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di sk drive data storage devices. BACKGROUND OF THE | NVENTI ON The latter

hal f of the twentieth century has been witness to a phenonenon known as

the information revolution. Wiile the information revol uti ommmmmmmmm
hi stori cal devel opnent broader in-stope than any one event [ikepet 2t o
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avai l abl e, the rotalghRopiBRWitve bashdsPbrdcrbEvechsas becone by far the
nost ubi quitous. Such a disk drive data storage device is an extrenely

conpl ex piece of machinery, containing precision nechanical parts,

ul tra-snoot h di sk surfaces, high-density magnetically encoded data, and
sophi sticated el ectronics for encodi ng/ decoding data, and controlling
drive ofEEEPi OF. TERCHVENTIONGrive is therefore a nminiature world unto
itself, WO 02/065466 PCT/EP01/14131 containing nultiple systens and

subsystem each one of which,  is needed for proper Ve _op tion. Despite
this conple%h?y?r?ﬁﬁﬁﬁiﬁﬂyeﬁﬁéﬂ%tFéa 'g§kt8rF€%% :5%%kgogﬁév§h8r%§ord

particular, to brushless DC spindle motors used for rotating

disks within disk drive data storage devices.

BACKGROUND OF THE INVENTION

The latter half of the twentieth century has been witness
to a phenomenon known as the information revolution. While
the information revolution is a historical development broader
in scope than any one event or machine, no single device has
come to represent the information revolution more than the
digital electronic computer. The development of computer
systems has surely been a revolution. Each year, computer
systems grow faster, store more data, and provide more

applications to their users.

The extensive data storage needs of modern computer
systems require large capacity mass data storage devices.
While various data storage technologies are available, the
rotating magnetic rigid disk drive has become by far the most
ubiquitous. Such a disk drive data storage device is an
extremely complex piece of machinery, containing precision
mechanical parts, ultra-smooth disk surfaces, high-density
magnetically encoded data, and sophisticated electronics for
encoding/decoding data, and controlling drive operation. Each

disk drive is therefore a miniature world unto itself,



" of capacity, performance and cost which make themthe storage device_ of
«choice for a large variety of applications. A di-sk.-drive typically CU&UHLGM5
pne or nore disks attached to a common hub or spindle, _which are rotated
at a conWNQW065466ed by an el ectric motor, often cal |l edPSVERVHERE  notor.
The electric spindle notor is typically a brushless DC type notor, neaning
that it contains a multiple phase stator and a permanent magnet rotor, the
di fferent phases of the stator being energized in a sequence by control

el ectronics to inpart a torque to"the rotor. The sequential sw tching and
driving of the different stator phases can induce nechanical vibrations at
har noni ¢ frequenci es, of .the tor drivin requ f e fi sks. These
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| ong recognrze esli rabi of elimnating any spurious noi se or
vibration in the drives. Great attention is paid, therefore, to precision

machi ni ng of AMRgbANiLAle RAJiSaBly Sdheinebhedsy anskiaicasses f or
control ling noise. However, noise abatenent i s. not &l apd there

rfect
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| NVENT] EREPF - ac D dARRRC A% AECAGLprRRE "o BRt an” 2 Bl etire “rotor.
whi ch i $ypeehetab) ymeaspiqndhe tnbt ocomfaimsdiaskuditiwke phase stator
and a permanent magnet rotor, the different phases of the
stator being energized in a sequence by control electronics to
impart a torque to the rotor. The sequential switching and
driving of the different stator phases can induce mechanical
vibrations at harmonic frequencies of the motor driving
frequency of the disks. These vibrations may be audibly

perceived by a user as a high-pitched whine.

A whining noise emitted by a disk drive storage device
can be very annoying or distracting to a user, interfering
with user productivity. Additionally, constant excitation at
a particular frequency may have other undesirable side
effects, such as possible interference with servoing and

possible degradation of mechanical components.

Disk drive designers have long recognized the
desirability of eliminating any spurious noise or vibration in
the drives. Great attention is paid, therefore, to precision
machining of mechanical parts and other methods and processes
for controlling noise. However, noise abatement is not
perfect, and there remains a need to find improved methods of
reducing noise in disk drives, and in particular, noise at
harmonic frequencies of the disk motor driving frequency.



contains a multi - phase stator driven by sw tching the phases of d[i.gVﬁJ
«current at correspondi ng commutation angles of rotation of the rotor L 2005

Smal | variations, herein called sem - random offsets, are introduced into
the comu™R0206548hgl es at  which the drive current is shfTEREE T hese

vari ations have the effect of spreading the frequency of excitation over a
w der range, thus reducing the peak harnonic excitation at the sw tching
frequency. In the preferred enbodinent, a table of small, sem - random
phase shift offsets is mai nt ai ned, “ahd an offset from the table is added
to the coomutation point (i.e., the point- or angle at which a phase change
occurs in the drive c&hgﬁgg% In one variation of this enbodinent, the

of fset ESWERRE 9% FHE ™ are retrieved and added to the commutation
points in a round robin sequence. The nunber of entries in the table N is
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a user, ang gal){ hgve additional collateral benefits due to a reduction in
switching frequency. .

In the preferred embodiment, a table of small, semi-
random phase shift offsets is maintained, and an offset from
the table is added to the commutation point (i.e., the point
or angle at which a phase change occurs in the drive current).
In one variation of this embodiment, the offset entries from
the table are retrieved and added to the commutation points in
a round robin sequence. The number of entries in the table N
is preferably greater than the number commutation points P in

SPREN a single revolution of the rotor, and is a prime number or a
J number having no common factors with P. The semi-random
patfern of phase shifts therefore repeats itself every N disk
revolutions. If necessary, N can be made sufficiently large
so that the fundamental frequency of pattern repetition from

the table is too low to be perceptible.

Preferably, semi-random commutation offsets are not
employed during a spin-up period when the electronic drive
circuitry is attempting to bring the motor up to its rated
operating speed, and are only used after the motor has already
reached operating speed. This avoids unnecessary interference

with the process of spinning up the disk assembly.
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1is asinplified representation of a

rotating magnetic disk drive storage device, for use in accordance with
the preferred enbodi nent of the pregent invention. Fig. 2 is a high |level
di agram of the major electronic elerents of a disk drive storage device,
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to the accompanying drawings, in which like reference numerals

refer to like parts, and in which:

BRIEF DESCRIPTION OF THE DRAWING

Fig.

Fiqg.

Fig.

Fig.

Fig.

1

is a simplified representation of a rotating
magnetic disk drive storage device, for use in
accordance with the preferred embodiment of the

present invention.

is a high level diagram of the major electronic
elements of a disk drive storage device, according

to the preferred embodiment.

is a partial cross-sectional view of a disk drive
spindle motor, in the plane of the rotational axis,
according to the preferred embodiment.

is a simplified cross-sectional view of a disk drive
spindle motor, in a plane perpendicular to the
rotational axis, according to the preferred
embodiment.

is a high level flow diagram of the process of
operating a disk drive spindle motor, according to

the preferred embodiment.

hub.
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and spaced apart so that they do not touch. The disks and spindl &R @L 00
rotated in unison at a constant speed by a spindle notor. The splndH
motor is typically a brushless DC notor having a multi-phase

el ect r omagMeR/a654a6at or and a per manent - magnet rotor. TRETEPIYHAHNt phases
of the stator are sequentially driven with a drive current to rotate the
rotor. Each disk is formed of a solid disk-shaped base or substrate,
having a hole& in the center for the spindle. The substrate is conmonly
al umi num al though gl ass, ceramc, ~p astic or other materials are

possi bl e. The substrate is coated with a thin | ayer of magnetizable
material, and may additionally be coated with a protective |layer. Data is
recorded on the surfaces of the disk or disks in the magnetizabl e |ayer.

To do t H©PrATYEN DESCRYPELION COF THE PREFERREDBMBODIMENTt he data are forned in
the magneti zable layer. The data patterns are usually arranged in circul ar
concentric tracks, although spiral tracks are also possible. Each track is
further gipgviesy iopt 0oT8KNDRDEE DESI®NCt ors. Each sector thus forms an arc,

all the sectors of . a track conpleting a circle. - 6 JUL 2005 WD 02/ 065466
PCT/ EPO1/ 14131 6 A noveabl e actuator positions a transducer head adj acent

the data on thecyatiagerigid en?adgrmtlwr disk dirtiave Thypiastlptemtaims be | i kened

to the tone armof a phpnog h e t i Ng
needl e. SfHerd “?rSnémg?gﬁSdég%r‘ %é Phl&?gaa%%%éfggﬁgﬁ%?%ci&ca?rﬁ ni ng
data. Theo az:tamtr@n spindle opihult.s Hbeune mareXibenpanal dbfk tis (Wh€daxi s of

rotationof 4hec diskipcrlg BPSiHd 9Bihies Nead 1Eherackua cierpi al Iy

i-hel ude surroundi ng axl s having conb-1i ke r ms
ext endi rapd Cﬁmdt héaétsﬁo(‘mﬁférﬂi%’ dpopot i GPeasRe 95 etdMes referred

to as thg,{ /Gt dre 2088te@fid Nidison at a constant speed by a spindle

motor.

