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SINE WAVE CENERATOR

BACXGROUND OF THE :INVENTION

- Ty
L. RETEZR

ENCZS TQ APOLICATIONS FROM WEICZ ERICRITY IS CLAIMED

This apoviication is & continpation-in-part c¢f Cco-pencind
apolicaticn seria aumber (09/300,754, £ilsd 4/26/99, wnich
claimed the benefit of U.S. Provisional Patent 2pplication Nc.

herein bv ¢
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OF THE INVENTICN

This

inventicn  relztes to improvements in methods and
for driving DC brushless, poiyphase motors, such &s &

moter of & hard disk drive, or the like, and mors

particularly to imprevements in such driving methods eand
of

that at least reduce the acoustic noise in motors

this type, and toc improvements in driving metheds and circuits

for driving such motors using driving voltages taat are

aporoximztions of waveforms constructed- frcm substantially

sinusocidaxs waveform segnentis, and, more particularly,

proximations.

3. RELEVANT 3ACKGRCUND

the operaztion of DC prushisss, polyphase metors cf the

i

which the invention pertains, efficisnt moTor Gx-ve

that the excitation current spplied to the motor phases
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Le aiigned with the Temf cenerztasd bv individusl phases. Cne orf
the Dbest schemes ZZor achlisving thisz ziignment is the use of &
phase-iccked lecr (PLL}, which zdiusts the phase and frsgquency

Thisz scheme werks well wher

Sincse the +1, == 3 -1, -1 0 segquence has shero
transiticns between driving states, this seguence has many nigh
frscuency ccmponents. These tend to excite mechanical rssonancss
in the metor, which results i
acoustic noise. Moreover, the step-function rtristating of the
undriven motor phases, together with the step-function driving
waveform itself produces a cdegree of torgue ripple in the motor.
The torque ripple results in an unevenness or jerkiness in the
mctor rotstion, which zlso excites rasonances in the metor, aisc
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cenerafe CuUrrents hat have a purs sinuscidal wavefcrm,
rarticuizrly when the currsnts ars reslatively hignh, and when &

In grsvicus appilicacticn serial naumper 09/300,734, aiter

inizial taseline cancelliation, a driving waveform was Iormed of
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soncatenated secments of 120° of zers, follcwed by 120° of “up
acck”, and 125° ¢f “dewn iacok”. The up-hcook &nd down-acck
wavesoras wers generatad in two MDACs. The cperaticn Cf the

MDACs had scme crobliems that resulzsd in difficulty In forming

Also, using an MDAC to form waveforms sagmencts that are
themseives formed Srom sinusoidal wavefcrms segmeni cormeinaticas
rzquires special MDAC design and operationzl consideraticns. A
cdesign in which the driving waveforms can be constructed IZrom

nts to DDIOX-E'.\C.C‘-‘ veioras
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segment combination would significantly ease the realization zad
cveration cf such MDAC.

Consequently, what is needed is & disk drive and method for

[l

operating it in which the noise associated with the drive in

£
®
.

cveration is reduced or eliminated. What is additionaliv need

lh

v

'3 disk drive and method that emplovs drive signals that are
ceveloped From sinusocidal signal segments, which can pe easil
approximated and generatsd Dby concatenated linear signal

segments.

In light of the above, thersfors, it is an object of the
invention «¢ provide an :Lmorover:; dizk drive and method Icr

cperating it in which the noise associataed with the drive in

Tt is still znother cbject of the iavention tc provice a

disk drive and method that emplcvs multiple drive signals that

=Y
f
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segments. that have substantially continucusly concatenated

Naverforms Chat are consctructed Srom Oor  wnlch  2PProXimats
segmencs ¢f & sinuscicdal signal.
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of each waveform, OtT is

240°)}, whers VMAG

comprises

referzpbly, the wawveiorm

segments

waveforms

the motor,

h

m

{360/2n)°
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waveform of the set is displaced from one znother dv (380/n)°.

