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rel ates generally to inprovenents in the 3perat|on of hard di sc drives,
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Hard disc drives have become increasingly popular in recent times as long term
storage devices for personal computers. Such drives include a plurality of rigid discs
having magnetizable coatings to which data can be written by magnetizing successive
data cells defined along concentric data tracks of the discs. Because of the rigidity of
the discs, the further inclusion of a servo system which is capable of precise track
following permits the data tracks to be very closely spaced so that a hard disc drive can
store a very large amount of data in a very small volume.

With the advance of computer technology, an important characteristic of hard
disc drives is "access time" of the drive, which is a measure of the typical time during
which the disc drive is unavailable to carry out its functions of storing data supplied by
the computer and retrieving data previously supplied by the computer for storage.

Access time generally includes overhead, which is time required by the disc drive to
service its own internal operations, seek time, which is time required for a read/write
transducer head to seek to a desired data track, and latency, which is the time required
for a particular sector on the desired data track to reach the transducer head as the disc
is rotated under the transducer head.. As will be recognized by those skilled in the art,

. efforts to reduce access time have included reductions in latency by increasing the
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The discs are mechanically mounted to the rotor and rotated by the energizing

of the windings within a phase in the stator to induce magnetic fields that interact with
the permanent magnet segments in the rotor to cause thé rotor, and the discs, to rotate
in the desired direction at the desired operating speed. The selective energizing of
phases in the stator in a predetermined sequence is known as commutation of the
motor, which simply involves providing a series of timed commutation steps wherein
energy is imparted to the motor to c_auselit to rotate. The time between each
commutation step is called a commutation period, and the number of commutation
periods within one mechanical revolution of the motor is a lfunction of the number of
phases and the total number of north and south poles in the motor magnet segments.
For example, a three phase, twelve pole motor would have 36 commutation steps and
36 corresponding commutation periods in each mechanical revolution of the motor,
with each commutation step occurring at a unique mechanical alignment of a winding
and a pole, where a switch is made from one configuration or commutation step to the

next.

As understood in the art, a commutation step involves supplying the motor with
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back emf generated on the unenergized phase held at high impedance, compares this
voltage to the voltage on the center tap and generates a signal at a zero crossing of the
voltages, that is, when the back emf voltage changes polarity with respect to the voltage
on the center tap. The point at which the zero crossing occurred is then used as a
reference for the generation of the timing of the next commutation ﬁulse, .as well as a
reference to indicate the position and relative speed of the motor.

It will be recognized by those of skill in the art that slight variations exist in the
operating speed of a spindle motor during operation, and that it becomes increasingly
important to control and minimize these variations as the operating speed is increased to
ensure proper alignment of the transducer head and the sector before data is stored or
retrieved from a disc. '

_ One significant source of variation in the operating speed of a disc comes from
manufacturing tolerances within the spindle motor itself. These manufacturing
tolerances may be due to variations in bearings and bearing surfaces, variations in field
strength of permanent magnets in the spindle motor, variations in resistance and
inductance in phase windings in the spindle motor and most importantly, the variation

in the spacing of the magnetic poles and the slots between windings. These variations
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significantiy affect the tinmng of the zero crossings, which in turn wll
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commutation timing methods is the use of previous zero crossing periods to determine
the timing of subsequent commutation steps. For example, one approach involves the
placement of subsequent commutation steps at a point in time beyond the most recent
zero crossing by an amount equal to one-half of the time that elapsed between .the most
recent zero crossing and the next most recenf zero crossing, or one-half the previous
zero crossing period. Because of the variation associated with the timing of the zero
crossings due to manufacturing tolerances in the spindle motor, significant error can
exist in the placement of commutation steps based on the previous zero crossing period,
" causing further motor speed variations.

A related problem in many such prior art hard disc drives follows from the use
of zero crossings to indicate the motor speed and position; because of the variations in
zero crossings due to manufacturing tolerances within the spindle motor, the motor
speed control may provide unnecessary compensation of the motor speed at subsequent
commutation steps. For example, if as a resuit of manufacturing tolerances a zero
crossing occurs at a point in time that indicates the motor is running too fast, when in

fact the motor is running at the correct speed, the speed control circuitry may

unnecessarily cause the motor to slow down by reducing the supplied current. It has
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motor to reduce the effects of variations in timing that are due to manufacturing
tolerances within the spindle motor.

More particularly, the present invention comprises an improved apparatus and
method for improving the operation of a hard disc drive spindle motor by reducing the
effects of systematic v_é.riations in motor rotational speed, including characterization
means for characterizing systematic variations in operational speed of the spindle motor
over a plurality of rotations during nominal operation of the spindle motor. The
characterization means includes speed control averaging means for characterizing the
average timing of zero crossing signals with respect to reference frequency periods and
commutation timing averaging means for characterizing the average time between
successive zero crossing signals.

Additionally, the invention includes compensation means to compensate for the
systematic variations in operational speed of the spindle motor. The compensation

means includes speed control compensation means, responsive to the speed control
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oper ati onal

spindle motor is measured as a phase difference between a predetermined portion of

“each zero crossing period and a corresponding portion of a nominal zero crossing
period:. The nominal zero crossing period is defined as the time between the reference
pulses supplied by the reference clock, where the reference pulses occur at nominal

- zero crossings. The measured phase differences are then averaged over a plurality of
mechanical revolution to provide an average phase difference for each zero crossing
period in a mechanical revolution of the discs. |

After the average phase difference is found, the hard disc drive enters a

compensation mode of operaﬁon, wherein the average phase differences are used to
locate the commutation steps at a location in time beyond the most recent reference
pulse by an amount equal to the predetermined portion of the reference period adjusted
by the average phase difference determined for that zero crossing period. Ina
preferred embodiment, the predetermined portion of the zero crossing period, the
nominal zero crossing period, and the reference period is one-half (1/2) of these

periods. ' e
The speed control circuitry used to control the speed of the spindle motor is
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difference. Phase difference signals for use by the speed control circuitry are then.
generated by determining the phase difference between the zero crossing and the
adaptive zero crossing.

An object of the present invention is to provide an improved apparatus and
method for back emf commutation timing and speed control in hard disc drives.

Another pbject of the present invention is to characterize variations in zero
crossings and zero crossing periods in a mechanical revolution of the discs.

Still another object of the present invention is to compensate for these variations
in zero crossings and zero crossing periods to reduce variation in the operating speed of
the discs.

Yet another object of the present invention is to allow the use of spindle motors
with larger mechanical and electrical tolerances without significantly degrading

performance within a hard disc drive.
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FIG. 2 is a cross section taken along line 2-2 of FIG. 1.

Ji

FIG. 3 is a schematic block diagram of a conventional motor circuit of the hard
disc drive of FIG. 1. |

FIG. 4isa schematic diagram of a conventional 3-phase half bridge driver of
the motor circuit shown in FIG. 3.

FIG. 5 is a table of commutation steps that occur during a conventional six step
commutation cycle for a conventional three phase motor.

FIG. 6 is a set of graphical charts illustrating the voltage levels of the three
phases and the center tap of the motor of FIG. 1 as the motor is commutated according
to the commutation cycle as shown in FIG. 5.

FIG. 7 is a flow chart illustrating the operation of the conventional commutation
logic circuit as shown in FIG. 3. |

FIG. 8 is a schematic block diagram showing the preferred embodiment of the
present invention using a phase lock implementation to provide spindle motor
commutétion timing and speed control.

FIG. 9 is a schematic block diagram of a first preferred embodiment of the
adaptive speed control pulse generator shown in FIG. 8.

FIG. 10 is a schematic block diagram of a second preferred embodiment of the
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Still yet another_gbjec¢t of the present invention. s to allow for the.
tightening of F&écﬁgis%m&'!ﬂ-‘f%é‘& RSB § W@&H@&f&r&eﬁmb&drmw ofithe
drive whil ea&'a%'tiwr}g sltzehe% control generator of FIG. 13.

FIG. 15 is a schematic block diagram sﬁbwing th_e'prefenéd embodiment of the |

adaptive commutation timing generator of FIG. 13.
Detailed Description of the Prior Art

Before discussing the preferred embodiments of the present invention, it will be
useful to first describe the prior art and FIGs 1 through 7 have been provided for this
purpose. |

Referring to FIG.1, a hard disc drive, generally designated by the reference
numeral 20, is typically composed of a plurality of rigid discs, two of which are shown
in FIG.1 and
designated therein as 22 and 24, that have magnetizable surface coatings. When the
discs are rotated about their axes, data can be written to the discs or read therefrom by
transducer heads that are positioned adjacent their surfaces in the manner shown for the
disc 22 and a transducer head 26. The transducer heads are mounted on support arms,
such as the support arm 28, carried by an actuator (not shown) that moves the arms to

radially position the transducer heads above concentric data tracks (not shown) defined

" on the discs.

In high performance disc drives, servo data is written on every track at the



spi ndl e mot or . ~Qther objects, features and advant ages of the

present invention wll becone apparent fromthe follow ng detail ed "
descri pt WRA9WkMA4read i n conjunction with the drawi ngs aYfel/HBA6OMIad

cl ai ns. Bri qfg Description of the Draw ngs
FIG 1 is a fragnentary, exploded, perspective view of a conventional hard
di sc drive, including a spi chHa,e not or and associ ated conponents, .

FIG 2 is Bowndasy of g¥ary SRCtOR wdtc lsd'ﬁg‘i Py the actiye drangquger tc provide positionings 3

is a schemptjc block diagram of a cqnvent.i onal tor circuit of the hard
i sc dr i vel§PrRAtign 1 a servo SyStem (Rplcshny dhat 15 byl it POFiTigHing,of the,
conventi onal 3t-[._)hase hal f bridge driver of the notor circuit shown in
FIG 3. t * FIG 5 is a table of conmutation steps-that occur during

Soror oM onal Sufipdh ¥k the SQRTR h'i8 InEHdra stk SORFRAA Ry d RigEaPhase
vol tage | eyehs eRbtridafyldBhfifutatedP PoyBRasd MiudHIEs @R IpfidId Mot 32 {fthaPing"  Of
| Z ?@ I ng

FIG 1 as the notor comut at e cor to the comutation cycle as

shown i n Fieto32 can be used tofprovidé thé rétatidruf tealiscsi22| 08 tneaéssity fob the

operation of the conventional conmutation logic circuit as shown in FIG
3. writingGndSsubsequeativadingi of datzncAsdhown ImFIGoB) the roter 30 Bfcohiposed
enbodi ment of the present invention using a phase |ock inplenentation to

provi de spiofidisbelird# dnot nurnenicallydesignated in F§Gah)phayingd flapge 36| formed at the
FIG 9 is a schematic block diagramof a first preferred enbodi ment of the
adapt i ve speser engrtherspf o that thpodisegas basmaurfed enithesrotgr 32 as indicated in FIG.

1. Specifically, central holes 38 and 40, sized to slip on upper portions of the shell 34,
are formed through the discs 22 and 24 réspectively and the discs are supported in a
spaced relation on the flange 36 by spacers, two of which have been indicated as 42
and 44, and ciamped to the rotor 32 by a plate 46. The plate 46 is positioned atop the
uppermost disc 22 and is provided with a plurality of holes (not numerically designated
in the drawings) that align with a plurality of threaded holes (not numerically
designated in the drawings) in the top of the rotor 22. The plate 46 is secured to the
rotor 32 by way of bolts (not shown) that extend through the holes in the plate 46 and
screw into the holes in the top of the rotor 32.

Referring to FIG.2, the rotor is further composed of a plurality of permanent
magnets 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58 and 59 attached to the inner wall of
the shell to extend in a ring about a stator 60. The stator 60 is mounted on the case,
partially illustrated at 62 in FIG. 1, of the hard disc drive 20 and bearings (not shown)
between the shell 34 and the stator 60. As shown in FIG. 2, the stator 60 is composed |
of a plurality of stator sections 62, 64, 66, 68, 70, 72, 74, 76, and 78 which carry
windings 80, 82, and 84 as shown in FIG.3.

Referring now to FIG. 3, shown therein is a motor circuit 100 that includes the

windings 80, 82 and 84 and a transconductance amplifier and 3-phase half-bridge driver



FIG 10 is a schematic bl ock diagram of a second preferred enbodi nent of

t he : 111454
bet | oy TG RGN RETARSALY | ve
speed control pul se generator shown in FI 41 8. . FIG 11 is a

séhemati_c bl ock di agram of the preferred enbodi ment of the adapti ve
commut at i on ki€l (2E(Refeiabter GﬁriFérQircgit“) with outputs cdninteted %o the Winkir2yseNgst

showi ng the general steps perforned by the comut ati on pul se generator -

of FIG 11. and 84, for seledtively éndrgiging the Widingse Althelghdiha goasthietienion gudhhe
preferred enbodi nent of the present invention using a frequency | ock

I mpl enment at i driver @irpuityisdeelb knowit, efonvlacity of discussionaFIGo4 shows agenerdl schemaltic
control . ' FIG 14 is. a schematic bl ock di agram showi ng t he
preferred endfatie deiver cifcuihi)2 condalnipgiseFEpe 404 c 106,108, &bl 2, anddil4Fl G 13.
FIG 15 is a schematic bl ock diagramshow ng the preferred enbodi ment of

t he adaptgonpeatedrifupairs wrsuch gimannge s that E%—Téfloma@sl 106 are connected to winding

Detai |l ed Description_of the Prior t . ) Bef ore di scussing the
preferred engﬂ)ﬂ}p‘ﬁb?& designateddn p#rlgs éﬁ%’r clariby,of illystration,ay phage A) by wayf of sigral

{113t descr 06 A, B 08 ha i o Qinbb Iy DR YRG0 BN by
OB o Y PP BB S EE 2 o MIEER o VLY ggag”
as phase C) by way of signal path 144. As will be recognized by those of skill in the
art, additional components, such as protection diodes, may be commonly employed in
such driver circuits, but these have been omitted to facilitate the present discussion.
Also shown in FIG. 4 is signal path 116, which connects a high voltage source
Vp 118 to the sources of FETs 104, 108, and 112, and signal path 119, which connects
the drains of FETs 106, 110, and 114 to a cﬁrrent sense resistor 120. The current
sense resistor 120 is connected between the signal path 119 and electrical ground 122,
and current sense taps 124 and 126 are connected across the current sense resistor 120
to provide a current sense to a spindle transconductance amplifier 127, the purpose of
which will be more fully described below.
As can be seen in FIG. 4, the gates of the FETs 104, 106, 108, 110, 112 and
114 are accessed by way of signal paths 128, 130, 132, 134, 136, and 138, so that, for
example, the impression of a voltage on signal path 128 to turn on FET 104 will cause
| the voltage Vp to be impressed on the phase A winding 82 by way of signal paths 116
and 140.
It is common practice during commutation of a three phase spindie motor to
impress one phase with a high voltage, another phase with a low voltage (generally
ground), and to leave the third phase in an unenergized, high impedance state at each

commutation step, and to change these states at each subsequent commutation step so as



designated therein as 22 and 24, that have magneti zabl e surface coati ngs.
When t he discs are rotated about their axes, data can be witten to the
di scs or mnead7atussef rom by transducer heads that are posiRGTABGOEMPacent
their surfaces in the manner shown for thc,? disc 22 and a transducer head
26. The transducer heads are nounted on su%port ar s, such as the
support arm 28, carried by an actuator (not shown) that npves the arns to
radi al | y poto cduse retation phhedueter imigdissiaed diseetinncand: speed. dHcanthessers fromt
shown) defined on_t he discs. I n high performance disc drives,
servo data FiGwithatein erdesiaimpressthg valtage¥p on phagpis signalpath 128 may be

PCT/ 1 B96/ 01019
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can be usedg £%1th g8oddiRtibR badh fAsin Phe siBRalHatit 3 1@,%:&@@1@&9@; and @rodghe.
subsequent o) Fl 2,

witing and readi ng of dat a. shown 1'n t he rotor IS

conposed iy Signdl hatt 1400(iake AYNSimikaly, ¥n Ofderdo %I-@ﬁdé 21dw oltdge dmaghm a
e

flange 36 forned at the | ower end thereof so that the discs can
mount ed on B)dt ¢aoi oy sedd theat FET! 1 bhitrag bertufried.on by froviding afsuffividnt vohiegs oml

hol es 38 and 40, sized to slip on upper portions of the shell 34, are
f or med t hr osignal path d34cwhile signal path 132 phould vermginatd woltagelbelow alevekupport ed
i cat cd agatfzient & tum on FET 108. 1 this way. 4 grbund parh is eStabiished from phase B
through the signal path 142, the FET 110, the signal path 118, the resistor 120, and
finally to ground 122. By épplying sufficient voltages on signal paths 128 and 134 to
turn on FETs 104 and 110, while ensuring voltages applied on the signal paths 130 and
132 keep FETs 106 and 108 turned off, current can be made to flow from phase A to
phase B. It should also be readily apﬁarent that phase C will remain at an unenergized,
high impedance state simply by leaving both FETs 112 and 114 in an off state by not
energizing signal paths 136 and 138. |
Referring now to FIG. §, a table is provided therein that shows the sequence of
states that each phase in a three phase spindle motor might take during commutation of
the motor. As can be seen, a commutation cycle for such a motor consists of six
‘commutation steps during which each phase is held at high voltage (denoted as "HIGH"
in the table), low voltage (denoted as "LOW™ in the table), and high impedance
(denoted as "HI-Z" in the table) twice respectively through the commutation cycle.
Depending on the number of stator magnetic poles located in a spindle motor, there
may be several commutation cycles within one complete mechanical revolution of the

motor.

