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(57) Abstract: A motor control circuit and associated techniques can drive an electric motor in a start-up mode of operation fol-
lowed by a normal mode of operation. The motor control circuit and techniques can receive a selection signal provided by a user that
can select one of a plurality of sets of parameter values that determine characteristics of drive signals applied to the motor during the
start-up mode of operation. The motor control circuit and associated techniques can synchronize operation between the start-up
mode of operation and the normal mode of operation.
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Errcrronic Crrourr ann METHOD
FOR ADIUSTING START-UP CHARACTERISTICS
OF DRIVE SIGNALS APPLIED TO AN BELROTRIC MOTOR

FIELD OF THE INVENTION

This invention relates generally to clectric motor control circudts and, more
particularly, to an electric motor contred oiveudt that can adjust start-up drive signal
characteristics applied to an electrie motor during a start-up mode of operation in
accordance with a user inpat and that can synchrondze the start-up mode of operation with

a normal mode of operation that ocours thereatter,

BACKGROUND OF THE INVENTION

Cirouits o control and deive brushiess DC (BLDC) electric motors are known. In
some arrangements, the oireudts provide a particnlar a ramp-up of the speed of the electric
motor when the clectric motor s first powersd up. However, such clreuits ave only able to

provide one particular predetermined type of ramp-up.

Some known electric motor drive cirouits are desoribed in ULS. Patent Ne.
7,500,334, issued September 15, 2009, ULS, Patent No. 7,747,146, issued June 28, 2014,
L8, Patent Application No. 13/271,.723, filed October 12, 2011, 1.8, Patent Application
No. 13/599,225, filed August 30, 2012, and UL, Patent Application No. 13/599 234, filed
Angust 30, 2012, all of which are incorporated herein by reference in their entiveties and

assigned to the assignee of the present tnvention.

A BLDC electric motor can be used in different applications. For example, the
same BLDC electric motor can be used with different fin blade arrangements in different
applications. Different types of BLDC electric motors can also exhibit different load

behaviors versus speed,
Motor noise, vibration, and efficiency sre influenced by a variety of characteristics.

For sensor-less meotor drive arrangements (e, motor drivers that do not rely upon
Hall Effect eloments to sense position of the motor shail), reliable start-up 1s an important
part of the design. Some sensor-less motor drive arrangements vely upon so-called “back

1
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I would be desirable to provide a motor controller electronic cireuit {either
integrated or non-integrated) thet uses a small number of pins, that is low cost {e.g., small
sificon sweface aves), that can generate sine drive signals instead of trap drive signals for
fow neise, that can be used to drive a wide varisty of types of electric wotors, while
providing a proper sine drive start-up profile synchronized with 2 sine drive normal mode

of operation for each type of electnic motor,

SUMMARY OF THE INVENTION

The present invention providss a motor controller electronie cireuit {either
integrated or non-integrated) that uses 8 small nomber of ping, that is low cost {e.g., small
silicon surface area), that can generate sine drive signals instead of trap drive signals for
fow noise, that can be used to drive a wide variety of types of electric motors, while
providing a proper sine drive start-up profile synchronized with a sine drive normal mode

of operation for each type of electric motor.

In sccordance with an exansple usefid for understanding sn aspect of the present
invention, a method of driving, with a motor control clreutt, a multi-phase motor having 2
plurality of motor windings, includes receiving, from outside of the motor condrol cirounit,
a seloction signal, The method also includes identifying, with the motor control cirontt, &
set of parameter values fom among a plurality of sets of parameter values relained on the
motor eontrol circuit, the identifying done in accordance with the selection signall The
method also includes determining, in accordance with the identified sef of parameter
values, with the motor control cirontt, starbup signal characteristics of g pluvality of drive
signals conpled to the phvality of motor windings, wherein the determined start-up signal
characteristios of the plurality of deive signals comprise 2 ramped start-up of the slectric
motor during a ramp-up tine period during a statt-up mode of operation. The method alse
ncludes generating, with the motor control oiromt, the phlurality of defve signals

comprising the determined start-op signal characteristics to start the roulti-phase wotor