The waverisrms are acolied to the rsspective wWindings Cf the
motor to enerzize it. The waveforms mav be pulse-width meculated
rior to applicatica thereof to the drivers
Tach ¢f the segments may approximat VMAG(sin{ot-9)-

min{zin{©t-0X360/n;°,sin{®t-1X360/n)° .. sin{ot-{a-

may comprise at lesst cne linear waveform, and more particularly
may have two linezr portions, with & prezkpoint at & micdpoinat

section theresof.

According to yet ancother broad aspect o©f the invention a
circuit is presented " for operating an n-phase dc moter. The
circuit has drivers for applying n driving signal waverforms to
the motor. A source of the driving signal waveforms is provided.
gach cf the driviﬁg signal waveforms has & teriod of 360° with &
first segment having a value of zero Ior (360/n}°, follcwed by &
second secment having an “up slove” shape Zfor (360/2n}°,

followed by & third segment
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for (360/n)°, followed by a fourth se¢ment having z “down slope”
shape for (360/2n}°. Each waveform of the set is displaced from
one another by (260/n)°. The driving signal waveicrms may
include substantizlly linear segments, and, more particularly,

may have two linesar with 2 breakpoint at a midpoint

e,
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thereof. A circuit may &also be provided for pu
modulating the driving signal wavefcrms priocr O eapplicaticn
thersof to the drivers.

The segments may ezch approximate VMAG{sin(ot-9) -min{sin(®C-

0X360/n)°,sin{@t-2X360/2)°, ... sinioT-{n-1)X360/1)°}}, whers
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VMAG is the pezx ampiizude ¢ sach wavefsrm, ©OTU is z phase angle
cE the wavefcorm, and 9 is an initlzi phase angie.

Eccerding o yet encther broad aspect of the invention, &

Cisk drive procuct of the type haviag & dc brushless, Hall-less,
three phase amctor Itr =sotating 2 datz conteiniag media is
cresented. The recduet  inciundes cthrse | driver circuits  Zor
sroviding  Criviag  sliznels to  selected  rsspective  sets  of

i
waveforms provicdes ths drive signals. EZach waveform has & pericd

Bt
4]
o
0
0
8

- = = L]
cf 360°. A first segmeat has & value of zero for 120°.
segment has an “up sicpe” shape for 60°. A third segment has two
consecutive “cap” shapes for 120°, ancd & fourth segment has a

“down slope” shapé fcr &0°. Each waveform of the set is

may be formed of substantizlly 1linear segments, and more

particularly of two substantizliy linesz ar portions, with a

VMAG (sin{ot-¢) -min{siz{et-0¥X360/a)°,sin({0t-1X360/n}°,... sin(et-

I

{n-1}X360/n)°}}, whezs VMAG is the pezk amplitude of -ezch

weveform, ot “is hase angle of the waveform, &nd ¢°'is zn

s
"y

initizl phase zngle.

ERTEF DESCRIPTION OF THE DRAWINGS

The invention is illustrzted in the accompanying drawings,
c

h: -

Figure 1 shows idezl driving signal vwaveforms IOC
zpplication to a thrss-pnase dc motor.

& 2 is a tlock diazgram cf & portion of & circult IOr

providing driviag signzls to & polyphase dc motor, in accordance

with a preferred embcdiment of the iaventicn.
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approximate the idezl wavefcrms of Tigurs 1, in accordance with
& prefsrrsed embediment of the iavention.

Ficure 4 shows & “cap” waveform segment generatecd at che
r Cci the MDAC ircuits of Figure 1 o

e
ximete the ideal waveforms of Figure 1, in accordance witi

apcpr
& preferrsd empodiment of the invention. .-
In the varicus figurss of the drawing, 1like reference

numerzis are used {0 denote like or similar parts.

DETAILED DESCRIPTION OF THE .PREFERRED EMBODIMENTS

Ta accordance with & preferred embodiment of the iavention,
the driving waveforms that

mctor to be driven are derived frem sinusoidzl -waveforms in the
manner cescribed in U.S. patent éepplication 09/300,754. The
motor msy be of the type described =above, and, more
particularly, of the polyphase, DC motor type described in said
U.S. patent application 09/300,754. In the embodiment

illustrated, the motor is preferabliy a three-phase DC motor.