Referring again to FIG. 3, the windings 80, 82, and 84, as well as a center tap



and 44, and clanped to the rotor 32 by a plate 46. The plate 46 is
positidned atop the uppernost disc 22 and is provided with a plurality

of hol es womrnmasderi cal |y desi gnat ed in the draw ngs) the€T/iB96@M0i th a
plurality of threaded holes (not nuneri caHsy designated in the draw ngs)
in the top of the rotor 22. The plate 46 -secured to the rotor 32 by

way of bolts (not shown) that extend through the holes in the plate 46 and
screw i nto 14 anerennecigdiyewanpf signalipathsohddy 139, 152, and 154 respegtivaly tog t o

FIG 2, the rotor _ is_further conposed gg a _pgur ality of permanent magnet s
48, 49, 50,conyentipnal Back emr sense cirguit 436, whic ﬁamsgregmeatcﬁ@aefzenfmm%

Il of th hel |. t tend i bout t at . Th t at 0
'S ount ed B voliaee.qn e centezian piif Pyl 279 Sosiing sasl K ansigndl et 15k
hard di dr.i 20. ' 1 t . hel | dth
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82 and 84 and transconductance anplifier and 3-phase hal f-bridge drtver

WD 97/ 114549 the center tap and outputs a ZX signal when the voltage on the unenergized phase
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102 ( her ei neifanges Palatityewith, orctorodsps averh tisivgltage oaahe eariterctap ¢hérve the nsk ofys
80, 82 and 84, for selectively energizing the w ndings. Al though the
construct i othedérng lizéro crossingibr circuits is well known, for clarity of

di scussion FI G 4_shows a general schematic of the driver circuit 102
cont ai ni ng si x FEI&. @chows the, voliages an phasesi 4, Baapd Crand the voliagr.en the ¢entgsai r s

in such a manngr so that FETs 104 and 106 ar nnect ed t | ndi n
! N tap (%T) duringatlhe commutation steps escn%es wCl reference toq:lg.%.l Acls shown

in FIG. 6, at each of the first commutation steps (step 1), phase A is at high voltage,

phase B is at low voltage, and phase C is at high impedance. During step 1, the
voltage on phase C transitions from a high impedance to a high voltage state; at a point
denoted as 160 which is abbut halfway through step 1, the voltage on phase C crosses
over the voltage at the center tap. The back emf sense circuit 156, as shown in FIG. 3,
outputs a ZX signal after each commutation step at the point in time when the
previously unenergized phase experiences a zero crossing with the voltage on the center
tap. Thus, as the back emf sense circuit 156 monitors the voltages from the spindle
motor 20 during operation of the motor at nominal operating speed, signal path 158 is
provided with a series of ZX pulses that correspond to the measured zero crossings
from the motor 20, with the time between successive zero crossings defining zero
crossing periods.

Referring again to FIG. 3,. the ZX signals are provided by way of signal path
| 158 to a conventional Fcom pulse generator 162 which generates Fcom pulses (for
"commutation frequency") in response to the ZX signals from the back emf sense

circuit 156. The Fcom pulse may occur at the same time as the ZX signal, or may be



80 (further designated in FIG 4 for clarity of illustration as phase A) by
way of signal path 140, FETs 108 and 110 are connected to winding 82 -

(desi gnated Ba1pdyase B) by - way of signal path 142, and Fedfndobdigd 114
are connected to wi nding 84 (designated as phase C) by way of signal

path 144. As will be recognized by those ¥ skill in the art, additional
conponents, such as protection diodes, may be commonly enployed in such

driver circddldyed with réspectao fiee/ EXtuigimal 0 The Feomipulfesd aird provided! 106 ESrveftidnal
di scussi on. Also shown in FIG 4 is signal path 116, which

connect s a phagé detettond 64 swhichcmeasurégithd phast différencobsteesn edchRFckin H0Ke add S,
and 112, and signal path 119, which connects the drains of FETs 106,

110, and 1ixcemesponding aeferance pulse Eref) provided by Bheonyemtional Fref clerksE66.esi st or
120 i s connected between the signal path 119 and el ectrical ground 122,

and current sensdhedkiysf pplsescars provddest & agsfasencedequencisthat perrespondnito thense
resistor 120 %g‘ provide g current sense to a spindle transconductance
anpl i fier 15Pped PhEGMPIOEIUNTRE at ORgEAting SpRed andbmay; be calsulajed oy multiplyingdheow,
As can be seenléeid_n LG 4, the ﬂ%te {)ﬂfﬁ the FEIs 104, 106, 108, 110, 112 and
114 are accBi® \PIESES 10 ¢hesmg Iw’ah QUINPET OF Bi3gnaticrpole patrs, jefsstatghy 138,
so that, fof, . ' | vl tage.on signal .,path 128 to
turn on FE'I_{eEB%nSV\A caggee&% %dﬁ%gﬁéfgﬁg&@’tlg r%\écg}x%}s&eg gﬁ“ﬁ'ﬂ't phase
A w ndi ng feh : : ' -
conmon pr a?‘ia@?w\dﬁﬁrbir ggth %g%eé? igyr?&'o%aart ?“é@gg%%@ ??)’?lr?& P gt rct)}#"t"\téo?go

| Mpr ess  onerepblations\bérsedont) g thevteleréiee freqeridyanonll deQeletiel 18 peOW Vol t age
(generally ground), and to leave the third phase in an unenergi zed,

hi gh inpedance state Bfefeaqphases)(poieshRPS) i=03)$12)00)aa B 29 KHange t hese
states at each subsequent commutation step so as
' The Fref frequency will correspond to the nominal Fcom frequency, that is, the
nominal frequency of the Fcom signals generated by the zero crossings from the motor
running at operating speed. |
"The phase detector 164 thus compares the Fcom pulses with the Fref pulses and
generates pump up pulses (Pu) and pump down pulses (/Pd) based on the relative
titning of the Fcom and associated Fref pulses. More particularly, a Pu pulse is
generated at such times that an Fcom pulse occurs after the corresponding Fref pulse,
the Pu pulse having a duration equal to the phase difference between the Fcom and Fref
pulses. Similarly, a /Pd pulse is genemted at such times that an Fcom pulse occurs
before the corresponding Fref pulse with a duration equal to the phase difference
between the Fref and Fcom pulses.

The generation of a Pu pulse by the phase detector 164 is generally taken to
indicate that the motor is running too slow, as an Fcom pulse from the zero crossing
occurring after the corresponding Fref pulse generally indicates thﬁt the motor speed is
lagging behind the Fref frequency. Similarly, a /Pd pulse is generally takeh to indicate

that the motor is running too fast, as an Fcom pulse occurring before the corresponding

Fref pulse indicates the motor speed is leading the Fref frequency. Additionally, the
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from FIG 4 that, in order to irrpress1 he voltage Vp on phase A signal
path 128 may be provided with voltage Sufficient to turn on FET 104,
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vol t age bel ow cient to turn on FET 1 this way, a

ground pat hiph9strs Wall8e dbécibed M iforSdetail befswpugh the signal path 142,
the FET.110, "the signal path 118, the resistor 120, and finally to ground

122. By appl yi ngThe'Phiaatd ¢Pd puldes agqsovides by waly gfosigrial paths 468 ahd4 700 turn
on FETs 104 and 110, while ensuring voltages applied on the signal paths
130 and  Ir@fpectieglyR& BscohVéntinndl diadge pump dirodit 172.ur Those afskilbin thedet will f | ow
fromphase Ato phase B. It should also be readi|ly apparent that phase C
wi || remai rregognize that suohggharge pump cigenitsiase weldmosnainghe artang that eithgvang
both FETs 112 and 114 in an off state by not ener%i Zi n% si.gnal paths 136
and 138.  voltage type Q&3 e¥Irer{ SYRRthares pymp may be ysed g Such 3FisGHified t herein
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reference voltage. During the time when there is neither a Pu nor a /Pd pulse (or when
both are present) the output of the éharge pump circuit is the reference voltage. On the
other hand, in a current type charge pump a fixed current (normally programmed by a
fixed resistor) is applied to a transimpedance amplifier which integrates the current
pulses and provides a voltage proportional to the integral of the pump current. As with
voltage type of charge pump; a positive current is output for the duration of the Pu
pulse and is withdrawn for the duration of the /Pd pulse. No current is supplied or
withdrawn when neither the Pu nor the /Pd pulse is present (nor when both are
present).
. -The output Pout of the charge pump circuit 172 is provided to a compensation
filter circuit 173, which includes a conventional low pass filter (not particularly shown)
- which filters out the sample frequencies related to the Fcom and Fref pulses. The low

pass filter can be constructed from conventional passive or active elements to provide

filtering of frequencies above a cutoff frequency, which is normally in the range of



may be several commutation cycles within one conplete mechanical revol ution
of the not or . Referring again to FIG 3, the w ndings 80, 82,-
and 84, awowi/ii4d$ a center tap WO 97/ 11454 PCT/IB96/01019
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connected by way of signal paths 148, 15016152, and 154 respectively to a
conventional back enf sense circuit 156, which conpares the voltages on the
phases to about160\Hz.t The oovtput bf thednwepass fitenisprovided its axonesmionablead-g
signal (ZX) on signal path 158 at such points that a zero crossing is
det ect ed, adrmb(agﬁ@@ptma@muww shaw owhick providescthe requiredi phaseamiaygin ab t er

each commut at i on Steﬁ@ t he enf sense circuit 156 conpares the

back

vol t age i ndddhievessahiby igdb oggmllmhasqw@ckdm- A5 is known by dheseaf skilhinsthet o
t he vol t age on the center tap ang .output.s an;:} si gnal when the voltage
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(step 1), pﬁ‘?ﬁﬁicﬁlﬂripﬁfoabﬁﬁﬂd ¥Rbbafifents of ﬂ%‘ﬁ?ﬁg?iﬂv@mﬁn mgr&&ﬁ ge, and

phase Cis at high inpedance. During step vol tage on phase C

t ransi t i onshérefeRwidibothR pHasCieck and alfréifieNd) loeRempleicdtatith, @ Poi nt
denoted as 160 which is about hal fway through 'step 1, the voltage on phase

C crosses ov &he ohtpur of tiegnepentdtioncitéreis atDE. sigrial réiative O reisrere
circuit 156, as shown in FIG 3, outputs a ZX signal after each

commut at i onveltage represéntingaequirédymotarecunteatita meintain aproastantshage errenewhicked
phase experiences a zero crossing with the voltage on the center tap.
Thus, as t hBapaeizeenidependiag sper ihe typs of sompensation ircvio usesgedt quilibtitm,
peed, i griepormely acbnstyyaliags iffsience Beruern die QRPYOUBEG BRI teat
correspond e ertegge Vol Sg% rweﬁ:ichZ \?vrﬂ? ir?crhcl)c?esbaggffsets and biases along with the required
driving voltage. This output of the compensation filter is denoted as a current
command (Icmd) signal and prdvided on signal path 174 (as shown in FIG. 3) to the
driver circuit 102. More particularly, the Icmd signal is provided by way of signal
patli 174 to the spindle transconductance amplifier 127 previously described with
reference to FIG. 4. |
Referring now to the zero crossing ZX signal generated by the back emf sense
~ circuit 156 as shown in FIG. 3, it should be noted that this signal is not only provided
on signal path 158 .to the Fcom pulse generator 162, as previously discussed, but the
signal is also provided on signal path 158 to a conventional commutation pulse.
generator 176 to provide the necessary timing for subsequent commutation steps during
operation of the motor circuit 100. As previously discussed, such prior art
commutation pulse generators 176 use the most recent zero crossing period in order to
" determine when to provide the next commutation step by receiving a ZX pulse,

measuring the time that elapses until the occurrence of the next ZX pulse (i.e., the zero



fromthe notor 20, with the tinme between successive zero crossings defining

zero 'cross periods. Referring again to FIG 3, the ZX
si gnal s ameopr/omsded by way of signal path 158 to a conPEFABYMHPNIFcom
pul s& generator 162 which generates Fcom pul ses (for "conmut ati on

frequency”) in response to the ZX signals fromthe back enf sense

circuit 156. The Fcom pul se may occur at the sane tinme as the ZX signal, or
may be crogying periad)s saking a portion of this measured time (for example, one-half of the
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stator — Sgghd BBFoRBtiMetd aliftdt MEPlabent SPAE Juleqiidift cORINRtatidn steps to
revol uti ons per”second. For exanple, for a three phase, 12 pole notor
runni ng at ﬁﬂp&vémbytdr cHagdctéristidgs.e (90 revol utions per second), the
ref erence frequency woul d be selected to be Fref =
(phases) (pol es) ( B2Sd upon3hé tia)inde¢hemelused bifthie commutation pulsecgeherstorf I6gaency
wi |l correspond to the nonminal Fcomfrequency, that is, the nom nal
frequency otommatdtionrpudsen(CR)signahwilk be qubpspquently astputoncsignah gathf I Z8ntotahe

not or runni ng .at operating speed. The phase detector 164 thus

conpar es t hEonvegHPRAlcoruNuiation logic ¢irquit 130, svhichpperates t provideca sequparcedp
pul ses (Pu) o%trf)%t grlIJ six gu%p"@t s?grl %gthg /IEE,) lé)fsl%g, ?é‘s,t {b%, %11 E}bb’v with these outputs
| changing for each new commutation step in response to the CP signal. The sequence of
states for these outputs is shown in a table in FIG. 7, which provides the outputs from
the commutation logic circuit 180 for each step in the six step commutation cycle
. described with reference to FIGs. 5 and 6.

In the table of FIG. 7, a "1" corresponds to a high voltage, perhaps 5V, being
placed on the indicated signal path, whereas a "0" corresponds to a low voltage,
perhaps ground, being placed on the indicated signal path. As will be recognized by
those of skill in the art, the cori_xmutation logic circuit 180 may'be implemented using
combinatorial logic or a state machine to output the sequence of states shown in FIG. 7
at each successive commutation step. The commutation iogic circuit 180 receives
conventional operational commands from a system controller 181, as shown in FIG. 4.

