition tinme of the spindle notor and the
predeterm ned transition ti-me. 18. A systemas clainmed in Caim17,
‘wherein the conputing neans of the spindle notor degradation detection
circuit conprises detection neans for - Zg% detecting the initial spindle
notor velocity and the test spindle notor velocity. 19. A systemas cl ai ned
in Claim1l7, wherein the conputing neans conprises a tiner. 20. A system as
claimed in Claim17, wherein: the conparing neans conprises a

m croprocessor coupled to nenory; and the predetermned transition tine is
stored in the nenory. -
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