The spindle motor is typically a brushless DC motor
having a multi-phase electromagnetic stator and a permanent
magnet rotor. The different phases of the stator are

sequentially driven with a drive current to rotate the rotor.

Each disk is formed of a solid disk-shaped base or
substrate, having a hole in the center for the spindle. The
substrate is commonly aluminum, although glass, ceramic,
plastic or other materials are possible. The substrate is
coated with a thin layer of magnetizable material, and may
additionally be coated with a protective layer.

Data is recorded on the surfaces of the disk or disks in
the magnetizable layer. To do this, minute maghetized
patterns representing the data are formed in the magnetizable
layer. The data patterns are usually arranged in circular
concentric tracks, although spiral tracks are also possible.
Each track is further divided into a number of sectors. Each
sector thus forms an arc, all the sectors of a track

completing a circle.



suspensions attached to the arms, and an el ectro-nagnetic notor on the
opposite side of the axis. The transducer heads are attached to t.Ige nﬁ f
t he suspensi ons opposite the conb, one head for each suspension. lﬁ_ [
actuator WQeY65M6 ates the actuator to position the hegﬁ}‘)'@%‘f %i“de3| red
data track (a seek operation). Once the head is positioned over the track
the constant rotation of the disk will eventually bring the desired secto1r
adj acent the head, and the data can then be read or witten. The actuator
notor is typically an electro- magrfetGi € coil mounted on the actuator conb
and a set of permanent magnets nounted in a stationary position on the

base or cover; when, energi zed, the coil inpart t
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suspensions attached to the arms, and an electro magnetic
motor on the opposite side of the axis. The transducer heads
are attached to the end of the suspensions opposite the comb,
one head for each suspension. The actuator motor rotates the
actuator to position the head over a desired data track (a
seek operation). Once the head is positioned over the track,
the constant rotation of the disk will eventually bring the
desired sector adjacent the head, and the data can then be
read or written. The actuator motor is typically an electro-
magnetic coil mounted on the actuator comb and a set of
permanent magnets mounted in a stationary position on the base
or cover; when energized, the coil imparts a torque to the
comb in response to the magnetic field created by the

permanent magnets.

Typically, a servo feedback system is used to position
the actuator. Servo patterns identifying the data tracks are
written on at least one disk surface. The transducer
periodically reads the servo patterns to determine its current
deviation from the desired radial position, and the feedback
system adjusts the position of the actuator to minimize the
deviation. Older disk drive designs often employed a
dedicated disk surface for servo patterns. Newer designs
tybically use embedded servo patterns, i.e., servo patterns
are recorded at angularly spaced portions of each disk



material (usually ceramic) on which is nmounted a magnetic read/wite
transducer. The block, or slider, flies above the surface of the dfs}y| 05
an extrenely snall di st ance (referred to as the ' fthelluég as the disk
rotates. Wo02068s€ proxinity to the disk surface is crP 114131 enabl i ng
the transducer to read fromor wite the data patterns in the
magneti zabl e | ayer. Several different transducer designs are used. Many
current disk drive designs enploy a thin-film inductive wite transducer
el ement and a separate nagneto- reSi dtTve read transducer element. The
suspensions actually appl y a force to the transducer heads in a direction
into the disk surface. aerod%nanlce%h

e
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Di sk drive 1Q0 c rj l g k01, which are rigidly attached
Lo hub dcadny SPE.ERRtatRLee el

I's mounted on disk drive base or
housi ng 104. Splndle 103 and di sks 101 are driven by a drive notor at a

constant ro QEQE &E%éynﬂééd Igeagraé@bdy&hﬁﬁcénby shapdd dliogkFbg. 1) is
cont ai ned vvlt assenbl y ta.is recorg‘i& on the top and bottom

surfacesnalt(mu@rl éééhahhél@erﬂ&lﬁét 8p 0B LT EPOL/ 14131 8

105 is éﬁ?w%qtgotggﬁgéudki ofTﬁbsBSOdKH.onAGHNHEDr ﬂIEbsrahnyEe§hEhrough an
arc about shaft 106 parallel to th
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transducer to read from or write the data patterns in the

magnetizable layer. Several different transducer designs are

used. Many current disk drive designs employ a thin-film

inductive write transducer element and a separate magneto-

resistive read transducer element. The suspensions actually

apply a force to the transducer heads in a direction into the

disk surface. The aerodynamic characteristics of the slider

counter this force, and enable the slider to fly above the

disk surface at the appropriate distance for data access.

DETAILED DESCRIPTION

Referring to the Drawing, wherein like numbers denote
like parts throughout the several views, Fig. 1 is a
simplified drawing of a rotating magnetic disk drive storage
device 100, for use in accordance with the preferred
embodiment. Disk drive 100 comprises rotatable disks 101,
which are rigidly attached to hub assembly or spindle 103,
which is mounted on disk drive base or housing 104. Spindle
103 and disks 101 are driven by a drive motor at a constant
rotational velocity. The drive motor (not visible in Fig. 1)
is contained within hub assembly 103. Data is recorded on the
top and bottom surfaces 102 of each disk. Actuator assembly



and conmmuni cating wi th another device, such as a host conputer,

sounted on circuit card 112. In this enbodinment, circuit card 112 ﬁ%thHM%
nmount ed outside the enclosure formed by base 104 and the cover. However,
the card WA2$E#6d al so be nounted inside the head/ di SECEERIG4IMe or a
portion of the electronics may be nounted inside the enclosure, while

anot her portion is nounted outside the enclosure. A plurality of

head/ suspensi on assenblies 108 are rigidly attached to the prongs of
actuator 105. An aerodynamc slidér®09 with a read/wite transducer 110
is located at the end of each head/suspension assenbly 108 adjacent disk

surface lfjog:’zé- Ll;g?g% ktdro'nveesjlgg bf 8 t u\r%th 90, dﬂcﬁﬁqo@aw ng nmultiple
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connect &g, 11348 Qﬂ&té‘%té&d the Hb@kté@m@atobeﬁbemh’iqteuat or notor and
spi ndl e notor, accordi to the gref erred enbodl tl?’? ontrol l er 201
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assi st arftomMRUSEAY | age | 'ftaqda@é’nf:rlgw’et? 5 ﬁ&ghl nIel?y rgiuéf:)h as an WO
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comand 1% eplet al.sorbe sentndrednhppi de, tlpﬁ)\h@ﬁdéélﬁbmﬂwurer or a

portion of the electronics may be mounted inside the

enclosure, while another portion is mounted outside the

enclosure. A plurality of head/suspension assemblies 108 are

rigidly attached to the prongs of actuator 105. An

aerodynamic slider 109 with a read/write transducer 110 is

located at the end of each head/suspension assembly 108

adjacent disk surface 102.

While disk drive 100 is shown with two disks having
multiple disk surfaces for recording, it should be understood
that the present invention could utilize a drive having a
single disk, or having a larger number of disks, and that it
would be possible to employ only a single disk surface of a

disk for recording data.

Fig. 2 is a high-level diagram of the major electronic
elements of disk drive 100, showing how these are connected to
one another and to the transducer heads, actuator motor and
spindle motor, according to the preferred embodiment. File
controller 201 provides a data interface to a host. The
“host” is usually a computer system such as a desktop computer
system or a mainframe computer system, although it may be a
special purpose device such as a personal digital assistant

(PDA), a digital controller for machinery such as an



di agnostics, error recovery, etc. Channel electronics 202 provides
smodul-ati on and denodul ati on function for data being witten to and read
front the disk surface. Servo processor 203 interprets servo Si UBL 2005
obt ai ned WQ®PA/M68466i ng servo patterns on the disk to coRETEPOYIBIact uat or
and spindle notors; it also responds to seek signals fromfile controller
201. Servo processor 203 determ nes the necessary paraneters for actuator
mot or . and spindle notor, and provideg these as inputs to actuator notor
drive circuitry 204 and spindle notor drive circuitry 205. Actuator notor
drive circuitry 204 in turn provides drive current to actuator voice coil
not or (V! st Qni u : t ' I :.QR. Spindle
not or draiw«?m&%%%i &r)yf ’prggv?ﬁgsg%%av%lgggr ?gﬁ?gﬁi%%r}dlgg%ﬁg?br 206,
driving Gonérmdfer 201 aaldssiprodides agenaral ¢ensert oI e @pegptbed nore
fully herei T S i I e ilsdt 0 wite
nultipIgggFH§f3Bg£§g$§ﬁpeéé%%ﬁ?§ﬁ%ﬁg¥gfG%%f¥haﬁ%cﬁgé%% in turn coupled to
wite drinterpzepabiens cfftOFpMAPPERI 2 RPWELBBpERYE4RRS,. Read anp 210

provi degy;iRPuktifs Charl re@boekyonees. 2@Rankbangbectadatiidsonbes provi des
input to wite drive 212. NUItilglgxers, 21% ang.213 selfe(;ct gne of the heads
for wri tRESYiSesr B RE L9 &pandpled PR tteRk FBRCE Phat O R P B8R Fi | e

control luaii t2@4. tdbgnetteaddEIrbar the r&iyle sanitfacyg. daserwry proeessosi gnal s are
sensed hy magneto-resistive read, el enents | r ycer, 0, anplified by
r ead anﬁyoﬁlégtﬁﬁar%?%\ﬁed:é’(? Fégnéhanﬁ%ﬁal&leéﬂc FS%igé;g {%.e%ﬁgénel el ectroni cs
pr ef er alat teirne! onesha diakt ital corspohsthemaxitnabet i ked isrdodlePRVL) filter
for decoding data sjgnals i h te s f ; h1esystem
Wien wr 950 s(‘,iat“?a‘,a‘jc‘f%oa(’rjl}'lneeﬁpogl gc (?o%e?g sﬂ%?'tagﬁcgg%@sﬁd%yé%ggggré?ng to a

pr e- det @0ti.nedeencopfoupfsomad3 detemnings tbesnYEeIH06PLE6MPEFF EP01/ 14131

- 10 for actuator motor and spindle motor, and provides these as
inputs to actuator motor drive circuitry 204 and spindle motor
drive circuitry 205. Actuator motor drive circuitry 204 in
turn provides drive current to actuator voice coil motor (VCM)
107, positioning actuator 105 to-a desired location. Spindle
motor drive circuitry 205 provides drive current to spindle

motor 206, driving the motor at a desired rotational velocity,

as described more fully herein.