Continuing with FIG. 4, it will be readily observed that the signal paths 182,
184 and 186 are provided to a multiplexer 194 (hereinafter "mux"). The mux 194
serves to switch a \}oltage Vg from a voltage source 196 to one of the three previously
described signal paths 128, 132, and 136 in response to the signals provided on signal

- paths 182, 184, and 186. For example, with reference to FIG. 7, it can be seen that at



timng of the Fcom and associ ated Fref pulses. More particularly, a Pu

pul se is generated at such tinmes that an Fcom pul se occurs after the ~
corr esporwiongyi1taséf pul se, the Pu pul se having a durati orPGEIRI6O1BIt he
phase difference between the Fcom and Fr E pul ses. Simlarly, a /Pd

pul se is generated at such times that an Fcom pul se occurs before the
corresponding Fref pulse with a duration equal_ to the phase difference

bet ween t heommaftationdste dnsignalqpath 182 is at a "1° lpgis gainand signal paths1$taplil®% by
the phase detector 164 is general |y taken&io_ ~indicate.that, the notor is
runni ng t o@reaio 0'alogimstaeo Al sighalmath 18% Will bg rrpyided with a high vgltegag

"6 S | ngor bt Y when plk eBysedfe B 1o prodidehe So1sgs e obsignal patn”” S
[Ty t to i Lcat that th ' 2 ' t f

o o e 8 SR s e, s S4B 9 355,88 10,

mot or - speedgql g 83 GoitNOrhd Giud bEHYIMge ANV BEBdaY enduldh to cause’©
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PCT/ | B96/ 04Q@tion of the FETs 104, 108, and 112, respectively, to allow 2 maxifium arfbtin@bk O
of the Pu ;s%té@? Poé‘?oul ses provide a relativ Fndi Yation of how STow orn%how.

fast, I QuRRAt foVisy thekdtBrotiph @hd it6 tHelkhRrgided Winding 8082, ort 84 réfjeBtivelyr CUi t
100 uses the Pu a\é% / Pd dpmgl ses to m)du%‘ate t he g';peed of the notor %o

that a Pu pul se Inessimilar manhére thesignal pathiscis8y 19P add P2 Ftonykid gormdutation / Pd
pul se results in the notor.- being sl owed down slightly. This will be
descri bed iloginwireuild8@iare praivided to a second multiplexen 198dvHichl sgledtivety applies a
provi ded by way of signal paths 168 and 170 resgectively to a
convent i onMoltagataythe sormsspanding signal paths 130¢ 134 and 18. iHowaver.dthe valtage
recogni ze that, such char g\e %Bmf i r&%é s are wel I, kno in the art and that
either a applied to signal paths 130, 134 an , respectively is not a fixed voltage (as with
mux 194), but rather varies in accordance with the detected speed of the motor. The
voltage is provided on signal path 200, which is the output of the previously described
spindle transconductance amplifier 127.

The spindle transconductance amplifier 127 provides a speed control feed-back
loop for the motor circuit 100 by comparing the voltage across the current sense
resistor 120 with the current command Icmd from the charge pump and compensation
filter circuit 174, as shown in FIG. 3 and modulating the voltage provided on signal
path 200 in response thereto. Unlike the voltage Vg provided by the voltage source

196 to the mux 194, the voltage applied to signal path 200 is not sufficient to cause
saturation of the FETs 106, 110 and 114, but instead causes each FET when selected to
operate in its linear region.

Generally, if the circuitry indicates the motor is running too fast, the spindle
transconductance amplifier 127 will provide a lower voltage on signal path 200,

- whereas a higher voltage will be provided on signal path 200 if the motor is running
too slow. Varying the voltage in this manner will regulate the current that passes

through a selected source-path FET (106, 110 or 114 respectively) and thus regulate the



voltage type or a current type charge punp nmay be used in such a circuit.
For ref'erence, in a voltage type. charge punp, a fixed voltage relative to a
reference wobt/amps4i s applied to the input of a | ow pass fil pen/1Bes/o1ne

duration of the Pu or /Pd pulse. In th#é case, the Pu pul se voltage is
normal Iy positive with respect to a rence. vol tage, while the /Pd
pul se the punp voltage is negative with respect to the ref erence

vol t age. Duamognt dfecurrent thet dlowsitbrough shevwindirgs. alf fie motords hitthingitovesigw)
when both are present) the output of the charge punp circuit is the

ref erence valightlyemorhcumgat wﬂl&ewé\%mdrt@l flowntoging: € majpesperdy if shpmegora
fixed current (normal Ify pI’Q rammed by a fixed resistor) is applled to a

t r ansi npedadtBINAHAEY top lpﬁ%ﬁeﬁf will flaw toderrease the mpips; speed

G e Sid i e b ik Bl
d [ P

Ul se. o ¢ diERERath 200 By, lfsaket of dedrSulaceliine o i Birel eotmang fernde

/Pd pul se ig; t mpb%{? The out put
Pout of the§lg?1léf%§ﬁpt8ér%ﬂ£cr %&I ht:Q‘%ﬁg"‘Fact)l\g)lﬂcﬁl%(;%'Lm‘tclg%rpensat I on filter
circuit 173, which incl Siled DRGRY el Elibod§hent Ot

particul arly shown) I C ITters ou e sanpl e frequencies related to
the Fcom and Fr efHavingsaow réViewtd e priqrassinf détdiBthe preféeed@nbddineh®bE r om
conventional passive or active elenents to provide filtering of

f r equenci es padsemteinventionadan mmémmbe&\begxtmmg withr FEG.| 8, which Bkowsa dtockf

\é\g'? rgééfgidmram for a motor circuit 100A of the present invention having a phasé lock
implementation. A comparison Befweén FIG. 8 and previously discussed FIG. 3
reveals that several elements are common between the prior art motor circuit 100
shown in FIG. 3 and the motor circuit 100A shown in FIG. 8. More particularly, the
motor circuit 100A of FIG. 8 comprises a driver circuit 102 having the same
construction and operation as the driver circuit 102 shown in FIG. 3; the same is also
genérally true for the windings 80, 82, and 84, the back emf sense circuit 156, phase
error detector 164, reference clock 166, charge puinp 172, compensation filter 173,
and the commutation logic 180 shown in FIG. 8. Additionally, however, FIG. 8
includes an adaptive speed control pulse generator circuit 300 and an adaptivé

| cominutaﬁon pulse génerator circuit 400, the construction and operation of each to be
described below.
Beginning with the adaptive speed control pulse generator 300, it can be seen in

FIG. 8 that this circuit prov1des both the Fref and Fcom pulses to the conventional
phase error detector 164 and in turn, receives the Pu and /Pd signals from that circuit
as well as the ZX signal from the back EMF sense circuit 156 and a reference

frequency (denoted as Fref0) from the reference clock 166. For reference, the FrefQ
signal is the same as the Fref signﬂ described with reference to FIG. 3, but as will



about 100 Hz. The output of the |low pass filter is provided to a
conventional |ead-1lag circuit (also not particularly shown) which

provi des tywe 9vAg4s4r €ed phase margin to achi eve stability ipe#tineayasal |
phase | ock | oop. As is known by those of gkill in the:- art, a frequency
error approach could be used instead of aZ(bhase error approach as

descri bed herei nabove, in which case a lead-lag filter would not be
required. | pedome appar@mbelow, th@]pfuaérﬁ,in&&mu@roviaésahe Tréfereaé@ﬁeaﬁedcms hd ON
i s not dependent upon the use o a particul ar approach and enbddi nents
of the presaddptivespedd contmol pulse gemerater] 300, dndrmoit nd eHephiafeooerrboddtectopliese | ock
and a frequency | ock inplenentation. The out put of the

conpensat i odiréétlyt €as in sheoprin® ast)gand thisthange én vperatiorehevessitates a changé irge
representing required notor current to nmaintain a constant phase error,

whi ch nmafomenclatuge fardhe indtial gignabfromhibetroference clogkpéhsati on circuit used.
At equilibrium there. i s pormal Ité%a const ant vol tage difference between

the output vol t ads RIA¥Ided dereinabaye the, purpess ebihe adpntive speed contral pulseDC

of fsets and bi ases 8¢on wifghthe tequired ,dri,vi.ng vol tage. . This out put
of the comp&RELHPHAYY 1 &wet'xrs 3&%95%}??&3“%&%6%%“ S 105 g"?“l‘% PO gnal
d i d a_Sj | i N. Fl .3) to th dr.
oot v 102t il en R bl Erkaleoe HiSt Veridlions Gucity siuedstG ppesalion GF the
i I ( i . L 7 i I
SLITA! g PPeforshéed Bobl L) 1 AR AGESEYRIBhe R THIR " v oSl

Crossi ng ZXalérifie SRDEIiRERE fBY tHid Siri@CHroided SRS this Hiiséllﬁkllrfs, 41%35%@ éfhom

in FIG 3, it should be noted that this signal 1s not only provi

si gnal pat hthks8wild be ldesdribetinderil agdoliswd.or 162, as previously di scussed,
but the signal is also provided on signal path 158 to a conventi onal

commut ati on pul s&umingaoertatFIG. B7@héown thevsin dethelfirsnembaiiment for Theaddptive
subsequent comutati on steps during operation of the nmotor circuit 100.
As previ ous$Beedicontrekpulse gencrator 3Q0 ofFIG. 8, which provides a first phase locked Fcom
period compensation impleménta_tion. As will be recognized by those of skill in the art,
in a phase locked servo loop, an error or control signal is developed by comparing the
time of occurrence of a reference edge of a feedback signal, in this case the Fcom
pulse, to the time of occurrence of the reference edge of a reference frequency signal.
The difference between these two times is the phase error. The servo loop will
generé.lly try to kéep the difference between the times of occurrence equal to zero or
some equilibrium constant value or phase angle, depending upon the characteristics of
the servo loop.
In the present embodiment, after the spindle motor has come up to speed and
- has become phase locked to a reference frequency, the circuit enters a characterization
(or LEARN mode) during which a measurement is madé of the pulse widths of the
normal Pu (pump up) .and /Pd (pump down) pulses coming out of the phase error
detector 164 (as shown in FIG. 8) for each Fcom period. These pulse widths are

averaged and stored in a RAM memory where each address contains the value

associated with a specific Fcom period in the physical rotation of the motor. Although



comut ati on pul se generators 176 use the nobst recent zero crossing period

i-n ordér to determ ne when to provide the next comutation step by
recei vi ngw® A4 se, measuring the tine that el apses unPCH/1B$01019
occurrence of the next ZX pulse (i.e., the zero WO 97/ 11454

PCT/ 1 B96/ 01019 21 17 crossing

period), taking a portion of this neasured ti me (for exanple, one-half of
t he zer any mysier @f prathads)may, hel epplayed do aerumidate apd siene this informatiorhyitway
of a delay .counter ' al_to this portion after the

most recentis Ak Bqured g?qtﬁéﬁﬁj&o‘jégsel fed %%%Fﬁ"aﬂmﬂ%'a?st‘%o‘h%"%ﬁﬁ'e“ﬂy’
established portion of the prgvious zero gr.0SSi r.iod | ch as

one_hal T ¢ 181908 FOMEY TomRIneSRfoR ahe dyragon oE i hadne kg SpbRIeCHoRF semains
S’UBSEqﬁeﬁ?""rhhméé' HEst 187, 2 s destiefTcd e AU 3l oleVior ST RncRiseh BF,

B o ) . it oAt i 6
cormut at 1 o SpicEist AEREiHE Siay e DGR CEh <AmBl bE diBBRIAL BF aly |

178 to a grEﬂBﬂfﬁtidfﬁﬁéasﬁﬁmﬂdiétTﬂg i ﬁﬁiiﬁtpfénﬁ&iﬂddonjtﬁgd iNHeCprefRRigat €s to
provi de a sequenced out put on six output signal paths 182, 184, 186,
188, 190, aimsbolidmentsiof thd pi@sent dilclistife, but SHUARDhohe eunstBed a1 & WntiguiaH! at i on
step in response to the signal . -The sequence of states for these

out put s i s Afiertheichamctesization, orALEARN, mods isicompletedicthe akerage values obtained
the commutation logic circuit 180 for each step in the six step comutation
cycl e ddberefrioguiangi used teadvange or delayithis;Femn on ghesFref pulses as requireditie t abl e

of FIG 7, a "1" corresponds to a high voltage, perhaps 5V, being pl aced
on the i ndiRFayidg the spesd contral CIPRENEAION " 0" corresponds to a | ow vol t age,

The Pu and /Pd pulse widths represent a misplacement of the Fcom pulse with
respect to a reference frequency pulse edge, whether because of the mechanical
tolerances in the placement of the magnetic poles and coil slots, or because of speed
errors. The average of the set of pulse widths associated with a specific Fcom
represents the mechanical misplacement that is to be removed by compensation, thus
providing 2 more uniform signal to the motor speed control that more nearly represents
true speed variation. |

The characterization, or LEARN mode is defined as a given number of
complete revolutions of the spindle motor. _The once around time is determined by
counting the number of Fcom pulses; as described hereinabove, in a 12 pole, 3 phase
“motor there will be 36 Fcom pulses per revolution and for an 8 pole, 3 phase motor
there will be 24 such pulses. For reference, the preferred embodiments of the present
disclosure are based on a 12 pole, 3 phase motor resulting in 36 Fcom pulses per
revolution.

As will be recognized, the process of determining the average values to be used

the determination of the average is equal to a power of 2 (Such as 16 or 32). This is



perhaps ground, being placed on the indicated signal path. As will be

recogni zed by those of skill in the art, the commutation logic circuit -
180 may beW#i(1d4fdnt ed usi ng conbinatorial logic or a staPETABMMIO® tO
out put the sequence of states shown in FlGy 7 at each successive

comut ati on step. The commutation logic circuit 180 receives
conventional operational conmands from a systemcontroller 181, as shown in
FIG 4. because the-aygragyaiye of 9 ﬁewncbmaly numbgrs Js esuial e Isymodfithe setcbft hat

the signal pat e provided to a nultiplexer 194

( hFr ei naf t er™ l)"gh‘l'ﬂ’éft?ﬁﬁgy 1@4’“"“ érb(}'éﬁf‘%l & PAWET 96?"{%53"‘1\@ det'xlom a
9

bat he 125, 155 sOGMRE, Bor bS8 @%%Vg's?ﬁ?ybénwa@f%g%% e deisHmined

paths 182, t]b£§'4sun?rﬂ&5]t§gl3% 3 ﬁ%&‘%ﬂhﬁh a W sunf UEMERE théh Eéhc% shlftmg e Bt e

seen that a

PCT/ 1 B96/ 01Qdith value five bit locations. For reft
comut ation step 1, si gha pe‘i)tnﬁ 95 rFSer?cehthglpxeﬁerred emsbtog néexgtggf g‘ egq{gﬁent

paths 184 anfiscl@sire usd ﬁxsarhemod&o%i' oF abergeéfh c%&r&hﬁ?@balﬂ@%@e%@? rc%tli% 4e

provided with a high voltage perhaps 5V), which w cause the nux

to provide tdfahe aidiag®f Yguse, the paesenpinivBntionlidthot liniitddne etfeHtrls Adifib&of
previ ously described, and signal paths 132 and 136 wi || remain at zero

volts. The watationppr tmepamlculagmeﬂg)dm]dgy foe obtairing elreangitage0 cause
saturation of the FETs 104, 108, and 112, respectively, to allow a maxi num
armount  of cur rReferring mtqﬁmeﬂmhowgnhm istthe firsteembragiiment ofitheladuptive,
82, or 84, a simlar manner, the signal paths

i vel
188, 190 anépigg fmmﬁlﬁs gee?mmréppdwlch Pagaeesaen@ally ulacr:oad@cprvam thed to a
second mul ti Iexer% % electJVﬁ&%%&p es a yoltage to th
cor r espondi rfé © paichiagyy .CIFﬁ\Ab%Ppnﬁeﬁé 8P’9§§'e302 which
applied to 8. respectively is not -a fixed
vol tage (as W %ﬁ&{‘ﬁé WQ&%&S’Z) ,ehb%élo rnaft%tgrm'ﬂlfgmegs T OREE TS e rpq:pnltqqgers
detected speggalé of BSrryink Yut thE'\Rquence described below. The controller 302 initiates the

LEARN mode upon receipt of a START command on signal line 304 from the system

controller (not shown). Tﬁe controllef 302 in turn sets a SELO output and a SEL1
output on select lines 306 and 308, respectively, in order to instruct a conventional six-
input, two output multiplexer 310 (hereinafter "mux") to connect input Al to output A
and to connect input Bl to output B (more will be said below concerning the SELO and
SEL1 oufputs); This results in the Fref0 signal from the reference clock 166 (as
shown in FIG. 8) on signal line 312 being output to output signal line 314, which in
turn is provided to the phase error detector 164 of FIG. 8 as the Fref signal. As shown
in FIG. 9, the ZX (zero crossing) signal from the back EMF sense circuit 156 (of FIG.
8) is provided on signal line 158 to a one-shot 316, which provides a fesulting pulse on
signal line 318 to inputs B1 and B2 of the mux 310, and this resulting pulse is
connected to mux output signal line 320, providing the Fcom signal to the phase error

- detector 164 (of FIG. 8).
The pulse on mux output signal line 320 is also provided by way of signal line



voltage is provided on signal path 200, which is the output of the
previ odsly descri bed spi ndl e transconduct ance anplifier 127.