In the embodiment illustrated, three signals are  defined,
ezch displaced in phase 120° from the other for driving each

phase ©f the .motor. It should be noted that since the motor

windings are typically driven with two of the three coil winding
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nodes of.a “Y” coil configuration beiag driven
used as & sink, it is not necessary to drive each node with a

purely sinuscidzl waveform. It is sufiicient if the d'iffereptial
voltage between two driven nodes is SuDQEE; tially & 'sinusoidal
waveform. A graph showing three consecutive driving waveforms
45, 46, and 47, according to a preferred embodiment of the
inventicn, is shown in Figurs 1. Each of the waveforms 45, 46,
is applisd to respective commutatively determined pairs of
the iaput terminzls of the motor to be driven.

To construct the driving waveforms 45, 46, and 47, zthe

s

inusocidal waveform having the instantaneous mialmum




This Sheet Has Been Replaced

TG

veiue Cci & ser of sinuscidal waveforms 120° CUL~CEZ-2Nase with
- ~ 4 % -~ & Py ., LY el < -
€2CA Otaer :is surtIzctsd Irom the other wavelforms. The rssultr is

i, wnhich iz =zimilzr ¢

(9]

waveIorms cescrized in U.S. pateat aopoiicaticn 09/300,7S4. Thus,

i

each of the segmenis mav approximate YMRAG(sin(et-¢)-min{sin{et

18]

0X360/n)°, sin{eT-1X360/n)°, ..sin{et-{(n-11X360/n)°}}, where

VMAC 1s & meximum smplltude of sach waverform, o
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portion 40 and & down-hcok porticn 42. Thus, alithough aprearing
iike sine wave secments, the driving waveform segments zare £
fact not sine wave segments. Moreover, since each motor phase is

tristated Zor 129° of the commutation cvcle, each waveform has &

A portion 10 of z circuit for providing driving signals to

a pciypnase dc motor, in acdcordance with & preferrsd embcdiment

is shewn in Figurs 2. The circuit includes &

described in cetfzil. The cap and sicpe MDACs 12 and 14 zre
updated once éach PWM CLK cvcle ancd provide shzped signals for
selection by & muitiplexer 16 for application to the thrse-phase

: s - . - PEPY P F =2 Ccigl 1Q T
ac motor 18. The cdc metor 18 turns the spindle of z disk 18, for

tn

example, used in z mass date storzge device. If desirsd, the’
outputs of the MDACs 12 and i4 czn be pulse width modulated in
known manner by PWM meocdulators 36 and 38, as shown, TCO coatrol

the power applied to the motor i8.

The MDAC 14 generztes at its ocutput & signal that has &
slope waveform that mzy e derived to zpproximats & segment of
sine wave; mere particularly, & 60° segment of & sine wave. The

MDAC 14 can generate the segment in either ascending cor

3 : 2 PAPPU- .et R e R
descending crder, sc that the asceadiag waveform substantially
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silews an “up-siope” segment 50, shown ia Figurs -, or that tzhe

descending waveform substantizlly Zolicws 2 “Zewn-sicpe” segment
£2, alsoc shown in Figurs 1. IFf the pericd ci the weveforms Is

consicderad to be 360°, the “up-sloce” segment 30 or “down-slore”

e,

segment 52 s ¢f the length of (360/Zn}°, whers a is the aumber

Przferzbiy, the wavefcrms prcduced by the “siope” MDAC 14

62 appreximately midway between the top and bottom of the
waveforms, so that the overzll shape of each half of the wave

form 60 is & curve that is z approximately the -same as the “ap-
n

Cne of the advantages that results from using linear waveforms
in the cperation of the MDAC 14 is that they can be generated
easily by providing & linear counter that selectively counts up
or down at & pradetermined rate.