Transducers 110 are attached via lead wires to write
multiplexer 213 and to read multiplexer 211, which are in
turn coupled to write driver 212 and read amplifier 210,
respectively. Read amp 210 provides input to channel
electronics 202. Channel electronics provides input to write
drive 212. Multiplexers 211 and 213 select one of the heads
for writing or reading, responsive to control signal 214 from
file controller 201. Magnetic patterns representing data or
servo signals are sensed by magneto-resistive read elements in
transducers 110, amplified by read amp 210, and provided to
channel electronics 202. Channel electronics preferably
includes a partial-response maximum likelihood (PRML) filter
for decoding data signals into coherent data for use by a host
system. When writing data, channel electronics 202 encodes

data according to a pre-determined encoding format, and



provides this data to wite driver 212, which in turn drives current
t hrough an inductive wite elenent to cause the data to be witten op the
di sk surface. Positioning of transducers 110 is achieved by a servo ~ JUL 2005
f eedback 1WO92/863466em conpri si ng transducers 110, read arR¢TERIVI41ghannel
el ectroni cs 202, _ servo processor 203, actuator driver 204, and actuator
not or 107. Transducers 110 read servo patterns recorded at periodic
intervals on disk surfaces 101; th are anplified by read anp 210; the
servo patterns are converted to position information by channel
el ectronics 202; position information is interpreted by servo processor
203 to ﬁ%ﬁh@gngn% GO b1 86T ¥R Fl a0t WhiEh fstuhie duRRlsi ed to
actuator notor 107; and actuator driver 2Q4 then generates the required
drive cuiwaent fhreags afe IngugtBat Yol tesiedSRPRE r bth SRS Fi% d@désor 203.
Servo pr&C%?%i%Qént&?scﬂéﬁaigﬁnsurfm@f mation to interpret angul ar
position and provide appropriate control signals to spindle notor driver
205. File controller 201 preferably includes progranmabl e processor 221
g‘;‘;“ R%eggg %sit‘i@ﬂirﬁqﬂﬂﬂokfilﬁh@ahééés rleléd d@MachDexgé@@lmy anlsenvenor y (RhO\/p

: [ non-vol atile sem conductor random acce ry, the
cont ent <L &GARRK cﬁo‘éﬁ’ SYSHEM CORPTIRLRY i BRSEHCTES 10b° ?epaod\izarr@grfgg\fm. ROM
furt her chamgleldeseat ramidani2d2ngseand e2R2ssoon2O38 ni agtuawat dsfivieandom
angul ar of fsets f tatio f J o] cri bed nore
fully h@ﬁQVn?naiF§£%%%¥¥%Pﬁé? g??b ?ﬁ%ﬁ%ﬁ@gg?%o{%f??gy?ggﬁﬁﬁfite menory
(RAM) 23@:ittRAks228choxdeadsad Rerjodienydrenvipleaehedisk HHifRS Adlread from
and wri thed 9, anend] ; £ 1Y ByOkehfCatlh SK o5ULhaCESrvEV P i risS adleso used for
storing "Internal state variables necessary for drive operati %..Although
cert ai n apinglergedveo freiilies dpEoshawrmiy chasest b%be%rt%%}’el,csi Garticul ar
separ at &, JIBqNeho1hEsimit 160 18ash t anskd ALIG ¥8rve i piroddsanadeosr soel enent s,
it shoul’'d be WO 02/ 065466 - 11 . . .

determine an amount of drive current which must be supplied to

actuator motor 107; and actuator driver 204 then generates the

required drive current in response to a control signal from
servo processor 203, Servo processor 203 uses the same
information to interpret angular position-and provide

appropriate control signals to spindle motor driver 205.

File controller 201 preferably includes programmable
processor 221 which executes a control program 231 resident in
read-only memory (ROM) 222. ROM 222 is a non-volatile
semiconductor random access memory, the contents of which are
not lost when disk drive 100 is powered down. ROM further
includes a randomizing table 232, containing a set of random
angular offsets for commutation of spindle motor 206, as
described more fully herein. File controller also includes
volatile read/write memory (RAM) 223. RAM 223 is used as a
temporary cache for data being read from and written to one or
more of the disk surfaces. RAM 223 is also used for storing

internal state variables necessary for drive operation.

Although certain disk drive features are shown and
described above, in particular separate magneto-resistive read )

and inductive write transducers elements, it should be



- 6 JUL 2005 PCT/EPO1/14131 understood that these are by way of describing
the preferred enbodinent only, and it would be possible to pra@tpf

present invention using different transducer el enents or other ernatlve
di sk dri vwodemssgss f eatures. It should further be underPSTHFQVIN3L various
el ectroni c conponents such as file «controller 201, channel 202 and servo
processor 203 are showmn in Fig. 2 for illustrative purposes, and that one
or nore of these nmay be conbined as a single nodule, or may be enbodi ed

in multiple nodules. In the preferréd &nbodi ment, spindle notor 206 is a
brushl ess DC not or having a nultl-phase el ectro- nagnetic stator and a

per manent nagnet rotor, of the $9 cal | d is a
parti al UBABEEtQRR (heha kRGPPSR gpl"’ﬁéﬂ % %{}:or 5 gﬁjag{J]I":leFéllt-:,ran&%e of the
rotati oeﬁ\boam@nt Mmqr 3A6 it nduldebeapbesb30Lo ma@hlcg ?hegl dly attached

to base 104 of ,dis ive,100 h t ri ous
motor BEREBRENRAVE &PBr URSY dr%gﬁ%&% Edgfsl%&g]e%?z ewéége?déf)r%oér? 310,

whi ch ea@@lﬁiabﬁ% idigk @P3verdanign featune$i oWt éPPPlllGrf’é’éﬂ- $F dj%cti on 312

of base 3 ugl G | ahisonsh sPe@ERCAE NgiTé om the outer
bot t om &8 ﬁrﬁ %ﬁ ﬁ?'%b%gggoviéﬁﬁgﬁépgf%ed TGt Sk drlge 100,. one or nore

di sks l@bnareliet t20d,oebennek 202 @nd FBHEP RFORFESERd2LdppET tPHY 1 ange

glliks lgi}r %%r Jﬁmﬁ? rlgl Eh@gtmé)lgﬁ&bb%s?hémlgihattheneeorerapefture of

ei ng cl anped i nst_the cl anps
and spatbese(may @mdmﬁPln¢ﬁu%sdiéﬁﬁ€&e Pﬂ@g 15108 P8¥a% Qﬁgwaégon Wi th
r ot or hQHShﬂgt§Bf% wdduikkl, - pol e stator 305, containing nultiple sets of
i fon | am nations 306 surrounded by respective wire coils 307, is rigidly
attached to the cylindrical projection 312 of base , 301. A plurallty of
circunferentigl tye wedraer@mmmmepsndm mgitioar AA6i kg Ppol arity 304 are

rigidly a%%ﬁiggg 5é)ma% ¥ having a multi-phase electro-magnetic
stator and a permanent magnet rotor, of the so-called “in hub”
design. Fig. 3 is a partial cross-sectional view of spindle
motor 206, in the plane of the rotational axis. Motor 206
includes a base 301, which is rigidly attached to base 104 of
disk drive 100. Rotor housing 302 surrounds the various motor
components. Rotor housing includes a central shaft portion
310, which engages bearings 303 mounted to a hollow

cylindrical projection 312 of base 301.

Rotor housing includes a flange 311 projecting from the
outer bottom edge near the base. When installed in disk
drive 100, one or more disks 101 are fitted over the rotor
housing 302 and supported by flange 311, the rotor housing
then projecting through the central aperture of disks 101,
with the disks being clamped against the flange with clamps
and spacers (not shown). Thus clamped, the disks rotate in

unison with rotor housing 302.