The spi ndkgobf/ggaggonduct ance anplifier 127 provi des a speed pcanByédi1019

f eed- back | oop for the notor circuit 100 by conparing the voltage
across the current sense resistor 1202%ith the current comand |cnd
fromthe charge punp and conpensati on filter circuit 174, as shown in

FIG 3 and 3w atdivide bipS6udivideyd2fr Awi ideerting impuyisishown tofiatica®Qhati the
response thereto. Unlike the voltage Vg provided by the voltage source
196 to the mpulseiPihvetted priot taarpeeippby theddivises B2dhaThp adivid@BR4i prooedds to
sufficient to cause saturation of the FETs 106, 110 and 114, but

i nst ead cauoetpuban leuipET pulse pnsignatling32Gto 2 diyjide by 42 idividers328; afteathe regeiph.
Cenerally, if the circuitry indicates the notor is running too fast, the
spi ndl e of 3AdepntPudses from sigpal linec}22; providing apindication-each tine ors ¢ampletsn
'signal path 2

00Q, . hi gh { i ] i d i I
o 200" 1 TevAlutios o e Shotan ey potired, ALAERnY, the Bt S48 heBeSiphof b <
manner wll _regul Eél] ug:r ents. %2@ ?‘i’?@ ix &tgfa?lhéqtih ﬁés oect ed‘h
sour ce-path efm_%?mp%gul f’B%b%g'ﬁ&‘“ Beg v Isay3 ® U i, serves
\Ié\gl_?rgééfg‘ll (ﬁ 3. unique address input for 2.1 RAM 332, the function of whi.ch to bi S_CSCﬁbgdngﬁlr?P”'o ;
current thatrhklddvidet 3282!41? :Eulhb%u?ﬁllu&dd §igfal at fthéétﬁnﬁl?ﬁ&{ of 32 FevBhitidas 192 I oW

slightly nore current w be al'lowed™to flow to i ncrease the notor speed;

i f the not oflatch B34, whith3gts!tR®ldicitind DR tHe/LEARN ¢alué edported td tHd cONtlofler
decrease the notor speed. The current will be sensed through the current

resistor 12@yawvay ofsignallpatig336)rindicatang that the LEARN| mode Ias22en vempleted. To
I ncreased or decreased according to the current command | cnd signal from
t he charge poonidenlarigpabiivstatiom; FIG. Bcomids eertain carpentional clear and clock lines
Detail ed Description of the Preferred Enmbodi nent . Havi ng_now
revi ened t héhasy apwilhpe reqogaizeds wouldrhe rsquires fos dhesaigsnd ofhen circwit blocks shown.
It is sufficient to note that the circuit is cleared upon initialization in a conventional
manner and that the completion of the 32 rotations of the motor during the LEARN
mode is reported to the controller 302 by way of the signal line 336.
Now, as will be recalled, the phase detector 164 of FIG. 8 generates, in
response to the phase difference between the Fref and Fcom signals, Pu and /Pd pulses,
and as shown in FIG. 8, these signals are pmvidéd by_Way of signal paths 338 and 340,
respectively, to the charge pump and compensation filter circuit 172 as well as the
adaptive speed control pulse generator 300. More particularly, FIG. 9 shows these
 signal paths 338 and 340 coming into the circuit, with the signal path 340 (containing
the /Pd pulse) being connected to an inverter 342 so that the Pu pulse is provided on
path 338 and an inverted /Pd pulse is provided on signal path 344 to an up/down
counter 346.
The up/down counter 346 is a conventional counter that provides an eight bit
count (in two's complement form) from an initial zero value in accordance with the

signals applied to UP and DN inputs. The counter counts up while the Pu pulse is



present invention can now be described beginning with FIG 8, which shows a
bl ock diagramfor a notor circuit 100A of the present invention having-a
phase | ockyo97aig@henentation. A conparison between FIG 8 angeRim¢otdis! Y

di scussed FIG 3 reveal s that several elenents are common between the
prior art motor circuit 100 shown in F@& 3 and the notor circuit 100A
showmn in FIG 8. Mre particularly, the notor circuit 100A of FIG 8
conpri ses a adfive/aid counts/dowd Whileane iryeitbd /BéPBlse is SIVE] EARIALEHRIQ positive
operation as the driver circuit 102 shown in FIG 3; the same is al'so
general |y trore fegativéreount, wéspegsively, Tk counterBas it lisitiblized Hidf clea88 By Gheé Cui t
156, phase error detector 164, reference clock 166, charge punp 172,
conpensat i orcofitrbierr3027fdr each eoubt ad theostoek forithe courgerc34B13 sapplied atsomleG. 8.
Addi tional ly, however, FIG 8 i ncl udes an adaptive speed control pulse
gener at or cidivision ofglee systera glogk shatiprevidescibaresalutiomdgsired €prpyiviadaiyoup/dowaui t
400, the construct(’xgn ,anqd gp ration of each to _be descri bed bel ow.

Begi nni ng wisy#emdocigdividey 4§)pe g cevnser BE agtvalk fregusnsy dised wooll be depeadente

' FI G hat thi ' it provide Qth the Fref and Fcom pul se
£ e oo o . TS sl oyl B Sl o e |
P d /Pd sj G ' | | t he,ZX si | f th
back ENE seusditntor he Moolthe B4 ot theried B3 plfle) r@bstaELY uonot o as kr ef 0)
f th f : : : t ' i,s the
Sae e the b of “RESHENbIEnt alie i bROViRiARo o 1Fbiraict 350 Hifleq 3 50 ||

WO 97/ 11454 previous value stored in RAM 332 for that Fcom period (th i i
PCT/ | B96/ 01019 period (the previoys valug being

?Epar ent belppgvidédby Wagsofra rejgmst 334NN Inshouidies nbtee that] BpA§RtdmM BHHAZY oh O
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the RAM is initialized by the controller 302 so that zeros are initially stored in all 36
required memory locations (there being 36 Fcom periods in a motor revolution). The
eight bit count is provic-led.as the least significant bits to the 13 bit adder 350, and over
the course of the LEARN mode, as the motor makes 32-revolutibns, a total sum is
accumulated for each Fcom period. Of course, some values will be positive and others
will be negative, depeqding upon the receipt of Pu and /Pd pulses respectively during
the operation of the phase error detector 164 of FIG. 8, but at the conclusion of the
LEARN mode, the RAM 332 will contain 36 different total sums, each having a total
of 13 bits and each further.corresponding to each Fcom period in a motor rotation.

| Upon completion of ihe LEARN mode, as described hereinabove, the circuit
.300 will enter a compensation mode of operation. For each Fcom period, the RAM
332 is instructed to provide the total sum to the register 334, and the eight most
significant bits of the total sum is prbvided to an up/down counter 352. As described
hereinabove, using the eight most significant bits of the 13 bit total sum effectuates a
divide by 32 operation (by shifting the value right by five bit locations), so that the
resulting value placed into the up/down counter 352 is an average value for that Fcom

period. It will be readily recognized that the two up/down counters 346, 352 are not



adaptive speed control. pul se generator 300, and not to the phase error
detector 164 directly (as in the prior art), and this change in operation
necessi t at WO w/aksinge i n nonmencl ature for the initial signetT/ABdsmitige
reference cl ock 166. ‘As provided_herei nabove, the purpose of the
adaptive speed control pul se gener at or Ois to first characterize the
systematic variations in speed during notor rotation and then to
conpensat e footh telqeired;vmthieat a singledip/doven solnserponid be psadafor botnothet he  not or
speed control circuitry. It is inportant to note at this time that there
are  al t er chaiacterizatinnoandegompensationtthedecof eperatiqur with appropriatei salections logic,

di scl osure, and each of these will _ be described in detail as foll ows.

Tur ni ng nowbtibtorpravids a mespleandasehiptiansof: the operation efhedirauits twe counters

adapti ve %gee contrp] pul se generator 300 of FIG 8, which provides a
first phase 'R¥eReM PO¥ ed. period conpensation inplenentation. As wll be
recogni zed by those, of. st1?<i |1,in.the art ock§g4servo |,oop, an

error or control ‘& gfEinapeve deser e&"%@#"g{;ﬁ%ﬁ? ?fﬁ’g}ﬁﬁgelglsrtef & oS r ence
of 2 o1 ereng e ol LRHANS B vy 1 EEIGAEHS B e ol B 1©

the time of urrence of e referenc ence”f

si gnal . T i : t M3 %F[EF% . [ Ol The
servo | oop \t/%n%nl%li Bg‘;elﬁ (ragll ;7(???/ tlf)ﬁlgiggﬁt gE | fe%ngn‘ggq{)g{eﬁgﬂg{sf@gﬁv%bs of

occurrence eiNownGnZEG? 99'bus 359 BBnridts thé Bight!Bit COBS fRoth tNebdgPstér 330 '@ Re
angl e, dependi ng upon the characteristics of the servo | oop.

the present up/idowdi comiter 35Rtand théeomtyolled 302 MAdditidrally ¢ thesigiobit @s Sdimested sl
has beconme phase | ocked to a reference frequency, the circuit enters a
char act er i zanildP input of therugAiown deynteri3handmn invertedisigs bitdseanndctedmdie of

t he pul se wi_dths of the nor mal Puaéfurrp up) and /Pd (punp down) pul ses
com ng out @Ndnputef skeup/dewn courter 332.0fn tis;waystheipolanty of theFigs bitfinstruetsc h

.. These se wdths are o '
the counterp3 2, once enabfed, to either count up from the initially loaded count value

Fcom peri od
to zero (if the value is negative) or to count down from the count value to zero (if
positive). The controller tests the count Qalu’e to see if it is zero, positive or negative,
and provides outputs on the aforementioned SELO and SEL1 signal paths 306 and 308
as well as instructions to the up/down counter 352 accordingly.

If the count value is equal to zero, then the counter 352 is not enabled by the
controller 302 and the SELO and SEL1 outputs are set to select the Al and Bl inputs on
the mux 310 (the same as during the LEARN mode). This passes the incoming Frefo
and ZX signals directly to the phase error detector 164 without compensation.

If the count value is a positive number, the controller 302 enables the counter
352 to count down from the count value to zero at the occurrence of the next Fref0
pulse sensed on signal path 312 and the counter 352, once the zero count is reached,
outputs a zero count signal on signal path 356 which is provided to a one-shot 358. The
output of the one-shot 358 is a pulse that is provided by way of signal path 359 to both
the A2 and the B3 inputs of the mux 310. At same time that the counter 352 is enabled

to begin the countdown, the controller 302 also provides the appropriate signals on the



averaged and stored in a RAM nenory where each address contains the val ue
associated with a specific Fcomperiod in the physical rotation of the

not or . Al w44 us4 WO 97/ 11454 PCT/IB96/01019
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nunber of methods, may be enployed to ac®nulate and store this

i nformation, it IS not required that the addresses be tied to a specific
rotational gpyg ahucsmpsigm Y306 andaB08! o t8 Snsthuey theqniN B1G° R feléct the
duration of tine that the drive spindle notor remains runni ng in phase

lock. If senplesAlesid BiacThas, ke tivadit 30Ckprovides as'delayed” Erefieignalodn signal
measurenments and averaging nay be initiated and each set nay be independent
of any path3 kuandse ! narmab’tBeom signal en sighalpaits 32hto thephaseeertartdetsttorska i n
the preferred enbodi ments of the present disclosure, but should not be
construed @fFEGI Bmitation. After the characterization, or LEARN node is
conpl eted, the average values ohtained |, therefromare used to advance or

del ay the Fcom &inallye ifthercopnt walue B negative ymber, the ¢angrpllge 397, enabigsethe

trol ' Lon. The P d /Pd I i dt h
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control that nore nearly represents true speed variation.

the mux 310 to pass inputs Al and B3, so in the case of a negative count value, the net
result is the passage of a "normal" Fref signal on signal path 314 and a "delayed” Fcom
signal on signal path 320 to the phase error detector 164, |

It should be noted that this implementation results in a non-uniform reference
frequency being provided to the phase error detector (as well as delayed Fcom pulses
with respect to the detection of zero crossings by the back EMF sense circuit), but the
benefit is a decrease in motor speed variations and improved speed control operation in
the compensation mode. It should further be noted that the entire circuit of FIG. 8
could be implemented in a fnicroprocessor or a DSP with suitable programming to
accomplish the functions hereinabove described.

It was mentioned hereinabove that the adapﬁve speed control pulse generétor of
FIG. 8 could be embodied in several alternative ways, and having completed a
descriptibn of the first embodiment with respect to FIG. 9, the discussion will now turn
to a second embodiment of the circuit and FIG. 10 has been provided for that purpose.

FIG. 10 presents a second phase locked Fcom period compensation
implementation, which also develops a control signal by comparing the Fcom pulse
with the Fref pulse and kéeping the phase difference at some constant value, but in this

second embodiment the reference frequency provided to the phase error detector 164



The characterization, or LEARN node is defined as a given nunber of
conpl et'e revol utions of the spindle nmotor. The once around tine is

det er m neavdy7/1145€0unt i ng t he nunber of Fcom pul ses; as des@d1/H96/01019
her ¢i nabove, in a 12 pole, 3 phase notor there will be 36 Fcom pul ses
per revolution and for an 8 pole, 3 phaseZ?mtor there will be 24 such
pul ses. For reference, the preferred enbodi nents of the present

di scl osure (of F16a 8 demaing coastpatiand the Eharsemgnaﬂ v advancadondglayed 38 réquired.

pul ses per revol uti on. wi |l be recognized, the process of
det ermi ni ng the aheadgal\ﬂ@eﬁpe%cqrﬁrqs@ubs@&neratqrroftﬂi@ Q@smahlbdenm%asan
be greatly sinmplifiedif the nunber of revolutions used i.n the

det er ni nat | ks?m@p%héném udgs severahobthe;samg components as thegirayitof HIG. - Hie) |

I,?;'T,SI :336 / Olgaganon of1 ghe circuit of FIG. 10 is essentially the same as that of %cxrcuxb%g{g.e
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val ues can %e ee%%%eﬁkwggw%ﬁg t s% a@ues toﬁ/%fa%% lgi: sum
val ue and tpém)d | glatitfonbfly, e cohRoll& 382 proyRidia SELVSuthit'éh Qéléct '@E%bons

For reference, the preferted enbodlnents of the present di scl osure use
thi s net hodinsagitidgothaenagto enconnebrinpGlseXl 2md BOMo vatpuss A\etd B pasdh@thens

of the notor; of course,. the present inventionis not limted to either
this nunber Frefo sxgnabfram thnsre&rertchmnpatm'lléﬁl(as shostrhindBlGh ) andrthe Fcamni ng

t he average. Referrlng‘agaln to FIG 9, shown therein is the
first enbodsigaaii(ZX sighd bydwpy iof the Onesﬁﬂ@éal@oﬁ@tth@ phasel eseorgistestart 4 GEIGhi ch

operates geperally in accordance with t
8. Itis important to note that the polanty of the count values calculated during the

LEARN mode by the circuit of FIG. 10 are reversed in comparison with the values

calculated by the circuit of FIG. 9; more particularly, in FIG. 10 the Pu signal path

338 is connected to the DN input of the counter 346 and the signal path 344 containing
- the inverted /Pd pulse is connected. to the UP input of the counter 346.