3
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In some embodiments, the above method farther comprises:
receiving, from outside of the motor control oireuit, 2 motor vollage sigual,
wherein the identifying the set of parameter values is done In accordance with both the
selection signal and the motor voltage signal.
ig
In sowe embodiments of the above method, the generating the plurality of drive
signals comprises:
generating & corresponding plueality of modulated PWM waveforos, the plurality
of modulated PWM waveforms having respective duly oveles that change with tune
15 according o a sine-drive modulation envelope, wherein the sine-drive modulation
envelope comprises a frequency, wherein each one of the phrrality of modudated PWM
waveforrs has a peak duty cyele, wherein the peak duty oyele of each one of the plorslity
of modulated PWM waveforms is related to an amplitude of a respective one of a plurality
of sinusoidal current signals carried by the plurality of motor windings, and wherein the
20 freguency of the modulation envelope is related to s frequency of the plurality of

sinusoidal current signals.

In some smbodiments of the above method, the ramped start-up comprises & ramp-
up of at least one of the peak duty oyele of the modulated PWM wavefomn or the
25  frequency of the sine-drive modulstion envelope, wherein time varying characteristics of
at least one of the peak duty oyele or the frequency during the ramp-up time period ave

selected in accordance with the identified set of parameter values.

in some embodiments of the above method, the generating the plurality ot drive
30 signals comprises:
generating a corresponding phurality of modulated PWM waveforms, the plurality
of modulated PWM waveforms having respective daty oycles that change with time
according to a sine-drive modulation envelope, wherein the sine-drive modulation

4
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envelope comprises a frequency, wherein each one of the plurality of modulsted PWM
waveforms has a peak duty oycle, wherein the pesk duty eyele of each one of the plurality
of modulated PWM waveforms is related fo an amphiude of & respective one of a plurality
of sinusoidal current signals carried by the plurslity of motor windings, and wherein the
frequency of the modulation envelope is related 10 a frequency of the plurality of

sinusoidal cwrent signals.

In some expbodiments of the above method, the ramped starbup comprises a ramp-
up of the pesk duty cvele of the modnlated PWM waveform during 8 ramp-up time petiod,
wherein time varying characteristios of the peak duty cycle during the ramp-up time period

are selected in accordance with the identified set of parameter values.

In some embodiments of the above method, the ramped start-up comprises & ramp-
up of the frequency of the sine-drive wodulation snvelope during the ramp-up Hme periad,
whereln time varying characteristios of the frequency during the ramp-up time period are

selected in accordance with the iderdified sef of parameter values.

In some ombodiments of the above method, the ramped start-up comprises:

a ramp-up of the peak duty ovele of the modulated PWM waveform during the
ramp-up thine periad, wherein time varying characteristics of the peak duty cyole during
the ramp-up time peried ave selected in accordance with the identified set of parameter
values; and

a ramp-up of the frequency of the sine-drive modulation envelope during the ramp-
tp time period, wherein time varying characteristics of the frequency during the ramp-up

time period are selected in accordance with the identified set of parameter values,

In some embodiments of the above method, the ramp-up time pertod is also

selected in sccordance with the identified set of parameter values,

In some embodiments of the above method, the ramp-up time period comprises a

fivst rampup time period followed by a second different ramp-up time period.

In some cmbodiments of the above method, the ramped starb-ap comprises:
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generating the plurality of defve signals such that, af an end of the ramp-up time
period, a last one of the plurality of eyoles of the sinusoidal current signal ends at g zero

continuous in phase with a start of the second at least one eyele,

wherein the second ramp-up Hime period
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In some embodiments, the above method further comprises:

stopping the plurality of drive signals for s coasting time period following the end
of the ramp-up toe period;

detecting a back BMF signal indicative of 2 zero back EMF voltage on a selected
one of the plurality of motor windings while the plurality of drive signals are stopped, the
detocted back BMF signal indicative of an end of the coasting time period; and

driving the plurality of motor windings with the plurality of sinusoidal current
siguals in a novmal mode of operation in response to the detecting, whersin, in the normal
maode of operation, a frst eyele of a sinusoidal current signad on the selected ope of the
plurality of moter windings begins at zere current and at 8 phase continuous with a phase
of the last one of the plurality of cyeles of the sinusoidsl current signal on the selected one

of the phurality of motor windings at the end of the ramp-up Hime perod.