A multi-pole stator 305, containing multiple sets of iron
laminations 306 surrounded by respective wire coils 307, is
rigidly attached to the cylindrical projection 312 of base
301, A plurality of circumferentially spaced permanent magnets )
of alternating polarity 304 are rigidly attached to rotor



- 6 JUL 2005 WO 02/ 065466 PCT/EP01/14131 - 12 housing 302, ing of
torque to rotor housing 302 in the presence of a nmoving electr l&é@ﬂetlc
field generated b stator 305. Fig. 4 is a sinplified cross-sectional view
of notor MWB0296§46§ p| ane perpendicular to the axis of rdQCHEPSHIIY g 4
shows the arrangenent of-nultiple stator poles and rotor nagnets, the
stator w ndi ngs being shown diagrammatically for <clarity of illustration.
Stator wi ndings are arranged as sho in three phases with three pol es per
phase, or a total of nine poles A011409. Al wi ndi ngs of a single phase
are |n series. The three phases are coupled together in a well-known
confiqura n, | n central
node. | Meysarg; poe; " IS EohaBORREnteR RBUPLAS 30 An THETD Gne 1 e
by dri wpx@slehlceugﬁ a mcwastg pﬂagéromacmemgﬁéléu@@&#ﬁe%m t hrough a

second @R%i% i gokhe reverse direction. E .g., if a current source driver
for phase Switched on, and a current sink driver for phase B is
switched on, current wll f1ow from t he phase A line, in series through
phase A wi ndigags 40}5 é‘%m%ﬁ%é@& c%@hi&%ﬂ@hdllwéﬁrdﬁmﬂdﬂ @ogh phase B
w ndi ngs 408 05 " and , and out through the ase B line. In this case,
no curr et &NPQPH?IBQFP?PQHGElBHa§8 Q?vﬁ*ﬁﬂ RésroggﬁE@pbot %hé driver and

the si nkgroRds @hésQrﬁhngﬁdéntb©f§mu1€f§£b(ﬁﬂhtofhpopa$ranﬂ ytages being driven
et ERTIG o B
the i np&ﬂa(i)iltlyndlfl thluslw“aftaoa of statar windisgrgaB®2arwengdiows. The nagnets
ohase” gl 9Lk ple MR LELA" LHOP dhBldpab ol (e d eyt o rorate
st at or / recit mnpopeleamowm@tlohlbfwm@,ngs of a single phase are in

series. The three phases are coupled together in a well-known

“wye” configuration, wherein all phases are coupled to a

common central node. In operation, current is driven through

two phases at any one time by driving through a first phase in

a forward direction and through a second phase in the reverse

direction. E.g., if a current source driver for phase A is

switched on, and a current sink driver for phase B is switched

on, current will flow from the phase A line, in series through

phase A windings 401, 404 and 407, and backward in series

through phase B windings 408, 405 and 402, and out through the

phase B line. In this case, no current will flow in the phase

¢ windings, since both the driver and the sink for phase C

will be switched off. The pair of phases being driven is

changed to rotate the magnetic driving field of the stator.

Permanent magnets 421-432 are circumferentially arranged in

alternating polarity on the inner cylindrical surface of rotor

housing 302, as shown. The magnets “chase” the rotating

magnetic driving field, causing the rotor to rotate at the

speed of rotation of the driving field.

In the exemplary stator/rotor pole configuration of Fig.
4, each pair of driving phases of the stator will be reversed
with every pole of revolution of the rotor, i.e. phase pairs
A-B, A-C, B-C for one pole, and B-A, C-A, C-B for the next



4, each pair of driving phases of the stator will be reversed with .egngﬂ%
pol e of revolution of the rotor, i.e. phase pairs A-B,  A-C, B-C for one
pole, and B-A, CGA CB for the next WO 02/ 065466 - 13 PCT/EPO /14131

pol e. Thi svoremssses hat for a 3-phase stator and a 12- pol @CTEBIBHI3L t | s
expected that the pair of driving phases of the stator nust be changed 36
times to drive the rotor through one conplete revolution. Therefore for
this configuration there nust be a change in the pair of stator phases
being driven with every 10 degrees 16f -revol ution of the rotor. The angul ar
.position of the rotor at which the stator phases are switched is referred

to as a coormutation point. In_a conventional , notor, C rETut tion points
oﬁrglé‘ﬁ&

woul d nowilgal | Prbe digans that160r 0 -PHGSEFEALPT AR ®ar reference

pOSijt i oRoRbrt het 1&tedpedtRdaeRt dane eadirt bft Heipims qitades exft ithe, ni nor
random | i ke variations are introduced . .nto.the C ' Lnhts. For
exanpl e StespruNBEE e Fhandss %Pc‘ﬁ’rr&ers rté’vgrr&&faoﬁﬁe n%%%%%ﬁaﬁﬁhoggg 9. 89,
19. 97, 3Qmdletangedslttiion.Pr @herabdye foamtrhiat conf bpamation dbexe at the
sane set of points for .each revolution, | ; gnt revol ution
of the M&Sér Petﬁecmtlé’tﬁ: fi Patht% vﬁrﬁalt%gebﬁg%?éé%%@j%q\%él | be

under st gaahnt bebryany degriestsi ofisravel Wossi bife thenreter ar rfRySMINL28f st at or

and rot ot noles. WML JHRLVE: BRIORNSIN JIRGBSt pRALED e sidemeal tached to

t he rot &S RRG® ndthé stator contai ns_nine poles (three phases
havi ng ishredepokést@ash)s, commutatidre Reiddrst 68d2 bPRYRIYEWEY Ied in the

art that the nugher. of; REPRALR! wHRONGIomRe3y st&bPrat A,e30°and stator
phases may vary, and the nunmber of = commutation lPoslh.lg:t.s may. yary
aecor di gy, 301, vitq. fEPPhEPNS AP SEEBHERRRPIHE O aflr Eﬁases coul d be
connect g} @ 1ndgbdsrassRY Witk athépre¥enthahvast bon addirtdonal vari ati on,
the 1l lruasr;[dg?nt-?(ijke\Aga?riactoirgnlsggggtir?{]rorga\}/ce%oqtn%'cﬁtﬁegee néén@'&utta‘%g.ons

points. For example, commutation on a particular revolution

may occur at 0.23°, 9.89°%, 19.97°, 30.30°, and so on.

Preferably, commutation does not occur at the same set of

points for each revolution, so that in a subsequent revolution

of the rotor, the commutation points will be different.

It will be understood that many variations are possible
in the arrangement of stator and rotor poles. While twelve
permanent magnet poles are shown attached to the rotor in Fig.
4, and the stator contains nine poles (three phases having
three poles each), it will be understood by those skilled in
the art that the number of permanent magnet poles, stator
poles, and stator phases may vary, and the number of
commutation points may vary accordingly. It will further be
understood that the stator phases could be connected in a
wdelta” configuration, or that as an additional variation, the
illustrated “wye” configuration may contain a central tap
allowing an arbitrary single phase to be energized.
Furthermore, it would be possible to provide separate drive
circuitry and/or separate drive lines to windings of the same

phase, so that the windings are driven in parallel and not in

series.



allowing an arbitrary single phase to be energized. Furthernore, it goul d
be possible to provide separate drive circuitry and/ or. separate driVve JUL 2005
lines to wi ndings of the same phase, so that the wﬁndiqgs are driven in
paral | el A¥@I0O2Ms5466n series. WO 02/ 065466 PCT/ EP01/ 14138CT/ERM/14134 |t shoul d
further be understood that Figs. 3 and 4 are intended to represent at a

hi gh I evel the najor conponents of a typical disk drive spindle notor.

Many variations are possible in the design and placenent of bearings,
magnets, coils, clanping nechani sie? dnd the like, within the scope of

the present invention. Commutation requires that the servo processor 203

determ ne the curre nqul ar, positio f r ) h eferred
enbodi nment , 665?%‘?8ﬂéiﬁfo tP nm?ée%r ogjdauraggdﬂf%'anés%&tcdeg g?l decoded by
channel 2f¥2ndedusedrémresheitepti ai migh dreyelathedsiiqeroppenephé Pbtor is

rotating at _aqperati : Y, al i e fatasnsmi-god w Il be used
during %%ﬁsauékggﬂéﬁlﬁ\%ﬁ%(&%@% orMigisqybe%,nlg broua%gt froma stop to
oper at i mpssikdd. il the rdadigel andaplacsmepsr pEukear HidS1aad@etset hods nay be

used at 1at g reiat 1Y Re, Mt pds dheclsedeesedsi ng t he
M{?O%?ls gl%{r\é?ﬁ?q%@a‘gﬁghs,%ﬂ& iRl 1Y Re sd¢dge

back E t'h . or providing a separate sensor nechani sm
such as thempgesent ieyR®Mdiofy wheel . The servo processor 203 uses position
information to determ ne the stator phase pair to be driven, as well as

t he magni tude(s) of drive current req: ired, and_ i néauc}rs 2togese paranmeters to
spi ndl e not oCoRRPGaEioreqmire thaerfefErIPeR PHe® T8qired currents.

Pr ef er abigbe ri@MO t RE OEEEEMt 2A3ul 8t | pukdit iancofmtibatiator - edhsthe 225 which

stores the Comm all oD, A 30306108 A ASAINILAT 4R Gy R3RGR Lo be driven
transducer and decoded by channel 202 is used for determining
angular position when the rotor is rotating at operational
speed. Generally, an alternate method will be used during a
power-up routine while the motor is being brought from a stop
to operating speed. Alternatively, any of various alternative
methods may be used at operating speed as well. Alternative
methods include sensing the back EMF of the stator coils, or
providing a separate sensor mechanism such as a magnetic
encoding wheel. The servo processor 203 uses position
information to determine the stator phase pair to be driven,
as well as the magnitude(s) of drive current required, and

Sy inputs these parameters to spindle motor driver 205, which

BRESN

then generates the required currents.