Once the LEARN mode is éompleted, the circuit enters the compensation mode
duﬁng which, for each Fcom period, the most significant eight bits frbm the RAM are
provided to an adder 362 which also receives a constant value indicative of 1/2 of the
Fref period from block 364. These two values are summed so that the count value
from RAM 332 is either added to or subtracted from 1/2 of the Fref period (depending

| upon whether the count value is positive or negative) and this value is loaded into the
up/down counter 352 which is enabled by the controller 302 at the occurrence of the
nexf ZX pulse. When the counter reaches zero, a zero count pulse is provided on the

 signal path 356 to the one-shot 358 and the resuiting pulse is thereafter applied by way
of signal path 359 to the B2 input of the mux 310. At the same time, the controller
302 provides the appropriate SEL signal on selection line 360 to connect inputs A2 and
B2 of the mux 310 to outputs A and B so that the Fref signal is placed on output line



foregoi ng description. Mre particularly, the circuit conprises a

controller 302, which may be any variety of well known state nachines,-
m cr opr ocweJo/1s4sar m crocontrol lers capabl e of carryi ng potagdsmig®guence
descri bed bel ow. The controller 302 initiates the LEARN node upon

recei pt of a START command on si gnal i n@8304 from the system controller

(not shown). "The controller 302 in turn sets a SELO output and a SEL1"

out put on $dkemt the Feom¥ignah iwiplacsd on signaldine\320y FIGD 10 sH6ws am investef 366 @
conventi onal si x- i nput, two output nultiplexer 310 (hereinafter "nux")

t o connect uplipefrom theomontipput A2 so thahthetEref signalcsuppligriito tBé phasecertqrut B
(nore will be said bel ow concerning the SELO and  SEL1 outputs). This
resul ts i n detestarr K¥aiuringnthe compansatien msiderie inverted adth resmect tosthe Frefisignali n
FIG 8) on signal line 312 being output to output signal line 314, which in
turn i s pr@Pyded deringghe,kEARNmade. (Ehephase reveysal of theckres signal isemmdecto

ENE sense APt on B heaysiideereeafare dCof HEFooTpebiatriay Com HETA5E (o a
one-shot 316, | . de | 1] . slgn | Lne, 318 t
“mputs 81 and B2t SRt e Babal of Ak RREe fagmeht &The aasiodReed e
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ID?ZT ?I SB 86%% '{g@ﬂh&! YRSt detector46a!(of FIG. 8) and adVh&eé/ok HeRiys the Eoomsigngl, .

di vi de by 3Jecekdit Itqﬁaﬁideﬂimﬂrayarmbtwskeéawaria@iom@uﬁol.o indi cate that the
pul se is inverted prior to receipt by the divider 324. The divider 324

proceeds to ReferringagainitcpBIG P8y the peeferved embodinrt 32 thel presentinvefigoy 32

di vider 328 after the receipt
presented therein inc_ludes the aforementioned adaptive commutation pulse generator
circuit 400, which receives the ZX signal from the back EMF sénse circuit 156 as well
as several signals from the adaptive speed control pulse generator 300. FIG. li shows
an embodiment for the adaptive commutation pulse generator 400, which is a phase
lock commutation compensation circuit that works in cooperation with either the phase
lock Fcom period compensation circuit of either FIG. 9 or FIG. 10 to improve the
commutation timing of the motor.

Generally, the adaptive comxﬁutation pulse generator circuit 400 uses the two

Fcom average error values that bound the commutation point to detgrmine the specific
timing of the commutation point. As described hereinabove, prior art commutation
methods generally place the commutation point at a location in time that is one-half of
the length of the prévious Fcom period beyond the most recently occurring Fcom pulse.
The present circuit, however, adaptively places the commutation point at the halfway
point of the current Fcom period. With an ideal motor, the commutation point should |
optimally occur at a target point w_hich is the half period point of the reference

frequency, plus or minus a precession value that is introduced as desired to optimize

~motor torque performance. The present circuit places the compensated commutation



of 36 input pulses fromsignal line 322, providing an indication each tine
one cofpl ete revolution of the notor has occurred. Additionally, the

di vi der 3w 97ati484e recei pt of each input pul se from si ghET/1B%6/0301322
outputs a six bit value on bus 330, which serves as a uni que address
iI'nput for a RAM 332, the function of whi to be described bel ow The
divider 328, in turn, outputs a signal at the conpletion of 32 revol utions
to a D paintat Bpdint thiat tsithe ¢arget: point] plus onexhalf thegyimeef theavegR¥conl ereor

reported to the controller by way of signal path 336, indicating that
t he LEARN nforghé:Ecomeauuses dhasbovadithempoint. provide clarity of illustration,
FIG 8 omts certain conventional clear and cl ock |ines that, as wll be

recogni zed, woul dupdng EyHIG ekl fthe adaptive coRumylalien pulse generatpr 400 zecsiventhe

: . ; AL RN
2 convent | o Bulse FRARAR BAYE O IhetaEk EOVEISEAE SHEUE |SHASHBLG Baes e 381 ¢ he
The si gnal " fheisieng gt Sotnt vallB6n by $FBO ML ARN SEad 2P0h 356 . copmmiteusR”
det ect 16 fe L 4 ' £ f
bot ween 1 iolted sjenat (peh 3807 Bofifmurkiion olek PR Thoh 385 dnd 4P 1Bl SLERC
FIG 8, thegpcRiigRal Hatt 384) TFoth ARTadiptive ¥peet csheap#uw@géﬁ.&rﬁ&&m% #18. 9

respectively, to the chargé punp and conpensation filter circuit 172 as
wel | as theor3004laREIGE16peed control pul se generator 300. More
particularly, FIG 9 shows these signal paths 338 and 340 coming into
the circuit, w tDuring the LEARNandde3 4ife 4daptivecommutationtpuise/gedenatdrsi® bei ng

connected to an inverter 342 so that the Pu pul se i s provided on pat h
338 and an oOperetes éal pravidepcdmsmutation timing dor tha motgnusing thercodrentianabn  up/ down
counter 346. The up/down counter 346 is a conventional counter

that provi deemaytatiogrRulss; generatorclyibn whichoperates ta awpricsaanentiopehFommytation

initial zer al ue, i n accor.danc {th the . . )
. 8m\{ng pulses on signal pat EOiNin response to the receipt of successive ZX pulses on

path 158. The prior art commutation pulse generator 176 was discussed hereinabove
with reference to FIG. 3 and may be implemented using a controller or combinatorial
timing logic as required to generate the necessary pulses. For purposes of clarity, FIG.
12 provides a simple flow chart that illustrates the general steps that may be performed
by this circuit to generate each conventional commutation timing pulse. Of course, it
will be recognized that the steps illustrated in FIG. 12 are performed for every Fcom
period during operation of the circuit so that a count is initialized upon receipt of every
ZX pulse.

Turmning again to FIG. 11, the conventional commutation timing pulses are
provided on the signal path 402 to a multiplexer 404, which also receives the LEARN
signal from signal path 336 as a selection input. During the LEARN mode, the mux
404 thus outputs the commutation timing pulses CP from the commutation pulse
generator 176 on output line 406 to the commutation logic circuit 180 of FIG. 8, which
operates in accordance with the foregoing description to provide the commutation

timing of the motor.



signals applied to UP and DN i nputs. The counter counts up while the Pu
pul se is WO 97/ 11454
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and counts down while the inverted /Pd pulse is active, causing elither a
positive or a negative count, respectB0ely. The counter 346 is

initialized and cleared by the controller 302 for each count and the

clock for the cupinconitétidrSofelEARNGhoSE Re cirg:ﬁi%i’?k@.“l?%nie??th%y“em
cl ock that provides the resolution desired (provided by up/down system

cl ock di vi dempadsalion Gfodepdiiitg whivh the commitatesiientyg 1$SREpIAL, dmprovd@pendent
upon the design. The resulting count is an eight bit count val ue that

r epr esent s Mére partichlarky, itbeieight bit eoumoabienfrofthe registee 384,0as HOWAINSEIGS. 9
respectively. . . The eight bit count value is provided to a 13 bit
adder 350 and 1@discprovided by wqyr@fsthmbsssﬁm@asegistemoaaﬁd\meaa ahaiglitivag Fcom
period (the previous value being _ provided by way of a register 334). It
shoul d be ﬁé&rd’«mnata,mmtepgtdesﬁnbﬁdtbiemw.zahemrpose of the rRgistersd08nisttoal | zed
by the controller 302P§o that zeros_are initially stored in all 36

required gy Phe BOEVES RAURt Ao G Bﬁﬁ%o‘fﬁ%ghq wgister peingpenrolled in a
bits to i neondtfona st ol dhe ERHRYIeE 302'o7 FIG"8 (@Fials Bot shgum foxmprsewof as
bori oa. o GRS, Pl W dddebTo rdhelVah 3 coltfdile fronf g st Beriod oy gl 2s
Gur g FRRGRAL dilus B IRSRIRERAElY octling Betiod. boPtHri SR SRR Ipeon.
the concl ueheiesefwbd Walues, ddd Fvidesian efghe bRANBSEpYE td 2 ?Qﬁtﬁ?@?ﬁ@lﬂi fferent

total suns, each having a total of 713 bits and each
correspondi ng t Theadder4i@ns aésoi prdvided avithiva 6dnstBit A6i Biivalue from block 414, this

value representing one-half of the nominal (ideal) Fcom period (plus or minus any
precession value that may be used to slightly advance or delay the commutation timing
to improve the torque characteristics of the motor). The least significant bit (LSB) of
- the eight bit sum output from the adder 410 is discarded by the adder 412 (to effectuate
a divide by 2) and this value is added to the value from block 414. It is important to
note that, because the eight bit sum output from the adder 410 can be a negative
number,. the sign bit must be extended appropriately by the adder 412 to ensure the
summing operatibn occurs properly. The resulting output of the adder 412 is a 16 bit
positive number that represents the optixﬁum commutation timing for the current
commutation pulse (beyond the most recently obtained ZX pulse).
~  The output from the adder 412 is provided to a down counter 416, which is
instructed to begin counting down to zero by the controller 302 (of either FIG. 9 or
FIG. 10). When the counter 416 reaches a zero count, a zero count signal is provided
on signal path 418 to a one-shot 420, which outputs the commutation pulse on signal
path 422 to the Al input of the mux 404. As the circuit at this time is operating in the

characterization mode, the LEARN signal has been previously toggled (by the circuit of



Upon conpl etion of the LEARN node, as descri bed herei nabove, the circuit
300 wiIT enter a conpensation node of operation. For each Fcom period, the
RAM 332woroinigéq ucted to provide the total sumto the regpetasosdddiy and
t he ei ght nost significant bits of the total sumis provided to an

- up/ down counter 352.- As descri bed her ei3labove, using the ei ght nost
significant bits of the 13 bit total sumeffectuates a di vide by 32
oper at i on ( DytiRRFIGL OrIFIS. U8, taie riuk 404cornistts RS WUOAT to R0t AL he
resulting value placed into the up/down counter 352 is an average val ue for
that Fcom passingahe compenshied komnaaationypulscigway @ outpat sighal pativ 4066l ehen
counters 346, 352 are not WO 97/ 11454

PCT/ | B96/ 010dsmmmutation logic circuit 180 of FIG. 8 at the required point in tim@5  bot h
required; rather,_a single up/down counter could be_ used for both the
charact eri zati on Hevingsompieled psiscussinn off the phasgiloegk implemeniation of ithe motor
“selection |oqic, but to prav nore cl ear%cg(giscri ption of the operation

o et cubksin Rt eSS Lo i oo i o bt cnove
formn ! opten eftabbitt Ravhe'iflsiedy ReideRion 4 FIS, LT shPPp therein Taghe
the count O s st FO0E Corfontnd Bndther préfeceetentpdiihr he pREER VA GnGD '
cont Lo er  5oSblolher £ Redidioy doidk dbridif in cottROIShE eBd SR Eorhnibitn'Gt the

of the up/ doatdrOUAS R/ithIhe emBedinient dislssed withGefebériceits FIGN 8BS tHeCfoto? cirkfit
DN i nput of the up/down counter 352. In this way, the polarity of the sign

bit instruct $00B of FEG¢ 13 ivichudes séveralprivranadtngsbnehs thitioperate essBhtidlly inrthen t he
initially | oaded count val ue

same manner as described hereinabove. The new components for the motor circuit

100B shown in FIG. 13, however, are an adaptive speed control generator 500 and an
adaptive commutation timing generator 600 and the construction and operation of each
of these circuits will be discussed in detail below.

Beginning with the adaptive speed control generator 500, FIG. 14 shows a
preferred embodiment for this circuit. It should be noted at this time that the circuit
includes the operation of the charge pump 172 shown in FIG. 3, so that the output from
this circuit includes the Pout signal which is piovided directly to the compensation filter
173 of FIG. 13. As will be recognized by those of skill in the art, a servo loop system
having a frequency lock implementation generally develops an error or control signal

- by comparing the period of a feedback signal, in this case the Fcom pulse to the period
of a reference frequency. The reference frequency need not be generated as the period
of the reference frequency can be represented by a constant value. The difference
between the two periods is the frequency error and the servo loop will generally try to
keep the frequency error equal to zero or at some equilibrium constant value or
frequency slip, depending ﬁpon the characteristics of the servo loop.

In accordance with the present invention, after the spindle motor has come upto



to zero (if the value is negative) or to count down fromthe count value to
zero (if positive). The controller tests the count value to see if it is
zero, poswbigrAal14ss negati ve, and provides outputs on the edmiBsendiwoned
SELO and SEL1 signal paths 306 and 308 as well as instructions to the
up/ down counter 352 accordingly. 32 1f the count value is equal to
zero, then the counter 352 is not enabled by the controller 302 and the
SELO and Shkpdedaridhdssheromesadquencyskecked tot deferencaperil, ianpedserenrent is Mmedeux
310 (the sanme as during the LEARN node). This passes the incom ng FrefO
and ZX si grufithe geried etrgr for eabk Foomsperiod; dFhege pedod errosareaveraged and stored
conpensati on. - |If the count value is ‘a positive nunber, the
control | er iBGIRAMaMheE ¢ach address epntaingtiie yalug assaeiatgdwrith : spacificFeern period| ue

to zero at the occurrence of the next Fref0 uls ensed on signal .path
312 and t hdndbriphysicatotatig eftheBoloE, A i the %seia?fémp?em%mm desgrivad o
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SEL1 si gnalinfinidiSant0éich3e ﬁ@&qe@engé\cgggkmas%cs dffifieddivemhfl. t 0 sel ect the

I nputs A2 and Bl. Thus, the circuit provi des a "del ayed" Fref signal on
si gnal pat h 3tHe pﬂﬁb@eﬁﬂpfe?vés'éndEQQﬁisplagmémmf the oo puiselwitil tespectitha
o

phase error detector 164 FIG 8. Finally, if the count

val ue i s a refsyendevperivdyindether becanse of thel reechiafizaktokdramces ihthe placement of the
magnetic poles and coil slots, or because of speed errors. The average of the set of
period errors associated With a Fcom represents the mechanical misplacement that is to
be removed by compensa;ion, thus providing a more uniform signal to the motor épeed
control that more nearly represents true speed variation. After the characterization
(LEARN) mode is completed, the average values are used to add to or subtract from
each observed Fcom period to generate an improved Pout signal used by the
compensation filter circuitry.

As shown below, a controller is provided to provide the sequential timing of the
various components within the circuit, and the operation of this controller could be
provided by way of a processor, state machine, or combinatorial logic as required.
Further, the entire circuitry presented herein could be implemented directly in a DSP or
other processor programmed with suitable programming to implement the functions as
described.

Turning now to the circuit of FIG. 14, shown therein is the adaptive speed
control generator 500, which is shown to comprise a controller 502 which receives a

the sequence of the present invention. As with the descriptions for the circuits of



counter 352 to count up fromthe count value to zero at the occurrence of
t he next ZX signal fromsignal path 158. In response, the counter 352
counts up wo9zgig4and outputs  a pulse which is subsequentpgT/musloi®d t o
the "A2 and B3 inputs of the nmux 310. This time, however, the controller
302 selects the SELO and SEL1 val ues so as$3to instruct the mux 310 to
pass inputs Al and B3, so in the case of a negative count val ue, the net
resul t is tgeGRagsiaYet will Be undersobd tifat Séverhlodbavestivnal ambivel Xnbwd kbesitidnal
"del ayed" Fcom signal on signal path 320 to the phase error detector
164. connectiofid el ginibted fiRine FIGH a4 to bromotelaitg of dilustrationsfithes in a
non-uni form reference frequency being provided to the phase error

det ect or (asperatibnsthatiatesxplicilyet forths é6shouldbe bnderstoed that the ¢umtrbiterct i on
of zero crossings by the back EMF sense circuit), but the = benefit is a
decr ease i nadequately pentroly the cirquitef BlSH lngndoinitintesreelgarceperatian erptheagitcuits i n
t he conpensatjon node., It should further be noted that the entire circuit
of FIG 8 Prigste BegiBningthe:$Ra4€R%¢-i n a ni croprocessor or a DSP with

"t vas ment fgai?ﬁr@%aﬁ&a@%?%% FRE LSS i § St anet i £E05 be:'
. EIG 8 ' [ 1 . i) ,
having. Sém‘émspga i Ombred 1 § g AR tedstrtr g il ERDAHeriod s8R 1
FIG 9, ' ' L4 LG : Tpaletal .
circuit ;ngr@@g%&ﬁg’gﬁ%éﬂn provi §8°‘f“c§ﬁ‘9t‘%a§’%§ﬁ@g%se. gio'?‘?ﬂun?ﬁné{&éfaslto
presents a envHisklP ke k&ﬁﬁ@ﬂtq%qgg%,pm&irﬂ&o?%rm%@tb@@lowly.i PUridgeReat | on,

whi ch al so devel ops a control sign by conparing the Fcom pul se W th
the Fref pullBARNGné&s;hé feddiive WaRrRodhé homint Feain Seiod is (oadea Mto\sal IR, but
in this second enbodi nrent the reference frequency provided to the phase
error det ectcountéfidwhich commences counting the negative value up to zero. Upon receipt of the

- next ZX pulse, the value in the counter is transferred to an up/down counter (and the
up counter is reloaded for the next measurement). The sign bit is used to determine the
count direction for the up/down counter and while the up/down counter is counting a
Pout signal is output, having the polarity of the sign of the loaded value. The Pout
signal remains active until the counter reaches a count of zero. After the LEARN
mode is completed, the circujt enters a compensation mode of operation during which
the average counts accumulated during the LEARN mode are used in the generation of
the Pout signals.