In accordance with another example useful for understanding an aspect of the
present invention, a motor control clrenit for driving a multi-phase motor having a
plurality of motor windings includes & motor control clronit, The motor control olreuit
includes a start-up controel module configured tor veceive, from outside of the motor
control circuit, a selection signal; identify set of parameter values from among 8 plurality
of sets of parameter values retained on the motor control clrenit, the identifying done in
accordance with the selection signal; and determine, in sccordance with the identified set
of parameter values, start-up signal characteristios of a plurality of drive signals coupled fo
the phurality of motor windings. The determined start-up signal characteristics of the
plarality of drive signals comprise 8 ramped start-up of the slectric motor during a ramp-
up Hime period during a start-up mode of opergtion. The motor control clroult s
configored to generate the plurality of drive signals comprising the determined stast-up

signal characteristies to start the multi-phase motor spinning,

In embodiments, the above moter control civonit can include one or more of the

following aspects in any combination.

In some embodiments of the above motor contrel olreudy, the start-up control

module i3 further configured tor



PCT/US2014/035825

WO 2014/186120

V)

e

4
k!




PCT/US2014/035825

WO 2014/186120

od,

~

et of

o

e pert

3

uring

"

eriod
cyele

rRmp-up Hme p

start-up

ak duty

softhep
cordance with the identified s

e
¥

o

> E’}

Crent ramp-up
£, the ram

it

o

froud
stio

i, the
&

Peits
ert

cirg

i
€

owed by a second
haract

o

™,

Hiag

>

SRS AT EHILE

Y

cle of the modulated PWM wavefoom &

ATVINE
cted

7

¥

o

motor condrol

<

e s
2]

sele

73
¥
tme v

fag

134

)

iod foll
3 ar

]

f the abov
the peak dut
, where

DETIOL

i

)
SR

i

Yo
29}

"at Jeas
.

hodiments of the above mot

m
&
HHE Pe

3

I SOmE
PRp O
first ramp-up time

N

N

In some embodiments o
‘{'

& ramy
{ rammpeup t

the

i

comywise

corprises a first rarnp-up tme p

the firs
uring

3 o 2] [ 4] L)
w4t i 4 4 €

parameter values, and



ig

20

34

WO 2014/186120 PCT/US2014/035825

In some smbodiments of the shove motor control civouit, the first and second
rampeup time periods are also selected in accordance with the identified set of parameter

values,

In some embodiments of the above motor control cireuit, the determined start-up
signal characteristics comprise:
first ramp-up characteristios during the frst ramp-up thine period; and

second differont ramp-up characteristics during the second ramp-ap tine period,

In soms embodiments of the above motor control circutt, the Srst ramp-up
characteristics comprise first characteristios of the plurality of drive signals beginning at 8
time when the multi-phase motor is not spinning and ending at an end of the first ramnp-up
time period, wherein the first ramnp-up thne perfoed comprises a first at least one oyele of
the plurality is sinusoidal current signals, and wherein the second ramp-up cheracteristics
comprise second characteristios of the plurality of deive signals beginning at a beginuing
of the second ramp-up time perfod and ending at an ond of the second ramp-up time
period, wherein the second ramp-up tims period comprises a second at least one oyele of
the plurality of sinusoidal current signalg, wherein an end of the first at least one oycle is

conthruons in phase with a start of the second at lsast one cycle.

Tt some embodiments of the sbove reotor control oircuit, the gensrating the
pharality of drive siguals comprises:

generating the plurality of drive signals such that, at an end of the ramp-up time
period, a last one of the plurality of cycles of the sinuseidal current signal ends at a zero

current.

in some ombodiments of the above motor contrel oiraudl, the startup control
module is further configared to

10
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The motor contro! oireuit 102 can include nodes 102a-102h, Insome

embodiments, each one of the nodes 102a-102h corresponds to 8 respective integrated

WO 2014/186120

girouit pin.

8

5

818
tape, for

52

clection signal 1522 from outside of
The voliage divider 152 can be

hich, in some embodiments, can be

& usar.

14

3

ce voltage, VREF, w

The motor control cireuit 102 can include a stari-up control module 148, The start-
ve a referen

In other embodiments, the selection signal 182a can be provided by other means
and can have other characteristics. For example, 1o some other embodiments, the selection

sional 1573 can be provided fom an amplifier cutside of the motor controd cirguit 102, In
21 B 5

example, 8 voltage provided from outside of the motor control oircuit 1024

the motor control circuit 102, In some embodiments, the selection signal |
provided by the motor contrel oireudt 102 at the node 102f However, in other
smbodiments, the voltage divider 152 can be coupled to receive another vol

up conirel module 148 can be coupled to recetve a s
generated by a resistor divider 152 provided by

coupled fo reced

25



PCT/US2014/035825

WO 2014/186120

The start-up control module 148 i3 also coupled fo receive a detocted zero orarent

signal 144a indicative of a zero curront passing through the motor winding. Fusction of

the detected zero current signal 144a is described more fully below in conjunction with

TGS, 8 and 5.