Preferably, servo processor 203 includes a commutation
register 225 which stores the commutation points and
corresponding motor phases to be driven. Servo processor 203
compares current rotor position with the values in commutation
register 225 to determine the correct phase pair of the stator
to be driven. Commutation register 225 preferably contains 36
entries, sufficient for an entire rotor revolution, although
it may contain a smaller number of entries which are rotated

on a round-robin basis.




conpares current rotor position with the values in commutation register
225 t0o determ ne the correct phase pair of the stator to be driven.. L
Commut ation regi ster 225 preferably contains 36 entries, sufficient @éV §W5
entire roMO¥5sbuti on, although it may contain a smaPCEEPHUABRr of
entries which are rotated on a round-robin basis. WO 02/ 065466 - 15

PCT/ EPO1/ 14131 In the preferred enbodi nent, control program 231 executing
in processor 221 of file controller 201 controls the operation of disk
drive 100 to alter the values in conhutation register 225, thus causing
servo processor 203 to generate minor sem -randomvariations in the

commut ati on p0|n This ocess.i s shown at in Fig. 5. As
shown in Figlnst halfé’& F’V%J fﬂ‘&ﬁé‘“‘?’h‘fm aqnlt>;oilnpg¢|<9€ #%lﬁt ate. In the "of f"
state, nRxeRAMEhgI $nappd>¢ﬁhdm 2eheospfild eontwbdier ROV ecckirodsi thet he of f
state upon t he occurr e oyer - t ki yp y occur
CCone SPELArAPR| S SETE LY e 18@ Wg £ \hR VSPJJ § i Q?}o)mu-EQ'tioHa

ways. Drive e conpl et e out power, i.e.,
truly nﬁdibternZlecthMﬂﬁﬂauaineersVQfR?QﬂﬁBS§Fa?%3(@%lQ%PQH@§9k 501) upon

power belaq agpli ef, LEG Ak X1 8108l S (RN 86n LM LARsSW tch,

causi ng MO to power - control programto begin

execut i @rocesgsr osesbown 29t a hNHheEﬁ&?lV@}}ugéxPernal power may be applied
to the drive at all tines, but controller 201 may interrupt power to the
spi ndl e notor, channel and other el ectronics; .in al ternati

; this
processor 22Rswghe¥ni it igdi%e Fo8k $GrVss léxf‘%ﬁ‘u’aﬁ‘l%rﬁ%ﬁ& \#gt errupt,
or sin l@atventnt enexTé£f1 QPathl oK Fdder WgorppXiéd ng Mieclspi@dlecont rol

D tben: bR %E}émsnéﬁspagﬁ T, Sty enf PSSR 8 O

transdugriierabe auabte(biocleddlgat aThis aradedconrt be ehesaf several
ways. Drive 100 may be completely without power, i.e,, truly
“off”, in which case it exits the off state (exits block 501)
upon power being applied from an external source such as an
ignition switch, causing controller 201 to power-up and a
control program to begin execution in processor 221.
Alternatively, external power may be applied to the drive at
all times, but controller 201 may interrupt power to the
spindle motor, channel and other electronics; in this
alternative, processor 221 waits in an idle loop for some
external command, interrupt, or similar event to exit from
block 501.

Upon exiting block 501, control program 231 begins a
power-up of the disk drive, which includes bringing spindle
motor 206 to operating speed (step 502). In general, the disk
transducers are unable to read data recorded on the disks
until the spindle motor is near its operational speed.
Controller therefore transmits an appropriate power up command
to servo processor 203, placing it in a power-up state. At
roughly the same time, controller 201 transmits a set of
values for storage in commutation register 225, these values
being the nominal commutation points (i.e., 0, 10, 20, 30 ...)
for spindle motor 206. In some cases, the motor may have



until the spindle notor is near its operational speed. Controller
‘therefore transmts an appropriate power up conmand to servo procesﬁqMLzm5
203, placing it in a power-up state. At roughly the sane tine, controller
201 transWQe/§546t of values for storage in comutati SATEBMYMLH, 205

t hese val ues being the nom nal conmmutation points (i.e., 0, 10, 20, 30
...) for spindle notor 206. In sone cases, the notor may have WO 02/ 065466
- 16 PCT/EPO /14131 difficulty starting and the controller may induce
notion by any of various known stér%GUb techni ques. Wth servo processor
203 in the power-up state, it causes spindle notor driver 205 to drive

respective pairs of stator i ndi ngs_ Wi t red ) Sy up current
(usual | Witfifd CUutEyi ﬁﬁﬁ?‘é’r?%\ﬁé’\t@: 5?’? %trsoelriv% %rag’cgégtﬁ)gé (r}g?ter m r?é’s angul ar

posi t i orrAs ogxphaiices kbowe stard-opnpectesiqueiss to the nonminal comutati on
values in register 225, switching stator phase pairs as each commutation

point is reached. The control programthen alternatiyvely checks a power-up
tiner (step ®A3h shive procgsisoy R8P imethbtROMersUPefERteopldr £3U5Sl speed

(step 504 indre, TBLOLAPLEEY OI0Y (5CAPIES {pedthOenBhoEs Lo et xoper ati onal

speed. S perro ccontroller may be gerforn]'dﬁ?\):gli agnostic or
ot her f wictdioigs, witihi & epxedarerpioedsserr YO SOREER e§u§29 Spindl e

mot or 2Q6, . ;3tunt R 16846 He ST alTlalR G Wb T SR ce st detBembnet natgulamut at i on
val ues stored in register 225. If the notor fai

I lLs.to,.reach rational
speed windsiitignppsdexelainrd ar‘Pé’?(ierruPr{‘fae‘F‘?Wretsh&%letob ahc oqﬁglateiaken from
step 503,,@htetish ¥ESS8deid Teqdeheralesl, (siicehing) standr thasr i ve shuts

Jdtself down (step 506). If aoperatio a{52§$q§u£§ reached before tineout,

the "Y' PEHENAF PRk T L @81384. & $éachi ng operational speed,

the control program initializes an index variable to random zing table 232
(step The control program then alternatively checks a power-up
timer (step 503) while it waits for the motor to reach
operational speed (step 504). It may take several seconds for
the motor to reach operational speed. During this period, the

controller may be performing diagnostic or other functions,
while servo processor 203 continues to drive spindle motor 206
at the rated start-up current, using the nominal commutation
values stored in register 225. If the motor fails to reach
operational speed within a predetermined maximum period, the
“wy” pranch is taken from step 503, an error message is
generated (step 505), and the drive shuts itself down (step
506). If operational speed is reached before timeout, the “Y”

branch is taken from step 504.

After reaching operational speed, the control program
initializes an index variable to randomizing table 232 (step
510). Table 232 contains an array of offset values to be
added to the nominal commutation angles to determine the
actual commutation values to be used by servo processor 203
for switching stator phases. The values in table 232 may be
generated by any random or semi-random process, Or may be
calculated so as not to be random at all, but merely to appear
random or scattered when added to the nominal commutation

angles as described herein. These values are permanently



510). Table 232 contains an array of offset values to be added to the

.noni nal conmutation angles to determine the actual commutation val ues6tg| s
be used by servo processor 203 for switching stator phases. The values in
t abl e 232wm§2/dsst66 gener at ed by any random or seni - r andoR¢HENEE4B1 or may be
calculated so as not to be randomat all, but nerely to appear random or
scattered when added to the nom nal comutation angles as described
herein. These val ues are permanently WO 02/ 065466 PCT/EPO1/ 14131 - 17
stored in ROM 222, so they do not'tﬂgnge. The nunber of values stored in
table 232 is preferably greater than the nunber of commutation points in a
revol ution of the_rot i . great er an 36 40t leguration of the
preferré&Oréﬁbbﬂiﬁg%tégzm)ﬁongpsﬁsgptqﬁa F&%&gﬁfaﬁ%g%fﬁﬁgﬁﬁggﬁre of the
of f set s vialueBeE8bred, in ttdtdepLat eis aurafieaabl Megneatrr tdfan &heries in table
232 be . a _pri nunber_.. or Lts i t&e Ny ving no conmon
f act or s PRt g‘g ﬁ‘ﬁl'r'“g\i‘atolfon %(%?111%% a’t’?%nqﬁé’;agggﬂ?"ﬁ cgf revo%ﬁttiggﬁ 019 t he

rotor. The.Gogteateprihprardt hentheneondfiigyratier of B¥ RIGHRELSH on points

(angl es) r Lnal Walal t dtire 9F0WHeas steps
511-514.e"$°t%df1|ﬁf3§¥:'i ofe i |ze§t§%aEﬁT¥8%%Hd\?glr iagglég im%o 1 ﬁr:t ep 51?). A single
conmmut atdffisesi An op@rAtion,i ¢ tt herPEefiRFFeEs that: the e noni nal

comut atj . _noi nt A4 cqr Rimb@ rt Oot hehd Q. \bar iaabl e and an
of f set férng:%ltengQ Eégioe 442 beCqr pESRO rt, 0o

corresponding to the table jndex variable (step
512). Tieonpostits| npReRF drﬁ"tlﬁ'@nnPnE‘g'@?FﬁhtfécFﬁés %%}bo%}ﬁ i“é‘B‘F"S%i Ognd tabl e

| ndex V%(?nﬁ&'t%tﬁéheﬁoﬁi@-ianaerlae@mtlxbario&bltaei résof ncrenented by one; the
table index may be incremented by one to sinply cycle through the entries
i'n table 232 on a round-robin basis, but it would alternatively be
possi bl e to aghi eyataclligiayram vhen ajiddrarelsyai aet e ng the table index

gﬂr fgm& %ﬁ%a&?ghsp%irzﬂ%sy’ gagl%geg?bkc?r I Nd8% q160HbRp Do d N RTRIREBE DY the
of the roto}, shown as steps 511-514. It first initializes a
loop variable i to 1 (step 511). A single commutation point