If desired, the MDAC 14 can incinde 2z scaling circuit ©o

produced. The. scaling circuit mey include, Zor example, &
pluralicy of current generztors that may bDe incdividualily
addressably selectable to provide the biasing current necessary
ion of the desired waveforms. Also, if desirsd,

t
the waveforms 60 can be generated by subtractiag a count values

Similarly, the “cap” MDAC 12 can be constructed to procuce

two consecutive “cap” waveforms 63 and 66, as shown in Figure 4.
Each of the “cap” waveforms 63 anc 66 is formed by & linesr up-
count tz & break point 68, follewed ry & linear down-count toO
the original start wvalue. The resulting waveforms 63 &and 69
orrespond to the waveforms 67 and 68 ia Figure 1. A ain, DY

using linear waveform tecanigues, using, for example, linear up
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anc¢ dewn counters, the sine wave segment
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easily apereximated. Also, i desirsd, scaling circuitry can De

-y

inciuded in the MDAC 12 s¢ that the overzll scale of

total length of {360/n)°, with n peing the number of wmotor

s

The outputs £frzocm the respective MDACs 12 and 14 are
selectively zoplied to motor control iines 30—32 for application
to the tiarse-phase motor 18, by a muiti Teze* circuit 16. The
multiplexer circuif 16 is controlled by & multiplexer contrcliier
21, which rsceives clock puise from & clock generator 22 that

re divided bv a divider circuit 24. The multiplexer controiler

a
21 mav be, fcr sxample, an ad
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If desired, as shown, the output f£rom the MDAC
may be puise wicth modulated, for example, Dy =respective PWM
mcdulators 36. and 38, as shown. The pulse width mocdulation may
pe performed in kxnown manner. Typicallv, & triangle wave is used
2s & pass waveform to allow the signzl being mcdulatsd to pass
only when it is larger than the value of the instantaneous
triangle waveform. One of the advantages that can de raeziized
using the circuit of Figure 2 is that since & common cilock
signal derived from the clock generator 22 can be used in the

waveform segments, described above, in
the MDAC circuits 12 &t 14, and the same clock signal can be
used tc control the timing of the pulse width modulatcrs 36 and
38, che =iming between the pulse width modulation the raspective

waveforms generatad by the MDACs can be easily coordinated to
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CLAIMS:
1. A method for operating a polyphase dc motor, comprising:

generating a set of three waveforms to provide drive voltages to
respective windings of the motor, each waveform having a period of 360° with a first
segment with a value of zero for 120°, followed by a second segment with an "up
slope" shape for 60°, followed by a third segment with two consecutive “cap"
shapes for 120°, followed by a fourth segment having "down slope" shape for 60°,
each waveform of said set being displaced from one another by 120° ; and

applying said waveforms to said respective windings of the motor.

2. The method of claim 1 further comprising pulse-width modulating the
drive voltages prior to application thereof to said motor windings.

3. The method of claim 1 or 2 wherein said segments each approximate:
VMAG (sin {ot — ¢) — min { sin {ot), sin (ot — 120° ), sin (ot - 240° )}),

where VMAG is a maximum amplitude of each waveform,

ot is a phase angle of the waveform, and

¢ is an initial phase angle.

4. The method of any one of the preceding claims wherein each of said
waveform segments comprises at least one linear waveform.

5. The method of any one of the preceding claims wherein each of said
waveform segments has two linear portions, with a breakpoint at a midpoint section

thereof.

6. A method for reducing acoustic noise in operating a polyphase dc
motor, comprising:

generating a set of n waveforms to provide drive voltages to respective
windings of the motor, .

wherein n is a number of phases of said polyphase dc motor; and

wherein each waveform having period of 360° with a first segment with
a value of zero for (360/n)°, followed by a second segment with an "up slope" shape
for (360/2n)°, followed by a third segment with two consecutive "cap" shapes for

12
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(360/n)°, followed by a fourth segment having “down slope" shape for (360/2n)°,
each waveform of said set being displaced from one another by (360/n)°; and
applying said waveforms to said respective windings of the motor.

7. The method of claim 6 further comprising pulse-width modulating said
driving voltages prior to application thereof to said windings.