Now turning to a detailed description of the circuit of FIG. 14, upon receipt of
the start command from the system processor, the circuit enters the aforementioned
LEARN mode which continues for 32 revolutions of the spindle motor. A delayed
Fcom (DFcom) signal is generated by the controller in response to the receipt of a ZX
pulse from signal path 158 and output on signal path 504 to a divide by 36 divider 506,
which outputs a signal every 36 DFcom signals. This output, which signifies one
mechanical revolution of the mot“c;_l;.é been completed, is provided to a divide by 32

divider 508, which at the completion of 32 revolutions latches a D-latch 510 causing
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PCT/ 1 B96/ 01019 - ' 27 (of FIG™
8) remai nyyFPRGh@Nt and the Fcom signal is advanced or del ayggygsg016@Yi ' €d.
The adap??vve speed control pulse generator of FIG 10 is generally denoted
as item 300A, and includes several of 3he sanme conponents as the circuit
of FIG 9. The operation of the circuit of FIG 10 is essentially the

same as th . L TG : : h &G : u@cﬁ" t he
course of t ee‘%?ﬁ%é’ﬁ%r%%*%%ﬁl%iogt su?%lﬂg? ﬁ@%n@%ﬁ%ﬁf@‘e@'\# W{!}Sde, a
total sum §ESRATHREdd)N the RAM 332 for each Fcom period. Additionally,

)N | . . !
the controller 302 provides a SEL output on select |ine 360, I nstructing

the nux 310 to eClind SR /isprovidadds Bl irpat @3 theebfitréileT02Bas RRHSAsHE af he
Fref O signal fromthe reference generator 166 (as shown in FIG 8) and the

Fcom Si gelett input on gmatltiplexevayl4owvhicheanses asiahie f3difi )bidck 3 Iectoiwloadet ints

detector 164 of FIG 8. It is inportant to note that the polarity of the
count val u@s upataunteatSd8. dlhe vajue incblock § F6\RM candtanb {6 bitevabier Gniiwo'sf FI G 10
are reversed in conparison with the val ues calculated by the circuit of

FIG 9; norcempiament form) seprasantative of thememinal Fsognperiqsand is negaiyeiip sign.
connected to the DN i nput, of the counter 346 and the signal path 344
cont ai ni ng The chosen f ponrsg, Butelected-based ppan sY%F'PWS”W"%?YG?“@He

e conpenda theRPRisaL o PRRgAg ?Tfﬂ@%%ﬂéi&%%b%%‘iﬁ@%%ﬁi et .
he compendadteAPHiEL _ gt
21 %0 recol yemfiin fubish f0H SEMMAIG, TnaValle Mg of fuffer W e inll 1\ o

bl ock 364. {J Lﬁ%ﬁafg‘éﬁt&@ﬁt‘{ﬁé ngﬁﬁestfr@B% g%léﬁgi?%%?gpﬁ%h&em ok ThdAM

332 is eithe 0 or subtracted | _ peri o ependi ng
upon whet hepnérbEinfétwititionalse® td Sortfutithd Mfcud. TIROAP boifer B ddthmen@sue 1S

| oaded into the . _
- counting the value in an upward direction until the next ZX pulse is received by the

controller 502, at which time the count in the up counter 518 is outputted to an
up/down counter 520 by way of bus 522. The up counter 518 is immediately cleared,
 reloaded with the value from block 516, and again begins counting the value up until
recéipt of the next ZX pulse.
The value provided to the up/down cdunter 520 will most likely be a number
(either positive or negative) that is near zero, depending on whether the ZX pulse
occurred just before or after the counter 518 reached zero during the count (it will
readily be recognized that the value will be exactly zero when the actual Fcom period is
equal to the nominal Fcom period). The sign bit from bus 522 is provided on signal
path 523 to an UP input and an inverted DN input of the up/down counter 520, so that
when the value is negative, the up/down counter 520 will be instructed to count up and
= * when the value is positive, the up/down counter 520 will be instructed to count down.
Upon receipt of a LOAD command from the controller 502 on signal path 524, the
value on bus 522 is loaded into the up/down counter 520 and the up/down counter is

enabled on the falling edge of the LOAD command (by way of D-latch 526 and output



up/ down counter 352 which is enabled by the controller 302 at the
occurrénce of the next ZX pul se. When the counter reaches zero, a zero

count pul ¢ dm1oVvi ded on the signal path 356 to the onpcpigdsotd and
the-resulting pulse is thereafter applied by way of signal path 359 to

t'he B2 input of the nmux 310. At the sane3%ine, the controller 302
provi des the appropriate SEL signal on selection |ine 360 to connect inputs

A2 and  Hge ‘3&8}.{‘%%?‘;!\3&90%&8‘7%2?‘1&% 3136\ pR6¥ld& &PDLIARA S308VIRER] uptindRadipl S

pl aced on output” |line

PCT/ | B96/ 0P i falling edge of the LOAD command from path 524, outputs a sigfal on pattf 5320
the Fcom signal is placed on signal line 320. FIG 10 shows an inverter 366

upl i ne fromhidteisprasentaduic bath aw exdladivé OR XOR) blogh 334 ang pl doaderdtivnbhgi-phase
error detector 164 during the conpensation node is inverted with respect
to the Freftatd outplt devige $36. dAd thitup/dgwh lcountSARR) contimued teecqinb tezero\(eitheal  of
the Fref signal is made to . _account for the nearly 180 degree phase del ay
of the conppresaionn)thermestgignificant Q-bit (MSQ)eutpntemaing at thesampgolarityas of
t he second enbaodi nent for the adaptive speed control pul se generator
300A shown thenpelagty afpthg caupidiniil shecenyat Erachescaesp-o fignal Pl wed cpnnects et he

Pnase o1 08 SRR o s SR D5 P BNl 1 o
Refer 1 19 Wb 8 o RS SV RS9, SEADAFIRD Bl AR ERG e o
COMMUL al | Ol SEARIRAIR. Thus ohEdire bowitbiler SRPIS WRBIEASY it unal

fromthe bac sense circult 156 as as several signa romthe

TP e S dular g 0 e L Mg oyl Gras by
and a Pout signal is output by the tri-state device 536 on output line 542 with a polarity
that is the same as that of the value being counted. At such time that the up/down
counter 520 reaches zero, the tri-state device 536 is disabled, truncating the Pout signal
on path 542. Additionally, the output from the XOR on path 540 (which at this time is
at a low logic state) is inverted by an inverter 544 and the output is provided on signal
path 546 to clear the D-lafch 526.

Additionally, at the same time that the count value from the up counter 518 is
provided on bus 522 to the up/down counter 520, the count value is also provided to a
multiplexer 550 which also receives the LEARN signal from signal path 512 as a
selection input, causing the value to be passed to a 16 bit adder 552. As with the
circuits in FIGS. 9 and 10, the adder 552 sums thé value with a value previously stored
in RAM 554 so as to accumulate a total sum over the 32 mechanical revolutions of the
LEARN mode. The RAM is addressed by the divider 506 (by way of address bus 556)
and the previously stored 13 bit value is passed to a register 558 and output therefrom
on bus 560 to a 10/13 bit shift module 562, which during the LEARN mode passes the
value unchanged to the adder 552 by way of bﬁs 564. The purpose for the 10/13 bit
shift module 562 is to éerform the divide by 32 (shift right five bits) operation during



| ock commut ati on conpensation circuit that works in cooperation with either

t he phase | ock Fcom period conpensation circuit of either FIG 9 or FIrG
10 to i er)Wﬁﬂsne comutation timng of the notor. peTBocdoR al 1y,
t he adaptive comrutation pul se generator circuit 400 uses tﬁe two Fcom

average error values that bound the comgygitati on point to determi ne the
specific timng of the commutation point. As described herei nabove,

Pocat i on 1 Pepisaryaion malk, "ARAST N AldaizBh 38 et RGBT I RARS6L., °

peri od be%&’d}gsswﬁt fﬁ?ﬁwgpﬁ@tﬂ%hﬁwaﬁé_ng Fcom pul se. The present
a y p

circuit, however, aptive aces the comutation point at the hal fway

poi nt of the C'U‘;fo%"theEG&Ihﬁ&E bPthe MEARNEROHE ORE ciFBLIR bf FIGS 14 QTR fﬁei on
poi nt shoul d optimally occur at a target point which is the half period

poi nt of t&fpeMhaEE R, dufiiAnRCHie sRirétbvaliedintie RAMY S56E8I81 ¥Rl ue t hat
IS introduced as desired to optim ze not or torque performance. The

present cgénerate tie Roetssigiat ongatteSfidit Etie general eperation of the citCuit duihg e

PCT/ 1 B96/ 01019 ' 29 point at a
poi nt t hatompenshtion aagetmaobebesp understoed by teginmings with ghux H30,awhichgpasses om
error for the Fcom pul ses that bound the point. Turning to FIG

11, the athepalyafrephblockdiloto pig Kebigaddar x5dranddhe fatalsupeacoumulated 71X pul se
i I t .omth EMVE ' it 156 (of ElIG. 8), |
he- el ght RANE SR ProMistbi O TERISEE 55, Disub0, endks iferetiay eyl "s °°
tati | ' t 30 tat.i | ' | th
362) and S BeHER 62 e R e AR 0737 B o By BB e JaMBt v
speed contﬂ,lgl a»%ﬁg%eva%e% rtﬁﬁsoﬁregem& {0"thE bifier52 and summed with the value from
block 516. The output of the adder 552 is provided by way of bus 566 to the mux 514,

and from there to the up counter 518 which initiates a count up. As during the LEARN
mode, the up counter 518 is stopped at the next ZX signal and the cdunt obtained at
that time is provided to the up/down counter 520, which operates as described
hereinabove to generate the Pout sighal as required on signal path 542.
Referring again to FIG. 13, it can be seen that the adaptive speed control

generator S00 provides several outputs to the adaptive commutation timing generator
600, which as previously discussed provides the commutation pulse (CP) timing pulses
to the commutation logic 180 to commutate the motor. Turning to FIG. 15, shown
therein is a schematic block diagram for the preferred embodiment for the adaptive
commutation timing generator 600 for a frequency lock implementation,, constructed in
accordance with the present invention. It will be recognized that the circuit of FIG. 15
is similar in construction and operation to the circuit of FIG. 11; more particularly,

& during the LEARN mode the commutation timing pulses are generated by the

conventional commutation pulse generator 176 as hereinabove described and output on

signal path 606 to the commutation logic 180 of FIG. 13 by way of signal path 602 and

multiplexer 604. In this manner, during the LEARN mode the commutation timing is



or 300Ain FIG 10). During the LEARN node, the adaptive

camut ati on pul se generator 400 operates to provide comutation timng
for the nojero7H$4s30 t he conventi onal comut ation pul se ggiey (1%5@,5,0}36,
whi ch operates to output conventional comrutation ti mng pul ses on

si-gnal path 402 in response to the recei p37 of successive ZX pul ses on
path. 158. The prior art comrutati on pul se generator 176 was di scussed

her ei nabove(§ene %bnra%ﬁ{/ﬁ'{%ﬁaltlﬂaﬂe@ 3 and may be inplenmented using a

controller i natoria timng logic as required to generate the

necessary pul ses.atr@eh BrfeRfigehie @frcéit éﬂtbFSYthe Ebﬁpensatléi? n'l?fd@‘b‘f@)??raﬁoﬁ' ! e
flow chart that illustrates the general steps that nay be pertorned .

this circui tavegeaaarastimelael dusing ed LEARN #d8ué 8edab ifm Pav&&hé%ﬁx%utﬂon
course, it w1l be recognized that the steps illustrated in FIG 12 are

per formed f dimiege Martieutarly, themobiosignificamd Odyiesrfedrh eire cdunt kalueifram ibus $60 kb at
a count is initialized upon recei pt of ever ZX pul se.

Tur ni ng agaishown iFFI6. 14 aretprovided ve aregister 6&)&‘@&1&@ toan elemembit pddersGltar e
provi ded on _the signal path 402 tqo a nultiplexer 404, which also receives
the LEARN TheiRyspgseof $hs megistea|6084s to delay tie raceived:equng walup sne Fepuy peripd; he

LEARN node, 4 thus out utsth commut ation tim ng pul ses CP
fromthe coﬁﬂﬁmﬂa&{&l%?‘pdﬁﬁégg rece1v§,éﬁé:p ’c“oY ue/ OBy the Bresgat period 3&0651[)65 thgecount

wih the forelfoi shihedilly ersoadie Ben nartorms RRGRAHRE obSifihs R t6ee: ne

not or . ' . .
PCT/ | B96/ 01 % v%lz{e},%dprovxdes a ten bit output to a 16 bit adder 612. Additionally, the most

significant bit (MSB) from the adder 610 is provided as a sign extension to the adder

612 and the least signiﬁcant bit (LSB) is dropped, effectuating a divide by two
operation on the output. | |

As with the circuit of FIG. 11, the adder 612 is also provided with a constant 16

- bit value from block 614, this value representing one-half of the nominal (ideal) Fcom
period (plus or minus any precession value that may be used to slightly advance or
delay the commutation timing to improve the torque characteristics of the motor). The
résulting output of the adder 612 is a 16 bit positive number that represents the
optimum commutation timing for the current commutation pulse (beyond the most
recently obtained ZX pulse).

The output from the adder 612 is provided to a down counter 616, which is
instructed to begin counting down to zero by the controller 502 (of FIG. 14). When
the counter 616 reaches a zero count, a zero count signal is provided on signal path 618
to a one-shot 620, which outputs the commutation pulse on signal path 622 to the Al
input of the mux 604. As the circuit at this time is operating in the compensation
mode, the LEARN signal has been previously toggled so that the mux 604 connects the
input A1 to the output A, passing the compensated commutation pulse by way of output

signal path 606 to the commutation logic circuit 180 of FIG. 13 at the required point in



30 Upon conpl etion of the LEARN node, the circuit of FIG 11
enters the conpensation node, during which the conmutation timng is
adapti vel Yy ed. More particularly, the eight bit co rom
t he regi swgrﬂgg X as shown in FIGS. 9 and 10, is provi deﬁgﬁi\f’\ﬂg};ﬁg t he
bus 354 to a register 408 and also to anggi ght bit adder 410 in a manner
to be described bel ow. The purpose of the register 408 is to del ay the
recei ved cqunt val ue one Fcom period, with the register being controlled in
a conventi®hal manner by the controller 302 of FIG 8 (details not shown

for purposes of ,¢ghap ihteﬁin%);mla‘,stihﬁgpl?gseﬁfjﬂ%ntfdbgis?ﬁ'&i ' ttﬁﬁhé‘ efrdY %Féﬁlflﬁe from

the present period as we count va romthe 1nmedia

precedi ng RRed B¢ th RV 15D, &s wae&éweﬁesaia{eh&mave Beed BRMdddRr 8t fifase 2N

provi des an eight bit sumoutput to a 16 bit adder 41 adder

412 is al sqogk st freguenty ook i ititic3. [t will dkuecdgni@ithatalie fedor t hi s
val ue representing one-half of the nom nal (ideal) Fcom period (plus or

m nus any differenesbetmesntthese twoaimplementetiorsddclude alhighter elockdvequescyofordhe ay
the commutation timng to inprove the torque characteristics of the

not or) . Thdrequency lockappioacin(a ¢lock of @deash10 MHzewidl keep quantization@ntqrdowinr om
the adder 410 is discarded by the adder 412 (to effectuate a divide by 2)
and this vapJdB0ins) aviersapared tthe\pirsrelock approrehiandithe use of a refepance glackt o

o et Recaiacu il €88t M B SR W5, SR00E (10 2o e 2,
R L T
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which comprise the invention..