(CP(i)) is then computed as the sum of the nominal commutation

point (CPy(i)) corresponding to the loop variable and an
offset from table 232 corresponding to thé table index
variable (step 512). The control program then increments the
loop variable i and table index variable (step 513). The loop
variable i is incremented by one; the table index may be
incremented by one to simply cycle through the entries in
table 232 on a round-robin basis, but it would alternatively
be possible to achieve additional variability by incrementing
the table index on some other basis. E.g., the table index
could be incremented by the current value of 1, or by some
lower order bits in a system clock. Since the number of table
index values should not exceed the number of entries in table
232, the new index is the sum of the old index and the

increment amount, modulo N, where N is the number of entries

in table 232.

The control program then checks the value of i (step
514), and if it does not exceed 36 (the number of commutation
points in a revolution), steps 512 and 513 are repeated. When



| ower order bits in a systemclock. Since the nunber of table i ndex vaI ues
.shoul'd not exceed the nunber of entries in table 232, the new index t8§ Jubepps
sum of the old index and the increnent anount, modul o N, where Nis the
nunber ofwenbmésees i n table 232. The control program t RCT/ER®E481 t he val ue

of I (step 514), and if it does not exceed 36 (the nunmber of conmutation
points in a revolution), steps 512 and 513 are repeated. When WO 02/ 065466

- 18 PCT/EP01/ 14131 36 new comrutati on points have thus been generated,

the "Y' branch is taken fromstep 847 The control programthen waits for
the spindle notor to conpl ete its current revolution (step 515). Wen the

revolution is conplete, the " br an taken fro tep 51%., The control
progr and € MY maébﬂ?rmjﬁé@s are; ggﬁ }1% tgetnﬁéagn%é @W cgfm'rut ation

poi nt Vil desh ti TRKYA Promessdy 51@3, storing themin the corresponding
entries of comutation register 225 (step 516). This will cause the new

commutati on point values to be used on the next succeeding revol ution of
the rotor. lfhd@opewel pooramdineat wanthafohade spépdiediqtareFsl7), the

control gram.then return nmpu set of
commut a?‘? i sy SPGEER ge‘{cﬂuscflgﬁ g&n%%rlgﬁo u?ﬁgﬁ ﬂg%v the rotor. If a
power dmwnluiﬂllmulsonomgle'eeeltt@d“Yl”hbralwh i &akRni EreBKEER M step 517,

and the,not or J.8, 1PReeE %ﬁ n(éaHl%l% 5Q§Atrdﬂ1é&4 blo1beo upsgisiodehat  di sk
1S FaT o't

drive o'f}é‘?a‘fcfn 0 spl n | e notor operation g ve not been shown
in Fig365,ew rcd:ramttategmp@intpr\@glﬂl&m 5g15¢XMR @é]OFﬁsEBﬁt mul tiple

coneur 1 gnt Ly £xe 100thasksrr Mpoiiial sptidls smtommutentenl s only one.
A-typica I'S rive responds to manxl 9|fferer%tn txges o&m&é)mds
responsFeel shea\A265r (ﬁ§9pb§1§/)eryThls i1l cause the e

point values to be used on the next succeeding revolution of

the rotor.

If no power down indication has been received (step 517),
the control program then returns to step 511 to compute a new
sét of commutation point values for the following revolution
of the rotor. If a power down indication'is received, the “Y”

branch is taken from step 517, and the motor is powered off

(step 506).

It will be understood that disk drive operations
unrelated to spindle motor operation have not been shown in
Fig. 5. In fact, control program 231 typically contains
multiple concurrently executing tasks, of which spindle motor
control is only one. A typical disk drive responds to many
different typeé of commands; responsive behavior may be very
complex; exchange of information with the host may require

many steps; etc. These details have been omitted from the

description herein for clarity of illustration.

In general, the routines executed to implement the
illustrated embodiments of the invention, whether implemented
as part of an operating system or a specific application,
program, object, module or sequence of instructions are

referred to herein as “programs” or “control programs”. The



conpl ex; exchange of information with the host nmay require mnmany steps;

‘etc. ‘These details have been omtted fromthe description herein for-§ 2005
clarity of illustration. In general, the routines executed to inplenent #He

i1l ustrat WO ®M6HE nents of the invention, whether inpl eREVERN/1488 part of

an operating systemor a specific application, program object, nodule or
sequence of instructions are referred to herein as "prograns" or "control
prograns”. The WO 02/ 065466 - 19 PCI/EP01/14131 progranms typically

conprise instructions which, when fehd and execut ed by one or nore
processors in the devices or systens in a corrput er systemconsistent with

t he i nvention use se_devi.ces.or.s rf S
necessa °tg5 méx Xﬁf%ag) omgrrlagné?iifr&l %ngﬁ nmbodyi ng’lét eta\?/lgrl ous
aspect s edecultedpbgsemndt om\nema pmochbs@m/elm tiei Hevites dmeysitiems has and
her ei nafiter. wi | d | i exd <oni ng digital
deviceslghéhcggbaggﬁ %@%%gE?%PESSEQStq%ﬂ%1e25 gﬁX%ﬁéééaﬁlH%ﬁg i nvention are
capabl e tifoskeeidayiceds sor i dnatethsasoarer byrmarhher stiaps Becessamy doy of forns,

and th%,ee@vﬁetsegpep&' &qyal EY?ﬁ&g@éfﬂnﬁ:%%y%?tﬂ?e Paltidudl ar  type of

si gnal -bearing media used to actually carry out di stribution. Exanples
of si gn#SPec4Fi A§ HeeliRresfetudevention qr MOFEOVEF i Yokl ® P ecor dabl e type

nedi a sYcReasi%g! H&é'ﬁl&mre&%f%eka&iiﬁ HERREY r thevd cas, tHd eRRYedtsks,

har d- di sk d ti d t
ot | QCRURSYOFERTRIOTIN A1AH B LLORARR© AUEDas | 16 A ARAAERG  wi 1ol ess

conmmuni G;%txt@us éwwlm&iwrlaneth@f isventd orb eakei agpama@hcaf aednigl | ustrated in
" glrrgodll EB??@L%:%%‘%égrkﬂeprg?ﬁ%%lJggsaRggrzFé%t rfncitc%o %Bgr ngd as a
spindIetm@tthéﬁtﬂonrappmnemgeqangY|reghnddessloé th&ep&ntmcwgerdeV|ce.
Homever,type of signal-bearing media used to actually carry out the
distribution. Examples of signal-bearing media include, but
are not limited to, recordable type media such as volatile and
non-volatile memory devices, floppy disks, hard-disk drives,
CD-ROM’s, DVD’s, magnetic tape, and transmission-type media
such as digital and analog communications links, including
wireless communications links. Examples of signal-bearing
media are illustrated in Fig. 1 as disk surface 102, in Fig. 2

as ROM 222.

In the preferred embodiment described above, the
brushless DC electric motor is used as a spindle motor of a
rotating magnetic disk drive data storage device. However,
such a motor could be used in other environments as well. It
could alternatively be used as a spin motor for an optical
disk data storage device, such as a CD-ROM, DVD-ROM, or audio
CD player. It could also be used as a drive motor for a
magnetic tape data storage device. Finally, it could be used
as an electric motor in any of numerous applications unrelated

to data storage.