15

The start-up control module 148 can be configursd to generate a start-up mode

demand signal 1488, a start-up mode theta signal 148¢, and a2 mode control signal 148b,

The start-up conirol module 148 is configured to provide the mode control signal

-

20

148 having af least two states. A frst state of the mode control signal 1485 results in the

motor control cirentt 102 performing the above-deseribed start-up mode of operation, and

a second different state of the mode control signal 148b results in the motor control circuit

102 performing the above-described normal mode of operation.

Further details of the start-up control module 148 are described below in

conjunction with FIG. 11, However, let # suffice here to say that, during the start-up

uses the start-up mode demand signal

2

made of operation, the motor control cirowt 1K

, but uses ofther sinylar signals during the

G

1484 and the start-up mwode theta signal 148

al mode of operation,
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control clreudt 102, The external speed demand signal 106 can be in one of & variety of
formate. In general the external speed demand signal 106 is indicative of g speed of the
motor 104 that {s requested from outside of the motor contrel circuit 102, The external

speed demand signal 106 is used tn the normal mode of operation,

The speed demand generator 107 {s configured to generats 2 normal mode demand
signal 107a. A 2:1 switch 156 is coupled to receive the normal mode demand signal 107a
and also the start-up mode demand signal 148a. The 2:1 switch 136 is also couypled to
receive the mode control signal 148h. A normal mode state of the mode control signal
148b causes the 2:1 switch 136 to pass the normad mode demand signal 107a through the
2:1 switch 156 as a selected demand signal 158a, while a start-up mode state of the mode
control signal 1485 causes the 3:1 switch 158 10 pass the stari-up mode demand signal

14Rs through the 211 swich 156 as the selected demand signal 1564,

The sclected demand signal 156 i received by a pulse width modulation (PWM}
generator 108, The PWM generator 108 is configured {o generate PWM signals 108, 2
mmaxinmm duty evele of which is controlled by the selected domand signal 156a, 1.6, by
the normal mode demand signal 1074 during the normal mode of operation, or by the start-

up mode demand signal 148a during the start-up mode of operation.

The PWM gensrator 108 is also coupled to receive modulation waveforms146a,
146h, 146¢ from 2 moedulation signal generation module 148, The PWM signals 108z are
generated with & modulation cheracteristic (L.e., a relative tme-varying duty oyole} in
sccordance with the modulation waveforms 146s, 146, 146c. Modulation waveforms
and associated PWM signals are desoribed more fully below in conjunction with FIG. &, 1
will become apparent from discussion below that the modulation waveforms in the nonmal
mode of operation have different characteristics than modulation wavetoros in the starb-up

mode of operation

The modulation signal generation module 146 is also coupled to receive the mode
control signal 148b and the start-up mode theta signal 148¢, which are described more

fully below,

,,,
ot
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current signal 306 is representative of g zere curvent through the motor winding A 184a. It
iz desirable that the zero crossings coincide in thne and phase. A lack of thme cofncidence

will resudt in increased motor noise and vibration, and decreased motor effictency.

A modulation waveform 322 is the same ag or similar fo the modulation wavefonm
242 of FIG, 2, Thus, when the motor I8 accelersting or rotating vapidly, it can be seen that
the cuarent signal 306 is retarded relative to the modulation waveform 322, B would be
Aesirable to advance the modulation waveform 322 (e, move the modulation wavetorm
322 fo the 1efl) to advance the current signal 306 so that & 2ero crossings of the current
signal 306 can ocour coincident or nearly cotncident with the zero orossing of the back

EMF signad 302, which is indicative of a rotational reference position of the motor 104,