-

- It will be clear that the present invention is well adapted to carry out the objects
and attain the ends and advantages mentioned as well as those inherent therein. While
presently preferred embodiments have been described for purposes of this .disclosure,
numerous changes may be made which will readily suggest themselves to those skilled
in the art and which are encompassed in the spirit of the invention disclosed and as
defined in the appended claims.

- The aforegoing descriptioxi has been given by way of example only and it will be
appreciated by a person skilled in the art that modifications can be made without

departing from the scope of the present invention.



FIG 10). Wen the counter 416 reaches a zero count, a zero count signal is
pr.ovi ded on signal path 418 to a one-shot 420, which outputs the

comut at i oygMthssseOn Signal path 422 to the Al input of th e As
the tircuit at tﬁsis time is operating in the characterizatls%n m?é’g(?lmthe
LEARN si gnal has been previously toggled 4py the.circuit of WO

97/ 11454 _

PCT/ 1 B96/ 01019 31 either .
FIG 9 or FIG 10), so that the mnux 40£I'C‘ﬁlrM§cts the input Al to the output
A passi ng the conpensated commutati on pul se by way of output signal

path 406 to the comutation logic circuit 180 of FIG 8 at the required

point in tige.  Animprovedin¥io?CoRRIPLRN R p&ﬁ%ﬁg@%ﬁé@ﬁﬁ@%ﬁ LRk

i mpl enent ation of the notor circurt 100A"sho

f requency | esitrol % windingain HRardldisd\erive §fisdle motot, e Rirb@P ha¥ihg atakk B

di scussed. Referring nowto FIG 13, shown therein is a notor circuit
100B conpr i sinse cixcuit famgepermting mqiumlityoof zara crassinghstgmalemertponsy g volgigeand
enpl oying a frequency | ock approach in controlling the speed and

commut at i onsessed or the wingdings in asmeghahicahrevohitiodiofihe spindleusster] the tircuit
reference tg FIG 8, the notor circuit 100B of FIG 13 includes several
prior art C&Wﬁéﬁ‘t’@gﬁmﬁd%@'&la%“@%@mﬁ rgfergncenfrequency petieds fonsachr as

descri bed herei nabove. . The conppnents for, the notor circuit _ 100B
Shown i I echasical icvoluon ol the Spintle mtop.the JmpIovssmPlor cgaelairesit 500 and
an adapt#&/rg rgﬁggrut ation timng generator 600 and the construction and
operation o L) * of these circuits will be discussed in detail bel ow

Beginning wi th t bie, 3daRidibh mehs for AridttnAs §)tBhidHationSin %ﬁlergt?o% a
speed of the spindle motor over a plurality of rotations during nominal operation of the
spindle motor, the characterization means including:

speed control averaging means for characterizing the average timing of zero
crossing signals with respect to referencé frequency periods; and

commutation timing averaging means for characterizing the average time
bé@een successive zero crossing signals; and

compensation means for compensating for the systematic variations in
operational speed of the spindle motor, the compensation means including:

speed control compensation means, responsive to the speed control averaging
means, for outputting modified speed control timing signals, the speed control timing
signals modified in response to the average timing characterized by the speed control
averaging means; and

commutation timing compensation means, responsive to the commutation timing
averaging means, for outputting modified commutation timing signals, the commutation
timing signals modified in response to the average time characterized by the

commutation timing averaging means.

e
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preferred enbodiment for this circuit. It should be noted at this tinme that
the circuit I ncl udes the operation of the charge punp 172 shown in FIG
3, so thatwghepsyput from this circuit includes the PoutpcSifidgbioi ch
is provided directly to the conpensation filter 173 of FIG 13. As w ||
be recogni zed by those of skill in the argp a servo | oop system havi ng a
frequency | ock inplenentation generally devel ops an error or control signal

by conparing the pgffmﬁ%vgé n@tﬂ&eﬂ?g&‘&i&ihg %ade&iéﬂiﬁir@%@rs@E& EGRMIRY! se

to the period a reference frequenc e reference guency need not
be gener at e@liﬂ&iﬂ%bﬁl AR Odsc drié spindle mRdtSF BN BirbUiERMIREY ba@heRE sérﬁtl? %ﬁ-’é@i‘?t ed
u e

by a constant value. The difference between the two periods Is

frequency efgogeneialingheplaeility of 60 ctbisingusigrealsin tesponse tdvoltagks Séhsbd Bn the
frequency error equal to zero or at sone equilibriumconstant val ue or
frequency siwindingejreadiechanical revdietiarhof thetspindie motorpthetdiveuit durther IR@ing a

I n accordance with the present invention, after the spindle notor has cone
up to prlegsrminetbaumber of reference frequency periods for each mechanical revolution of
PCT/ 1 B96/ 01019 . . 32 speed and
has becone fhespiedieynotgsthe improyed seshadcamprising the steps@fisur enent i s made

of the period error for, each Fcom per,i od. .,These period errors are averaged
and stored i n HARERFRHE YSETEHC YAHAUANS it Reratineal;speed 2 e sainglsmetos

i th ific FE i . ib.n.the physical.. ion, h . As
e s o ety BERBT R ons A BB bR e ol Pl
necessary t tbESE addresses be tied to a specific position, but

rat her only Attt ey remain so for the duration of tinme in which the

spi ndl e renains chafak!fb?iizﬂn%- tihg%&agé HRnihg 8 zdrB @réWRing sighiafl With répB&WoSet Of

measur enents and aver agl
reference frequency periods; and

characterizing the average time between successive zero crossing signals; and
- compensating for the systematic variations in operational speed of the spindle
motor; including the steps of: .
outputting modified speed control timing signals in response to the characterized
average timing of zero crossing signals with respect to reference frequency periods; and
outputting modified commutation timing signals in response to the characterized

average time between successive zero crossing signals.

3. In a hard disc drive of the type having a multi-phase spindle motor and a back
emf sense circuit, the spindle motor having a plurality of Fcom periods in a mechanical
rotation, a method for compensating for variations in rotational speed of the spindie

motor, comprising the steps of:

H

characterizing the spindle motor during a learn mode by
commutating the spindle motor using back emf sensing;
generating pump-up and pump-down signals according to phase differences

between zero crossings and reference pulses provided at a reference frequency; and

N



initiated and each set is independent of previous sets of neasurenents.
The period error represents a m splacenent of the Fcom pul se with respect

toa’ rﬁb"g‘&ﬁi‘ g period, whether because of the mechani cal p&PifKANHSS i N

t he*pl acenment” of 't he magneti c poles and coil slots, . or because of speed
errors. The average of the set of pergpd errors associated with a Fcom
represents the nechani cal m splacenent that is to  be renoved by

ot al % .

control that moferaEnp theleaguR of e phiy ool MUyl sighBls Bt Bl RiH

char aﬁerig&ié@ﬂm stofih SORRSI dversgRTehdth Ydiuel Bfd aver age val ues are used
I subtr

to add to act Trom each observed Fcom period to generate an

i mproved Pout  sigMpénsdfifg fétyspintile motSiofoReivnall spedd VadidtinsChycui try.
As shown below, a controller is provided to provide the sequential timng

of the var i geeratigopiapiup asidtfunip-tiben Gighalsiakcording tolphasepdifferémeas of this
controller could be provi ded by way of a processor, state machine, or
conbi nat or betivekn gero crossingsiandeufiapted referance pulses, the edaptedereférenes pulses
presented herein could be inplenmented directly in a DSP or ot her
processor gomprisingthe wfenenes pylspadiuged by shadvesegedengihivelent t he functions
as descri bed. Turning now to the circuit of FIG 14, shown
therein is the adaptive speed control generator 500, which is shown to

COrDY | 3 200X 8 0 A SIS i SRS VoL
of the pr eaRlor) A b2k erhF sillsh dirkliF rEl556UIcMg Bk Jrf¥ coftRubib nlisg e
PCT/ 1 B96/ Oéﬂﬂ.&e motor having a plurality of nominal zero crossings within a methanical

revolution of the spindle motor, a method for minimizing variations in rotational speed
of the spindle motor comprising: |

characterizing error associated with each zero crossing within a mechanical
revolution of the spindle motor by determining an average phase difference between
each zero crossing and each.ass_ociated nominal zero crossing, over a plurality of
mechanical revolutions; and -

compensating for the error associated with each zero crossing by using the
average phase difference tb_identify an adaptive zero crossing for each zero crossing
within a mechanical revolution, and

generating an adaptive phase difference signal, wherein the adaptive difference |
signal represents the phase difference between each zero crossing and each associated

adaptive phase crossing.

S. In a disc drive having a multi-phase spindle motor, a system controller,
memory, and a back emf sense circuit for providing back emf commutation timing, the
spindle motor having a plurality of nominal zero crossings within a mechanical

revolution of the spindle motor, an apparatus for minimizing variations in rotational

S

AT



FIGS. 8-12, it will be understood that several conventional and well known

oper at | onal connections are onmtted fromFIG 14 to pronote clarity of

i 11 ustraty, syhe operations that are explicitly set fggrigogidiomhoul d
be under stoo t11at the controller adequately controls the circuit of
FIG 14 and initiates a clear operation 82 the circuits prior to

begi nni ng the sequence. Cenerally, the circuit of FIG 14

oper at es |gg&drm;rmgg ert}nbtb"i‘tcof'r@ SisfagOMm period is conpared to a fixed
val ue representi ng t e nom nal gerl od for the runni ng speed of the

motor. |f the CQUAY cloSsih®eh&aOktizitiM médnS foPéITadtSriZitg Birod aldRiatdSwith
conversely, if the count”is too long, the notor is running too slowy.

During theeach 2drdBhbs¥iigewithinca megtainicat revalutionaf thé spindlei medor Faherefiethieod i S

| oaded into an UP counter, which comences counting the negative val ue
up to zer oerrdpischaracterizednds anhaveragerphase dferanice betweea each aeroi orossivg amiint er
Is transferred to an up/down counter (and the up counter is reloaded for-
t he next meachuassociateyl nomisalsiegm claissing soves acplurlitiobmechanical gevolutianspand
direction for the up/down counter and while the up/down counter is counting
a Pout si gna|zer%cv@aslpapom@awﬁgn mrénwmmwe@ mq@aﬁ@wmov eeans,afosd

val ue. The Pout ] n remai ns ecL r}é t he g:ou%(J reaches a count
of zero. AFPE‘PC'E%E“‘E e e”?ﬁ?&%‘)‘i‘@ |ca¢hy geroyqressing, by psing mf‘e«'mer%se
conpensatlo of o e en dur e _coun

ottt at oAt s éagitye telotorsing B% B AR GRESRE Siting, pou

si gnal s. n to a detailed descrlptlon of the circuit of
FIG 14, u&)er?h?‘rlelgaell%?wob% %e start command fromthe system processor,

the circuit ent g@,;g | 32
revol utions of t eeltgg:ﬁﬁa%cehﬁg to Wisg‘eff"éfﬂé‘%% I'—’comr\?‘I?)'F%g 9@.“’5@&.‘%‘%
generat ed Rignhhfepe@ehtsthé PhaserdiffefRosIb&ween bdvh 7ef6 etdskingfand edeh associated

adaptive phase crossing.

6. . The apparatus of Claim 5, wherein the zero crossing characterization means
comprises:

- a phase detector for identifying a phase difference between each zero crossing
and each nominal zero crossing;

averaging means, responsive to the phase detector, for averaging the phase
difference between each actual zero crossing and each nominal zero crossing to
generate the average phase difference for each actual zero crossing; and

- storage means, responsive to the averaging means, for storing the average phase

difference for each actual zero crossing.

H

7. In a disc drive having a multi-phase spindle motor, a system controller,

M

memory, a back emf sense circuit, and a clock for providing reference pulses at a

reference frequency, the reference pulses defining a plurality of nominal zero crossing

periods within a mechanical revolution of the spindle motor, the reference pulses

* c L M S *



pul se fromsignal path 158 and output on signal path 504 to a divide by 36
di vi der 506, whi ch outputs a signal every 36 DFcom signals. This output,
whi ch signi i o) mechani cal revolution of the notor ha

conplet ed, v{'ésgpo“g‘fded to a divide by 32  divider 508, whi ?ﬁgﬁﬁ&(“d@”
conpl etion of 32 revolutions |atches a D-lgatch 510 causing VO

97/ 11454

PCT/ 1 B96/ 01019 . . . . - 34, . th
t oggl i ng of é‘mﬁmﬁnéﬁaﬁluﬁh%?ﬁ Bappingl cpmmyttion ﬁfﬁ’ﬁ&‘t‘ﬁhffba%h%ﬁ%l gt i on of

he contr ol | Vekgan of e spipdle s the hirbfhal cmiruoRich Uoffied s bBing

whi ch tauses | : ' =T ol 10t 18.
The.val ue- i nie) S2ief B[ sAHRGRELscrd CrdsnB periBf okt Yor mifithishie RN
form represgsthidray Speell offiee §ndle %ot&ﬁ&”&d&%ﬁb&? séféétih%c&ﬁﬂﬁﬁtwﬁ s:t%ssfbﬂﬂre
The val ue chosen, of” course, 'is sel ectéd based”upon the system cl dck
frequency asspindle motoﬁ,sco&ﬁpﬁsmisaie]pgef;ational speed of the notor and the
nunber of Fcom periods in a revolution (which for this exanple is 36).
The val ue may be tharatterizingljerrst estosihied iwitlyeach domrhuatation step withimdHhechisical
nunber of clock cycles required by the controller to process the control
i nf or mati on revetution afdhe spindiemoter by determining ampaverage phass differencetbetweaen

counting the value in an upward direction until the next ZX pulse is
recei ved by PRshall of 63ah z6re grossing peried apd ene-halfef the-naminak zere crossing period,

counter 518 is outputted.to an. up/down counter 520 by way of bus 522. .

The up count gYeré“l%l% 1tyﬂﬁg}§p@péqa§,rqgﬁ>i;g*og&andu rel oaded with the value from

bl ock 516, and agajn_begi.ns.cqunting the value up.until . receipt. of the

next ZX pul se. g@émpensgnng for the errqxgassocxateg with e£:h commutation step w placfing
each commutation step at an adaptive commutation step located at the associated

nominal commutation step offset by the average phase difference.

8. In a disc drive having a multi-phase spindle motor, ;‘1 system controller,
memory, a back emf sense circuit, and a clock for providing reference pulses at a
reference frequency, the reference pulses defining a plurality of nominal zero crossing
periods within a mechanical revolution of the spindle motor, the reference pulses
further defining a plurality of nominal commutation steps within a mechanical
revolution of the spindle motor, the nominal commutation steps defined as occurring in
the center of each nominal zero crossing period, an apparatus for minimizing variations
in rotational speed of the spindle motor by.adaptively selecting commutation steps for
the spindle motor, comprising:
_commutation step characterization means for characterizing error associated with

each commutation step within a mechanical revolution of the spindle motor, wherein

- the error is characterized as an average phase difference between one-half of each zero
crossing period and one-half of the nominal zero crossing period, over a plurality of

- mechanical revolutions; and

e
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The val ue provided to the up/down counter 520 will nost |ikely be a nunber
(either positive or negative) that is near zero, depending on whether the

ZX pul se wo%ﬁk'lsr ed just before or after the counter 518 rw\%ﬁﬁlgbe

during the cdun it will readily be recognized that the
exactly zero when the actual Fcom period igq equal to the nom nal Fcom
period). The sign bit frombus 522 is provided on signal path 523 to an

when he val ue. | SOHERNEROLSp RBaRaHGR Ml SRS ep Hhe HEmicRAORed ( 0
d | ye | it . up/ 520 will b
st ructed CBeansy e Cobinsing B heBR astotare LS ARl R BimiRi P b
I 0N Sj : | _ . . g i
he. upl down Hasith snESRimdich setar i foonnk ol ifich e iealeh iR TC 1M

g’# 'ﬂggéledg%ﬁcidt&ﬁn&% EQREBRioh RYep GitseP by the ANerhpe pifasd Bt Vo
PCT/ 1 B96/ 01019 35 line 528).