In the preferred embodiment, a control program executing
on a programmable processor of a disk file controller

generates the commutation points by reference to a table of



such a notor could be used in other environnents as well. It could
.alternatively be used as a spin notor for an optical disk data stora@eJUL 2005
device, such as a CO-ROM DVD-ROM or audio CD player. It could also be
used as awbroxwes#®t or for a nagnetic tape data storagePgB¥PUA413EI nal |y, it
could be used as an electric nmotor in any of nunerous applications
unrelated to data storage. In the preferred enbodi nent, a control program
executing on a programmabl e processgr of a disk file controller generates
t he comut ation points by reference 4% "a table of WD 02/ 065466 - 20

PCTI EPOL/ 14131 sem -random of fsets, and transfers this data to a

comut at on fﬁgi%n%;?egfa%“egped Qgédgtégagé@ez@ 2593508t kP ' irdatysh

commut ateBA T F Srten rovides the ability to disable the use of
seni - r andais0éf sesed day ingervbopretessomFo RSLHRFN 2@y ovi di ng

consi derabl e _desi gn fl.exi Qi L Epy\ey idelk tMé ! dpiE BPpRIeEigkBlet hat
smal | s&ﬁ@?ﬁﬁgg?nQVarmllhgﬁ %ﬁga}lﬁe? e cr(;gn"fr%gltegti on poi ntt:spcoul é b gchi eved
usi ng nehe dséf of esemitrandiear £ st s AUEARTMOEPT ot Vs W0 P Se X8l e, t he

Servo  pIOGes$0h; S&lrfsi@)&aﬂ‘i@ea@%ia?ﬁlaﬂie&tib@mstjrn tHewes@ATUtat i On  poi nts,
or the servo proceSsor may contain all motor control . | Qdl G Itﬂet he
n-a

pref er r &d ldnbedappreciatagethdt seLbtSeiyFa8IPT VAT R random zi ng

t?b' e ﬂ&%mahggwéﬁiy@irvt@@@@ng Be &eiBtent uehnanuires dict fEredtice t he ef f ect
0 snma ran

om variations in_ the, comutatiqp e table is
preferr é’@r\dldﬁréaé’édoWé%‘fﬁﬁ?t é(f’irbﬂ.gl?lfsw Ifi%rb x%@gr e’cistat}egﬁﬁ t hose skilled
in the grbckhabrt besel fntayngerepase medhigdsioher in pthwuxdmiptatsioni | ar ef fect .

Foy exanple, a random number _ ¢ ' Jnct i i appar at us
coul d pPOdBEE: sBF g&?l%ecfvroaﬁ58ﬁl8%g§%§{rdf ?%?‘tégﬁignﬁp ?‘(‘f"{%’ﬁi‘?ﬁ’ﬁ‘fﬂ%ﬁé PP

comut atliogfic.angles. It is also possible to derive offsets according to

In the preferred embodiment, a set of offset values is
stored in a randomizing table and progressively added to
commutation angles to produce the effect of small random
variations in the commutation angles. Such a table is
preferred for ease of computation., It will be appreciated by
those skilled in the art that there are numerous methods for
producing a similar effect. For example, a random number
computational function or special apparatus could produce so-
called random numbers for adding to the nominal commutation

C angles. It is also possible to derive offsets according to
| some sophisticated pattern which is not intended to be random
at all, but is intended merely to spread the motor noise
spectrum at the harmonic peaks associated with the frequency
of commutation. As used herein and in the claims, “semi-
random offset” is intended toc encompass any method, including
those described as well as others, which produces a scattering

of offsets from some nominal commutation profile,



sone sophisticated pattern which is not intended to be random at aIILBb t
s intended nerely to spread the notor noise spectrum.at the harnonic L 2005
peaks associated with the frequency of comrutation. As used herein and in
t he cl ai nWO0 0206556 random of fset" is intended to enconpBSEERMKMIZEL hod,
including those described as well as others, which produces a scattering
of offsets fromsone nom nal commutation profile. WO 02/ 065466

PCT/ EPO1/ 14131 - 21 CLAIMS 1. Arqgtating nagnetic disk drive data
storage device, conprising: a di sk &drrve base;. a rotatably nmounted di sk
and spindle assenbly, said disk and spindle assenbly conprising at |east
one rigid disk for recording magnetically encoded data on at | east one
surface of said at least one rigid disk, said at |east one di sk being
permanent|ly nounted on said di sk CGAIMS ndl e assenbly; a novabl e actuat or
supporting at |east one transducer head, said actuator positioning said at
| east one transducer head to access said nmagnetically encoded data on said
at | east, ong sotdthiory elgaaticadisleaixtivendatat sieuaAde de¥Aced di sk; a
spindle notor rotating said at |east one rotatably nmounted disk and

spi ndl e“88BENBIYY’ said spindle motor having a nuiti-phase el ectro-nagnetic
stator and a pernmanent nmagnet rotor; a spindle notor driving apparatus,

sai d spindlea 1O adijevibadeapparatus providing drive current to said

mul ti-phase “electro-magnetic stator, said spindle notor driving apparatus
sequentially switching phases of said drive current at correspondi ng

angl es of rofathen415abdndeakdpsnl #1d sgliadlassesdrbly,sapddsgiskl e not or
drjving apparatus varying by a respective_sem.-r qﬁb fitpsek, gach
sticcessPP8 BRYPSL HfasTeIPAY| GATRE %ﬁtséfasgp?%%@ qgrlggrlgn ng appar at us
recording magnetically encoded data on at least one surface of
said at least one rigid disk, said at least one disk being

permanently mounted on said disk and spindle assembly;

a movable actuator supporting at least one transducer
" head, said actuator positioning said at least one transducer
head to access said magnetically encoded data on said at least

one surface of said at least one rotatably mounted disk;

a spindle motor rotating said at least one rotatably
mounted disk and spindle assembly, said spindle motor having a

Y multi-phase electro-magnetic stator and a permanent magnet

rotor;

a spindle motor driving apparatus, said spindle motor
driving apparatus providing drive current to said multi-phase
electro-magnetic stator, said spindle motor driving apparatus
sequentially switching phases of said drive current at
corresponding angles of rotation of said disk and spindle
assembly, said spindle motor driving apparatus varying by a
respective semi-random offset each successive angle of
rotation at which said spindle motor driving apparatus

switches phase of said drive current.



swi t ches phase of said drive current. WO 02/065466 PCT/EP01/14131 - 22 2.
The rotating magnetic disk drive data storage device of claiml, WhEﬁQHMZME
each said sem -random offset is obtained from a table containing a
plurality \¥0 0284566 andom of f set val ues. 3. The rot ati ng HIFERA4Y3Yi sk drive
data storage device of <claim2, wherein said spindle notor driving

appar atus uses sequential sem -random offset values fromsaid table in a
round-robin pattern, the nunber of sem -random offset entries N in said
tabl e exceedi ng a nunber of connutét@Gn‘points Pin said electro-magnetic
stator. 4. The rotating magnetic disk drive data storage device of claim

3, wher €] st _cQ Q a I e gotating
nagnetrcbdrsk |Rﬂ3 ars ?gggsbgg év#%g&oy g?%%lﬁgﬁf%%g ngﬁgga?% spi ndl e
nmot or dr & Vaiw B,pp&rea:term dech aoid smrriyrla;ndgai df fesipdet obEasped - Framiom

of fset each, Succ :%%inlngnﬁ §1 Qﬁgfogeﬂi - PNESy W £kt Sehduspl ndl e ot or

until safld sprn not o a predeterm ned rotational speed,
and thereafter varies by said respectrve sem -random of f set each

successi ye angle rQ:ftﬁt%‘r%t hgae\ﬁ@lc TheK ababkNga PR HRIHageduskide i ye data

st orage devrce of erein said spindle notor drrvrn appar at us
conprrsesla%mrﬁwnﬂﬂ@re&npﬁégﬁaﬁﬂéﬁﬁkﬁ @PG@ESQB%V%B&ﬂﬁRHQﬂS 4ScBRtF ol program

stored i £'eq°'@ér¢t1@1”%@%11—Qcaﬁldamséfff/éleﬂorv@Q@éﬁOfrdeﬁrmrw lt\abléomomt rol
parameters issued by said progdpmga processor ng magneti c

di sk dri %U%T%P%’t’brpé‘ﬁéeaﬁm R i BSMIREFIR §§-E5e§e g “Processor

i ncl UdeSNanCOéHEH alabar ekegeding £ Ofuzrlbdenbfftyomgatzatplounr abiibys of imormmut ati on

p0|nts S é%éé%ro—ma%%etlc stator.

4, The rotating magnetic disk drive data storage device of

claim 3, wherein the greatest common factor of N and P is one.

5. The rotating magnetic disk drive data storage device of
claim 1, wherein said spindle motor driving apparatus does not
vary by said respective semi-random offset each successive
angle of rotation at power-up of said spindle motor until said
spindle motor has achieved a predetermined rotational speed,
and thereafter varies by said respective semi-random offset

each successive angle of rotation.

6. The rotating magnetic disk drive data storage device of
claim 1, wherein said spindle motor driving apparatus
comprises:

a memory; _

a programmable processor executing a control program

stored in said memory; and
a servo processor responsive to control parameters issued

by said programmable processor.