In general, in the exemplary normal mede of operation, the modulation signal
generation module 146 of FIG, 1 is able to advance or retard the vanious modulation
wavelorms 146a, 146h, 146¢ in sccordance with a recaived rotational position reference
signal 142a and in sccordance with the zero current signal 144, of which the back BMF

signal 302 and the current signals 304, 306 are representative,

For conventional sinuscidal motor drive signals, such as those desertbed above in
conjunction with FIGR, 2 and 3, for reasons described above in conjunction with FIG. 1, &
is not readily possible to observe and detect 3 zoro crossing of the back EMF signal 304,
becanse sach one of the motor windings 104a, 104b, 1040 1s constantly being driven, In
order $o ohserve a back BEMF signal, it is necessary to at least momentarily stop a drive
signal to & motor winding. Thus, with s sinusoidal motor drive signal arrangemend, 1o
some smbodiments, the sinusoidal drive signal to at lesst one of the windings 1044, 104b,
104 of the motor 104 can be stopped for a small thue window in order to observe the zeve
crossing of the back BMF signal. To this end, i the motor control cireuit 102 of FIG 1, 2
contral signal 142b used in the novmal mode of operation can be provided by the position
measurement module 142 o the gate delver 118, (Other means of stopping the drives

signals described below ave used during the start-up mode of operstion.

Referring now to FIG. 4, a modulation signal generation module 407 can be used

as the modulation signal gencration module 146 of FIG. 1.

%
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As described shove, the detected position reference dgnal 414 can be genersted in

conjunction with zeve crossings of & back BMF signal using a sinusoidal drive wavelorm

by using a short time period during which the sinusoidal drive to 8 winding is stopped.

The modulation signal generation module 402 is also coupled to receive a sysiem

clock signal 416 having a fixed high frequency.

A so-called “theta ramp generator”™ 404, wsed in the exemplary nonmal mode of
operation, is coupled to receive the detecied position reference signal 414 and the system
clock signal 416, The theta ramp generstor 404 is configured to generate an unadjusted
theta signal 404a, which can be a digital signal comprised of 8 sequence of values
representative of & ramp signal that periodically reaches a terminal value and resets to
zero, The reset time of the ramp signal is fixed in relation to the position reference (Le, 8
fixed rotational position of the motor 104) of which the detected position reference signal

414 ig indicative.

Fit operation, the theta ramp generstor 404 can identify & time period, measured by
counting a numaber of system clock transitions, between position references dentified by
the detected position reference signad 414, In other words, the theta ramup generator 404
can identify & Hme (e, 8 number of transitions of the system clock signal 4163 that ¢t
takes the motor 104 to turn through one electrical rotation. The theta ramup generator 404
can divide the identified number of ransitions of the system clock 416 by a fixed scalax,
for example, by 256, Thus, a motor electrical revolution can be divided into 256 parts.
Accordingly, the clock signal 402 can have s frequency that achieves, for example, 236
fransitions during one electrical revolution of the motor. The clock signal 402 can be
generated by and wsed by the theta ramp gensrator 404 {0 generate a rate st which ramp

a2
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A processor portion of the modulation profile look up table and processor 408 can

sutomatically generate other modulation profiles 408b, 408¢ at other fixed phases, for

sxample, the modulation profiles 344, 246 of FIG. 2, which can be at fixed phases relative

15

to the modulation profile 4084, e.g., the modulation profile 242 of FIG.

Fxerpplary clrouits and methods to detect a zero cugrent through motor windings

are described below in conjunction with FIGS. 5-8. Howsver, it should be appreciated

.
i

ough a motor winding.

that other methods can be used o detect a zoro current passing th

240

FA applies to both the

]
5
:

Discussion below in conjunction with FIGS, §, SA, 6, 7 and

exemplary normal mode of operation and to the start-up mode of operation, FI

%,

urrent measure modules

and 7A are used to describe exemplary means by which the ¢

i

Lyl
:

a motor winding, However, in other

ant in

144 of FIG. 1 can detect & 7ero oury

25

eot #ere current,

can be psed to det

8

embodiments, other techutigue

Referring now to FIQ. §, three half bridge civeuits 302, 304, 506 correspond o the

122 of FIG. 1 and are shown deiving three

3

118, 12/

T4, 11/

CuEts

three half bridge civ

and through one of the

a2
fied by civcled numbers 1, 2, and 3,

5

through the half bridge cirout

Hs

motor windings. Currer

30

»

are indicated by dashed Hnes identi

ngs

motor wingt
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the half bridge

ty of a current signal in the motor winding, e.g., during

. 2, and 3 are indicative of currents at different times through
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eircuit 302 during a positive polan
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sivusoidal deive signal is used. The current signal 602 can be the sawe as or similar to the
current signal 262 of FIG. 2. As desoribed above, when a PWM drive signal is used, the

current signal 602 can appesr more complex, but the sigaal 602 is generally representative
of an average current through the winding A, The current signal has zere crossings at time