8. The method of claim 6 or 7 wherein said segments each approximate:
VMAG (sin{wt — ¢) — min{sin (ot — 0X360/n)° , sin (ot — 1X360/n)°, ...sin (ot — (n -
1) X360/n)°} ),

where VMAG is a maximum amplitude of each waveform,
n is a number of phases of said motor,
ot is a phase angle of the waveform, and

¢ is an initial phase angle.

g. The method of any one of claims 6 to 8 wherein each of said waveform
segments comprises at least one linear waveform.

10. The method of any one of claims 6 to 8 wherein each of said waveform
segments has two linear portions, with a breakpoint at a midpoint section thereof.

11. A circuit for operating an n-phase dc motor, comprising:

drivers for applying n driving signal waveforms to the motor; and

source of said driving signal waveforms, each having period of 360°
with a first segment with a value of zero for (360/n)°, followed by a second segment
with an "up slope" shape for (360/2n)°, followed by a third segment with two
consecutive "cap” shapes for (360/n)°, followed by a fourth segment having “down
slope™ shape for (360/2n)°, each waveform of said set being displaced from one
another by (360/n)°.

12. The circuit of claim 11 wherein said source of driving signal waveforms

is a first MDAC to generate said "up slope” and "down slope" waveforms, and a
second MDAC to generate said "cap" shape waveforms.

13
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13. The circuit of claim 12 further comprising a multiplexer connected to

receive outputs of said MDACs, said multiplexer being operated to selectively apply
said outputs of said MDACs to said drivers.

14. The circuit of any one of claims 11 to 13 wherein said driving signal
waveforms comprise substantially linear segments.

15. The circuit of any one of claims 11 to 14 wherein each of said
waveforms has two linear portions, with a breakpoint at a midpoint thereof.

16. The circuit of any one of claims 11 to 15 further comprising a circuit for
pulse-width modulating driving signal waveforms prior to application thereof to said

drivers.

17. The circuit of any one of claims 11 to 16 wherein nis 3.

18. The circuit of any one of claims 11 to 17 wherein said segments each
approximate:

VMAG (sin{ot — ¢) —min {sin(at — 0X360/n)°, sin(ot — 1X360/n)° , ... sin(et — (n —1)
360/n)°}),

where VMAG is a maximum amplitude each waveform,
ot is a phase angle of the waveform, and

¢ is an initial phase angle

19. A disk drive product of the type having a dc brushless, Hall-less, three
phase motor for rotating a data containing media, comprising:

three driver circuits for providing driving signals to selected respective
sets of windings in the motor;

a source of three motor drive voltage waveforms to provide said drive
signals, each waveform having period of 360° with a first segment with a value of
zero for 120°, followed by a second segment with an "up slope” shape for 60°,
followed by a third segment with two consecutive "cap” shapes for 120°, followed by
a fourth segment having a "down slope" shape for 60°, each waveform of said set
being displaced from one another by 120° .

14
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comprise a pair of FETs connected together at a driving signal node and in series
between a voltage supply and a reference potential.

21. The disk drive product of claim 19 or 20 further comprising a multipiexer
connected to receive said motor drive voltage waveforms and to selectively apply
said motor drive voltage waveforms to said driver circuits.

22. The disk drive product of claim 19, 20 or 21 further comprising a circuit
for puise-width modulating the motor drive voltage waveforms prior to application
thereof to said driver circuits.

23. The circuit of any one of claims 19 to 22 wherein said driving signal

voltage waveforms comprise substantially linear segments.

24, The circuit of any one of claims 19 to 23 wherein each of said
waveforms has two linear portions, with a breakpoint at a midpoint thereof.

25. The circuit of claim 24 wherein said segments each approximate:
VMAG (sin( ot — ¢) — min {sin (ot — 0X360/n)° , sin(ot —1X360/n)°, ...sin (ot — (n —
1) X360/n)°}),

where VMAG is a maximum amplitude of each waveform,
ot is a phase angle of the waveform, and

¢ is an initial phase angle.

26. The disk drive product of any one of claims 19 to 26 wherein said data
containing media is a magnetic media of a hard disk drive.

27. A polyphase dc motor operable in accordance with the method of any
one of claims 1 to 10.

28. A hard disk drive comprising a polyphase dc motor operable in

accordance with the method of any one of claims 1 to 10.

15