7. The rotating magnetic disk drive data storage device of
claim 6, wherein said servo processor includes a commutation

register for identifying a plurality of commutation points,



wherein data in said cormmutation register is provided by said control
program executing on said programabl e processor. 8. An electric not 9§, UL 7
conprising: a base; a nulti-phase el ectgg- magneti c stator nounted to a“i 005
base; a rotor rotatably nounted to said™4se, said rotor having at |east
one permanent nmagnet which rotates said rotor responsive to alternating
magneti c fi ehesimdateinsaiscopymetation rseistesis provided by paid senteplipyogiam gxpANIAL us
said notor drivi ng)t aE{)ngl%rﬁt us Qrovi ding drive current to said multi-phase

el ect r o- magRBf#id PRSIAYNADIE BIOSER3BE- o1 diri vi ng appar at us sequential |y
switching phases of said drive current at correspondi ng angles of rotation
of said rotor, said nmotor driving apparatus varying by a respective

sem - r andonBoAn sksetrieaedios gewpasinge angl e of rotation at which said notor
driving appatatus switches phase of said drive current. 9. The electric
motor of cl &M, wherein each said seni-random offset is obtained froma
tabl e cont aj giulgpRaseleticabimapnefic et moanddmw id base; val ues. 10. The el ectric
notor of claim9, wherein said notor drivin appar&éus uses seeﬂuenti al

seni - r andond s9tperstatably megnied dosaidbeset s wonNayINg 3L HASL NG PRITRANEIAENE he
nunber of sem s r n.Qf f [ ] j : I : er of
Commut at 1 on <SP AR Sk Foie? ot 6 1Bk ibéhel € AcRis BHAGEETS RUBTRE

not or of cl andn 10, wherein the greatest common factor of N and P is one.
12. The electric nmotor of claim8, wherein said not octi. drdi.vi n aIRQara us
does not vaPynaigr dryAIgAPPEHIsc3ald BOLE SYIVINg ARBRFANE PLOPdIpR ATy P B‘%W 0 sal
137799. doc: y X 4 RGA/ %Aﬁ%’i Al SUGERAREV Ritam AL e of
rotation at ﬁl&ét\?g@g%?&{g?@?ﬁ%ﬁeueﬁ %ét?rr,is%anﬁgt&ié un %}?Iﬁ_salild&gl ectr?lq }mt o$ has
achi eved a phadebfyaid drod currehtt icomesposdieg dnglencf rotatior of said ratar, sad npforsai d

respective senj -random of f set each successive, angle of .rotation. 13. .The
electric m)glgymg@gp%@uﬁ)yarg]n&ith%agr,eSR;aﬁng‘eﬁeﬁllggI? nhgtlrf%ﬁt eac&\'ﬁ“\?f%@“’ﬁﬁ‘bé? 8f us

conprises: el Which RAQLbATIRPINE aPpRLES SItcIRY BRseIoTaid dpi9BLaRNPT Ogr am

9. The electric motor of claim 8, wherein each said semi-random offset is obtained from a

table containing a plurality of semi-random offset values.

10. The electric motor of claim 9, wherein said motor driving apparatus uses sequential
semi-random offset values from said table in a round-robin pattern, the number of semi-
random offset entries N in said table exceeding a number of commutation points P in said

electro-magnetic stator.

11. The electric motor of claim 10, wherein the greatest common factor of N and P is one.

12. The electric motor of claim 8, wherein said motor driving apparatus does not vary by

said respective semi-random offset

[RALIBW]37799.doc:RVH



stored in said nenory; a conmutation register for identifying a plurality
‘of commutation points, wherein data in said comrutati on register is_ﬁ 2
provided by said control program executing on said programable procesgyL;U5
and commut™¥® PH¥5¥ppar at us whi ch switches phases of sai dPETERE/4BArrent at
comut ati on points specified by said commutation register. 14. The

electric notor of claim@8, wherein said notor is a spindle notor for
rotating one or nore data storage disks of a rotating nagnetic disk drive
data storage device. 15. A method of 2éperating an el ectric notor, said

el ectric notor conprising a nmulti-phase el ectro-nmagnetic stator and a

rotor havi at | east one pernanent nagnet which rotates, said .raqtor

r esponsi %&gos%ﬁqeeﬁsﬁé(ﬁ ﬂﬁgﬁ‘ﬁgégtqofaf’ ggd%t FEE GBI ChyS2 ‘gieﬁlescttérl&r, sai d
met hod cespsr Surtg 1t Baidt epsctafic moteti nhag aclplewed! at prede treom imald

comut ation_,angles for . switchin rrespondi e i

electro-ﬁ%&ﬁﬁﬁ F§§8?’ ?&ér&}%ﬁ%a§§ﬁ£b§£%;é§;%% %Qgér?%éﬁ?éﬁiﬁ% ng a

r espect i semsamdndamddfisef f sath tsmogashivespertd wé radbatbert. commut ati on angl e
to produce a corresponding plurality of adjusted conmutation angles; and

WO 02/ 065466 - 25 PCTIEPOL/ 14131 switching phases of said electro-magnetic
stat or bk3 ng Thi ielectbjcanear ideviger ehtckaims i dwberess ponidl Meterural ity of

adj ust e : j I ri&eglhe nethod of operating an electric notor
dagwp%aeag. ESmpriGes

of claim eln said step of adding a respective sem -random of f set
to each resped@dM@d&Ynonm nal comutation angle conprises the step of

obt ai ni ng t he ARG S iodedRdemeRédBting ROBLAL tabl roq@t ai ning a
'pwuralit! ongfeni-ra dom of fset values. 17. The nethod of operating an
electric OF SELGi MFHREY/

a commutation register for identifying a plurality of
commutation points, wherein data in said commutation register
is provided by said control program executing on said
programmable processor; and

commutation apparatus which switches phases of said drive
current at commutation points specified by said commutation

register.

14. The electric motor of claim 8, wherein said motor is a
spindle motor for rotating one or more data storage disks of a
rotating magnetic disk drive data storage device.

15. A method of operating an electric motor, said electric
motor comprising a multi-phase electro-magnetic stator and a
rotor having at least one permanent magnet which rotates said
rotor responsive to alternating magnetic fields generated by
said stator, said method comprising the steps of:

defining a plurality of nominal commutation angles for
switching corresponding phases of said electro-magnetic stator
being driven by electric current:;

adding a respective semi-random offset to each respective
nominal commutation angle to produce a corresponding plurality

of adjusted commutation angles; and



wherein said step of obtaining the respective sen -random offset froma
.table conprises accessing the plurality of sem - random off set vaIues-BmULzmﬁ
the table in a round-robin pattern, the nunber of seni-random offset

entries Nyoweesset t abl e exceedi ng a nunber of conmut atRGIERIYI4IBE P in said
el ectro- magnetic stator. 18. The nethod of operating an electric notor of
claim17, wherein the greatest common factor of Nand P is one. 19. The

nmet hod of operating an electric notor of claim15, wherein said step of
addi ng a respective sem -random of-f 8ét-to each respective nomi na

commut ati on angle to produce a corresponding plurality of adjusted
comutation angles is not perforned until said electric nntgéghas achi eved

a predet er nbwkthriggapheras ehewhd SAECTLEOTRIIUIIG SEREPEAPE 20. A

progr amypt oguchy fle kALl 8ht ekt tdte sapar abk pesincimg ellecaticty nof or, said
el ectric notor conprising a multi-phase electro-magnetic stator and a
rotor hadingted camuitagden #r¥iefrent magnet which rotates said rotor

responsive to alternating magnetic fields generated by said stator, said

program product conprjsing a_pluralit f GESSY o8 : ab _
instrucﬂﬁonsTF%d%ﬁéﬂéﬁ o gpﬁﬁg?yﬁ%£Vﬁ%&%ﬁ§ggg reaggﬁﬁé%ggig i§% JUL 2005
-26 conyhekber §ficdaitdpebécaddingra arspektive nsemi-randonr 0EEFRSEO when
executed by said processor,.c Is Alde8 the pe&pormthe

st eps oﬁ?c%afeﬁﬁﬁ? 'VﬁgngmbPﬁ%§%#§§“%&1%82?hg}eg%%ﬁ%t§fiOn angléi f or
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the number of semi-random offset entries N in said table

exceeding a number of commutation points P in said electro-

magnetic stator.

18. The method of operating an electric motor of claim 17,

wherein the greatest common factor of N and P is one.

19. The method of operating an electric motor of claim 15,
wherein said step of adding a respective semi-random offset to
each respective nominal commutation angle to produce a
corresponding plurality of adjusted commutation angles is not
performed until said electric motor has achieved a
predetermined rotational speed, and is performed thereafter.

20. A program product for controlling the operation of an
electric motor, said electric motor comprising a multi-phase
electro-magnetic stator and a rotor having at least one
permanent magnet which rotates said rotor responsive to
alternating magnetic fields generated by said stator, said
program product comprising a plurality of processor-executable -
instructions recorded on signal-bearing media readable by a
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(c) switching phases of said electro-magnetic stator béing driven by electric current at

r ot

said corresponding plurality of adjusted commutation angles.

21. The program product for controlling the operation of an electric motor of claim 20,

wherein said step of adding a respective semi-random offset to each respective nominal

‘commutation angle comprises the step of obtaining the respective semi-random offset

from a table containing a plurality of semi-random offset values.

22. The program product for controlling the operation of an electric motor of claim 21,
wherein said step of obtaining the respective semi-random offset from a table comprises
accessing the plurality of semi-random offset values in the table in a round-robin pattern,
the number of semi-random offset entries N in said table exceeding a number of

commutation points P in said eleétro-magnetic stator.

23. The program product for controlling the operation of an electric motor of claim 22,

wherein the greatest common factor of N and P is one.

24. The program product for controlling the operation of an electric motor of claim 20,
wherein said step of adding a respective semi-random offset to each respective nominal
commutation angle to produce a corresponding plurality of adjusted commutation angles
is not performed until said electric motor has achieved a predetermined rotational speed,

and is performed thereafter.

[RALIBW]37799.doc:RVH

I onal