§06, 608,

A modulation signal 622 can be the same as or shivdlar to the modulation signat 242
of FIG. 2. The roodulation signal 622 can have six thme periods or phases, of which four

are shown 604a, 604b, 604c, 6044,

A PWM signal $42 can be generated, for example, by the PWM generator 108 of
FIG, 1 in accordance with the modulation wavetorm 622 and can have times of high duty
cycle 642a, 542 at Himes of peaks 622a, 6225 of the modulation waveform 622 and times
of lower duty evele at times of other portions of the modulation wavelform §22 in
accordance with values of the modulation waveform 622, The PWM signal 642 can be the
signal actually sppHed to the motor winding A 104a of the motor 104 of FIG. | fora

sinusoidal drive.

Referring now to FIG, 7, FWM pulses 702, 7027 ave indicative of the FWM pulses
642 of FIG. 6 during negative polarity portions of the curvent signal 602, A PWM pulse
T4 is indicative of the PWM pulses §42 of FIG. 6 ducing positive polarity portions of the

current signal 602,

The PWM pulses 702, 702’ have raised or fransient portions TO2b, 70e, 70207,
T02e” and steady state portions 702, 7022°, In accordance with the discussion shove in
confunction with FIGS. § and 54, #t will be appreciated that, when hoth transistors, e.g.,
FETs, of a half bridge are tumed off] a voltage VoutA appsaring on the associated motor
winding temporarily goes above the motor voltage VM, or below ground, depending upon
a polarity of the cwrrend in the motor winding, 1.2, a polarity of the curvent signal 602, It
will also be appreciated that each major edge ransttion of the PWM signals 702, 704, 700
is preceded by a short time period during which both of the FETs are tumed off)
otherwise, both FETs might simmltaneousty torg on, resulting in a short circuit between the
ruotor voltage VM and ground. Thus, when the two FETs ave tuned off, the vransient

gy
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The modulation signal generation modaole 146 can use a variety of types of logic to
identify a zero current crossing in one or mors of the motor windings. For example, in
accordance with the discossion above in conjunction with FIGS, 7 and TA, for a PWM
sinusoidal motor deive signal, the outpud signals 808a, 810s can be used to identify a
change in direction of the transient signal portions 702b, 702, 704b, 704, 702, 7020 of
the PWM signal 542, Fssentislly, the multiplexer 812 can switch 10 view the other
corpparaior whenever detection is made of a particular divrection of the transient signal

portions.

In somme embodiments, the switches are not wsed and only one motor winding is
used {0 provide signals to the comparators 808, 814, In some embodiments, only one
comparator 18 need and the multiplexer 812 {s not necessary, A variety of different types
of logic can be used by the modulation signal generation module 146 to identify a zero
crossing of 8 current through & motor winding by using the above described technigue of
detecting when a voltage on a motor winding goes above the wotor voltage VM andfor

below ground,

Referring now to FIG. 9, & graph 900 has 8 horizontal axis in units of time in
arbitrary unifs and a vertical axis with both units of pulse width modulation (FWM) duty
cyele in arbitrary units and in units of corrent in arbitrary units. The graph S0 is
representative of the above-described start-up mode of opsration followed by the above-
desoribed exemplary normal mode of operation,

3¢
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The cossting time period is described move fully below In conjunction with FIG.

14,

Referring now to FIG. 10, signals 1000 are shown with & hotizontal time seale in

arbifrary undts. A vertical scale 18 in units of current in arbitrary units.

A second ramp-up fime period can be the same as or similar {o the second ramp-up
time period of FIG. 8. A coasting time period shown in FIG. 10 can be the same as or
similar to {he coasting Hime period shown above In conjunction with FIG. 8. A nonmal
mode time period shown io FIG. 10 can be the same a8 or similar 0 the normal mode time

period shown above in conjuaction with FIG. 9.