The sign bit on path 523 is also provided to D-latch 530 which, upon

recei pt of the falling edge of the LOAD conmand from path 524, outputs a
signal on path 532 which is presented to both an exclusive OR (XOR) bl ock
534 and a conventional tri- state output device 536. As the up/down
counter 520 continues to count to zero (either up or down), the nost
significant Qbit (M5Q output remains at the sanme polarity as t he
polarity of the count until the count -reaches zero. Signal path 538
connects the MsSQ output signal to the XOR bl ock 534 and the output from
the XOR block 534 ~ (which is a high logic state) is provided by signal
path 540 to an enable (EN) input of the tri-state device 536. Thus, once
the up/down counter 520 is enabled, it begins counting the value either
up to zero (if it is negative) or down to zero (if it is positive) and a
Pout si.gnal is output by the tri-state device 536 on output line 542 with a
polarity '

* c L M s *



that is the same as that of the value being counted.. At such tine that the
up/domn counter 520 reaches zero, the tri-state device 536 is disabled,
truncati nwadraiksut signal .on path 542. Additionally, the eorpBds/diomsm the
XOR*on path 540 (which at this tine.is at a lowlogic state) is inverted
by an inverter 544 and the output is provided on signal path 546 to cl ear
the D-latch 526. Additionally, at the sane tinme that the count
value fromthe up counter 518 is provi/de@ on bus 522 to the up/down
counter 520, the count value is also provided to a nultiplexer 550 which
al so receives the LEARN sign rom si gnal path 512 as a selection input,
R Agomﬁth t he
circuits in FIGS. 9 and 10, with a val ue
previ ously stored i n RAM ZBrful ate a total sum over the 32
mechani cal revolutions of th T M-i28 addressed by the
di vider 506 (by way of addre = previously stored 13 bit
value is passed to a registe § heyoefirom on bus 560 to a
10/ 13 bit shift nodul e 562, i i e N passes the val ue
unchanged to the adder 552 b f purpose for the 10/13 bit
shift nodule 562 is to perfo right five bits)
operation during WO 97

PCT/ | B96/ 01019 36 t he
characterizati on node. The t it contains zeros in
all 36 addresses at the 4 Upon t he

concl usi on of the LEARN node, 14 enters the
conpensati on node, during whi
to generate the Pout signg

circuit during the

FIG. 1

PRIOR ART
58 60 59
-8 62
57 48
76 64
56 49
@ 66
74 | 50
55 r 68
54 ‘51
| 52
2 ) Y
FIG. 2
PRIOR ART
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corrpensatl on node may be best understood by beginning with nmux 550, which
passes the value fromblock 516 to the 16 bit adder 552 and the total
sum Accupd fRdsd RAM 554 is provided to the register PEF/IBRGEI0E60, and
is*shifted right by the 10/13 shift nodule 562 to effectuate the divide
by 32 required to obtain an average val ue. Thi s average value is thus
presented to the adder 552 and summed wi aéhe val ue from bl ock 516. The
out put of the adder 552 is provided byﬁgz f bus 566 to the nux 514,

and fromthere to the_up counter 518 which initiates a count up. As during

t he LEARN node, th ciggt er 518 is stoppﬁ *i‘j next ZX signal and
th tinme is provided{t® fhe E/downw 520,
si gnal

t he count obtained at
her ei nabove to gewergt t he Pou as

whi ch operates as descr]l
requi red on signal pat
be seen that j
outputs to
previ ously di

to FIG” 13, it can

. Iz.ef
speegﬁqgrap j at or 500 _p wi des several

ifdgs” tﬁe159m1'ruta. pu|

to the co 86 oyt e_nofor

shown = thepet86is ngtic \li\} di agram f of n@nt
for the add atlon t 8 ener at or y | ock
i npl enentation,, cons ﬁg in a¢dl ce W eSEN i1 r nt| on.
It will be recognized tH&" tlhe ¢ircuft of G 1

construction and operatlonto{.cv.r +=oL TG ‘
during the LEARN node the cdnpu i ony ng pul E

.conventi onal bt88ut gt ulisk eh}ﬂ:ator Ho—ers— ei nabove degs
out put on 'é"'—” nar_ jpat h [ 0|t he comut ati on -oqi c 180 of Fl&
[ i

of signal parhl 902 enﬁu mul | exer 1694 H—n—t—hhs wahid8r, durijng the LEARN
mode the coOnMIarTBq VoA g TS 135\ ::! 144
~192 _ /s IC
X / \I
N1g8 138 114 tl - *
124
200 [ spiNDLE 1
TRANSCONDUCTANCE | 126 120
AMP
A\ 1~122
127 )
174
FIG. 4
PRIOR ART

STEPS | PHASE A PHASE B PHASE C
1 HIGH LOW HI-2Z
2 HI-Z LOW HIGH
3 LOW HI-Z HIGH
— 4 LOW HIGH HI~Z
5 HI-Z HIGH LOW
6 HIGH HI-Z LOW
FIG. 5
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WD 97/ 11454

~ PCT/ 1 B96/ 01019 37 generated
in a‘conyanbi/Pass manner. At such tinme that the ECTABIGOI8H ers
t he*conpensati on node of operation, the average data accunul ated during
the LEARN npbde is used to inprove the comutation timng. Particularly,
the nost significant 10 bits fromthe coynt value from bus 560 as shown
in FIG 14 are provided tda register 14\d also to an el even bit adder
610. The purposeaf .t he=register 608°is to delay the received count
val ue one Fcom perf od, g, §d that the adder 610 rgcelfves a count value from
the present period as: wel’fe §s the count val qg frognthe imedi ately
precedi ng period, Jperfar41is Y sommriuag opera‘y on «©n gse two val ues, and
provi des a ten bit] outputfo a¢16 bijt addan.612. Add{xionaljly, the nost
significant bit (MSB) f g thessadder 610 i'S_prowd g_pl as a dign extension to

t he adder 612 and tge I"&@ist signilficantgbit (L$B) is drdpped,
effectuating a divjide Qy two operatlontﬁ theutph?c As with
the circuit of FIG 11 +the—adde = sfale® witH a constant 16
bit value fromblock 634, this valu repregentl ng |onehal f t he nom nal
(i deal) Fcom period j(plus or mnys any rgcessijon | ue jisRat nay be used
to slightly advande™T ety T e ComIT At o M rgd to ilfprove the
torque characterigtics {of the notor)]. The resulthgoutﬁut of thg~adder
612 is a 16 bi tposrtrye=—mmmmer—tirat—1 epresents the = optijmum co ta% on
timng for the cur‘Fe&,‘t commut ati on <F?u se (beyond the tost recently.
obtai ned ZX pulfse). ZgQuye  The output from thefad 614 is prov(ﬂe%to
a down counter [616, g:_b_s i nstrpci,ed to begirn cg nting down tg,_zgo
by the control ljer 503 £ gIG 14). \When
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the counter 616 reaches a zero count, a zero count signal is provided on
si-gnal, path 618 to a one-shot 620, which outputs the commutation pul se
on sjgnal pa%r/A2 to the A i nput of the nmux 604. As thePCT/ARISI0101AL
this time is operating in the conpensation node, the LEARN signal has
been previously toggled so that the nmux 604 connects the input Al to the
out put A, passing the conpensated commutati on pul se by way of out put
signal path 606 to the conmutation | ogi 4/i1r2uit 180 of FIG 13 at the
required point in WO 97/ 11454

PCT/ 1 B96/ 01019 38 tinme.

As stated herei nabove, the present inventionis limted to the error
correction used by the servo | oop, as preferred enbodi mnents have been
provi ded for both phase | ock and frequency |ock inplementations. It wll
be recogni zed that. the major di fferences between these two

i npl enmentations include a higher clock frequeng éﬂr t he frequency | ock
approach (a clock of at l|east] 10 MHz wil | keep’ﬁb tization error down

and

to 100 ns) as conpared tgq%}?e
reference cl ock gener ,

the frequency | ock appdoach.
present trend of circuitlkﬂ¢e
0

preferable to integrate

t he functional operations t he preferred enbpdi nents di scl osed above
entirely into a DSP or oHish § ntegflayed cifuif td]chrry the steps set
forth whi ch conprisg the ijhvent {jgn. [t Il b ear that the
present invention js_we IL 0 carryfo obj ect s and attain

t he ends and adva“@ﬁﬁ%s ment ijoned -as well as those inherent therein. Wile
HIGH ' ;
o/ N N
LOW

HIGH

FIG. 6
PRIOR ART
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STEP 182 184 186 188 190 192

1 0 0 0 1 0
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- O O O ©
QO - - O O
O O O == -
O O O O -
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FIG. 7
PRIOR ART

SUBSTITUTE SHEET (RULE 26)



presently preferred embodi ments have been described for purposes of this

dlsclosure numer ous changes nmay be nade which will readily suggest

t hensel Vegobfidese skill ed in the art and which are encREBISEHIPN t he

spirit of the invention disclosed and as defined in the appended cl ai ns.

The aforegoing description has been given by way of exanple only and it

w il be appreci ated by a person skilled in the art that nodifications can
be made w t hout departkng fromthe & fAe2of the present invention.

WD 97/ 11454

PCT/ 1 B96/ 01019 e, 39

CLAI V5 1. AN | T qg irguit for providing commutation

ti mng and speed cgg
the circuit havihg a
zero crossing sipnals N respmnse
mechani cal revol at i onf of "§he spi nd
pr edet er mi ned nupber Jof reference
revol uti on of thg spiye A

the circuit
ri ogls f

i sc drive spindle notor,
generating a plurality of
sgnsed on the windings in a

further havin

each mechani c

2ed not pr cantrol

circuit

conpri si ng: haracterlzat &h nes systenatna
variations in opgratijonal speed o tN\he Dluralltyﬁg
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crossing signals with respect to reference frequency' peri ods; and
commutation tinming averaging neans for characterizing the aver e tinme

bet ween W6 99BRisye zero crossing signals; and S ?’reans
for conpensating for the systematic variations in oper atlonal speed of
the spindle nmotor, the conpensation nmeans including: speed contr ol

conpensati on neans, responsive to the speed control averaging nmeans, for

out putting nodifi ed speeg C‘QJ’I'[ roI wggnal s, the speed control t
signals nodifietgin respcgwe:t av®/age=ti m ng characterized by t _,

speed control gayeragi ng- 8_‘?,;1 . conmutation tiging Suw
conpensation gean$, reaspon \ﬁq\oe‘ @mmtation tim'ng &erag a arf,
for outputting i fi { Q1] ToSTgTTatS, oot i <«
timng signal ' OL|SE tg he average ti 3 re, e by |0
t he commufRf i or%ti ni ng aer adi AC-28L] _—_‘"" o Vi
PCT/ 1 B96/ 010 y
i nproved nmetYpd for @ovi ding ¢o | oo e%c b
wi ndi ngs in aphard disc dri%e3$p in a cirggit having a lack gnf
sense Circuitf= =9t eper dglil grzero™iBoSi 18 si gnalf}yiln
response to v t g3 ¥n a e =0 mlor of
t he spindle 1 tth ircpit f avilng R c-a-r-& &d thufBer |o
reference frequgncy |pgrroas) Tpr_fe criqa
spi ndl e not or, roved t hpd corgiré t/he ,esﬂ I
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over a_plurality of

rotations during nom nal operation of the spindle
not or, including the steps of: _ characterizing the average
tim Ag of woymi4s40ssi ng signals with respect to r ef er encRCTHIGQEHRY
periods; and characterizing the average tinme between successive
zero crossing signals; and conpensating for the systematic
variations in operational speed of the spindle not or; including the
st eps of: out puEt g g@ ed'ﬁ}ﬁﬂeﬂ control tini ng signa §
response to the haracter S getlmng of zero cros&bng s =
Wi th respect to er encexf d ‘
nmodi fi ed conmuFatipn tigdi n > <
average tine bex - andeo
disc drive ok érﬁ/”
sense circuifg
mechani cal rﬁ ——1
rotational sp&gd of tla® spindle
characteri zing{ the spind
comut ating th foe ng
punp-up and pu wEa
zero crossings ,j}d
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averaging the | engths of the punp-up and punp-down signals for each Fcom
-period and storing an associ ated average |ength val ue; and
conpensawhngnﬁqg spindl e notor rotational speed varlatlonsPCE B96/01019
generating punp-up and punp-down signals according to phase differences
bet ween zero crossings and adapted reference pul ses, the adapted reference

pul ses conprising the reference pul se adjusted by the average |l ength

val ue. 4. In a disc drive havirg@ {é nlzfjl t§ hage spindle notor, a
system controll er, menory, and a bac npe rcuit for prOV|ding
back enf commutation timng, the | spindle nmoto haV|ng a plurality of

nom nal zero crossings within a neabafi cal regolution ¢f the spindle
notor, a nethod for mnimzing varigtijons i nxotational speed of the

spi ndl e notor conpri sing: »iaractéé zing error @ssociated with
each zero crossing within a nmechani cal :Eevol@#ion QE t he spindl e notor
by determ ning an average phase diff eremeer-iretme : Zero crossing
and each associ ated nom nal zero crossicg :

mechani cal revol utions; and ofGepkasating forf the error associated
Wi th each zero crossing by using the & ¥ 0 et o

I dentify an adaptive zero crossing for ithin a
mechani cal revolution, and g

di fference signal, wherein the adaptive {diPf ¢ sents the

adapti ve
ase spindl e

havi ng a nultl-ph

phase crossing. 5. In a dFﬁ: dr v
notor, a systemcontroll er, =
y Lz 25 3%,
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menory,.and a back enf sense circuit for providing back enf conmutation

tirmngs the spindle notor having a plurality of nom nal zero crossings
within a nmacdenilesd revol ution of the spindle notor, an apEMBY6W$01DOr
m nim zing variations in rotational WO 97/ 11454

- PCT/1B96/ 01019 42 speed of
t he spindle notor conprising: zero crossing characterization
means for characterizing error associated with each zero crossing within
a nmechani cal revolution of the spindl ) , Wherein the error is

characterized as an average phase diffefenCe between each zero crossing and
each associ ated nom nal zero crossing, over a plurality of nechanical
revol utions; and - Zero crogasi pensati on neans, responsive to
the characterization neans, for at \ng for the error associated
ge phase difference to
- Zero crossing within a
lerating an adaptive phase
REEE%V f er encf signal represents the
ero Zpﬁiﬁ% and efdch associ at ed adaptive
aimQR, wherein the zero
a phase detector
TIT™Z€ro crossing and each
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identify an adaptive zero crossing
mechani cal revol ution, and

di fference signal, wherein th
phase difference between each
phase crossing. 6. The
crossing characterizati on nea
for identifying a phase diffe
nom nal zero crossing;

conpri ses:

RECEIVE .
NET ZX PULSE

!

END COUNT
WITH DETERMINED
COUNT. VALUE

1

DIVIDE DETERMINED
COUNT VALUE BY Z
" TO GET 1/2 VALUE

!

COUNT 1/2 VALUE
DOWN TO ZERO

!

OUTPUT COMMUTATION
POINT SIGNAL

m FIG. 12
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averagi ng neans, responsive to the phase detector, for averaging the phase
difference between each actual zero crossing and each nom nal ?@5@ 9crossi ng
to * geRpeifssyihe average phase difference for each act u&CT28 }ossing;
and storage neans, responsive to the averaging neans, for storing the
-aver age phase di fference for each actual zero crossing. 7. In a.
disc drive having a nulti-phase spindle notor, a systemcontroller,

menory, a back enf sense circuit, andLg I1 k for providing reference

pul ses at a reference f@equency, the’ref'€érence pul ses defining a
plurality of nomg®e ©r 0 W& 0SSLNg Lods within a nechanica

revol ution of theg spi Nt §es WO 97/ 11454
PCT/ 1 B96/ 01019 S 43 further
defining a pluralfity & Mutegt i on steps ®ithin a nechani cal

revol ution of thﬁ he ﬂaz nal cprmmEatrtpn steps defined as
t - ' xocrossi pg period, a nethod

occurring in
for mnimzing vg atﬁgnal spepd t hp spindl e notor by

adapti vely sel ectfi ng eps—Pq[ t he pi nHl e notor, conprising
the steps of: characrertrmrer ror ==k Soci atejélith each :
comut ation step mﬁthdn a nechani cql %2 revqu;ioﬁHof spi ndl e not or by

determ ni ng an aJerage phase diffe enCE\betwggQ‘ Eﬁone’Zélf of each zero
crossing period gnd ofe-half of the nom nal zefo amossphg period,- over a
plurality of mech revol uti ong; and wconpensating for the

error associ ft €0 conmut abijon step byf pl i ng
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each cosmutation step at an adaptive commutation step |ocated at the
comut ation step offset by the average phase

associat ed

nom nal

di f f er enca¥0 97/114§4 In a disc drive having a nulti-phase sHCuilB6OTHIOr, a
system controll er, menory, a back enf sense circuit, and a clock for
providing reference pul ses at a reference frequency, the reference
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comut ati on step offset by the average phase difference.
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