Here, the currents in all three of the motor windings of the motor 104 of FIG. 1 are
shown at the end of the second ramp-up time poriod. As described above in conjuanetion
with FIG. 8, at the end of the second ramp-up thne period, Le., at the beginning of the
coasting Hme perfod, as soon as the current 1A in the winding A 104a is zero, all three
moetor drive signals are stopped, in which case, during the coasting time period, the current
in winding A stave at zero and the currends fn the other two windings rapidly spproach

PAGIEEN

In operation, at some time doring the coasting time period, the back EMF signal
1002 on the winding A passes through zero volis, Zevo crossing of the back EMF is
indicative of a reference rotational position of the rotation of the motor. When the zevo
voltage is detected on the winding A, all three motor drive signals ave again started
resulting in the current waveforms showsn during the normal mode of operation. In

33
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Referring now to FIG. 11, a start-up control module 1100 can be the same as or

similar to the starb-up control module 148 of FIGL 1. The starbup control modale 1100
sxsentially controls operation of the motor control oivewit 102 of FIG. 1 during the first and

second ramp-up time periods and the coasting Hme perod of FIGE. § and 10

The start-up contrel module 1100 can be coupled {o receive 8 zevo curvent signal
1120, The zero current signal 1120 can be the same as or similar to the detected zero

current signal 14da of FIGL L

The start-up control module 1100 can also be coupled o receive one or more back
FMF signals 1122, The back BMF signals can be fhis same as or similar o the back EMF

signals 150 of FIG. L

The start-up control module 1100 can also be coupled o receive a system clock

signal 1124,

The start-up control module 1100 can also be coupled to receive a selsction signal
1118s from g resistor divider 1118, The resistor divider 1118 can be the same as or

similar to the resistor divider 182 of FIG. 1.

The start-up conirol module 1100 can also be coupled to receive a motor voltage
signal 1116a from a resistor divider 1116, The resistor divider 1116 can be the same as or

similar to the resistor divider 154 of FIG. 1.

The start-up control module 1100 is configured o generate a starbup mode thels
signal 1104¢, The start-up mode thets signal 1104¢ can be the same as or similar to the
start-up mode theta sigoal 148 of FIGL 1

34
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The start-up control module 1100 is alse configured to generate & mode control

signal 1104b, The mode condrol signal 1104b can be the same as or similar to the control

signal 148b of FIG. 1.

The start-up control modale 1100 can include a switch 1110 is configored to toggle
back and forth between the motor voltage signal 1116a and the selection signal 11182 An
analog-to-digital converter 1112 is coupled to recetve an oufput signal from the switch
1110, The snalog-to-digital converter 1112 iz configured to gensrate a digital output
signal 1112a representative of at least one of the motor voltage signal 1116z or the

seloction signal 1118a

The start-up control module 1100 can include decoding logie 1114 coupled to
receive the digital signal 1112a. In response to the digitad sigoeal 11125, the decoding logic
1114 can generats a control signal 1114s ropresentative of a selected one of a plurality of
states, 1 will become apparent from discussion below, that the selected one of the
plurality of states is representative of & selocted one of & plurality of sets of parameter
values that determine characteristics of drive signals applied to the motor 104 of FIGL |
during the start-up mode of operation. Thus, one of the plurality of sets of parameter
vahues is selected in acoordance with at least one of the selection signal 11183 or the motor

vollage signal 1118a, and thersfore, by a user,

The plurality of sets of parameter values 1106 can be retained within or proximate

to the start-up contrel modude 1100, The parameter values 1106 can berelained in a
variety of ways. In some embodiments, the sets of paramneter values 1106 are retained in a
storage devics, for example, 28 ROM, a PROM, or an BEPROM. However, in order o
minimize use of silicon surface ares in fbrication of the motor control cirenit 102 of FIG.
i, in some embodiments, the parametor vahies 1106 can merely be hard wired bitg,
wherein all of the bits are available at the same time,

3
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The start-up control module 1100 can include & polse width 8lter 1102 coupled to
The zero current signal 1120 is used by the start-up theta and dermand medule 1104
Referring now to FIG. 12, & table shows ten exomplary parameters that can be used

The back FMF signal 1122 is used by the stact-up theta and demand module 1104

remove very short pulses (8., ransiont noise pulses) to provide a more clean zero ourrent

for the synchronization process at the end of the coasting Hime period described sbove in
to identify the zero current at the end of the ramp-up Hime perind, Le, the end of the start-
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