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SENSORLESS THREE-PHASE BRUSHLESS DC MOTOR DRIVE CIRCUIT

BACKGROUND OF THE INVENTION

a) Field of the Invention

This invention relates generally to motor drive circuits, and more particularly,
to drive circuits for sensorless three-phase brushless DC motors that do not require

10 the use of Hall sensors.

b) Description of the Related Art

A typical three-phase brushless DC motor has a rotor with permanent

15 magnets and a stator with three coils: U-coil, V-coil, and W-coil. As shown in FIG.
1, the rotor includes a main magnet 10 for providing the necessary torque for motor
rotation and a sub-magnet 12 for cbntrolling motor speed. Both the main magnet

10 and sub-magnet 12 have repeatedly alternating North and South magnetic

poles. The ratio of the magnetic poles on the main magnet to those on the sub-

- 20 magnet is preferably 1 to 3.

Motor rotation in a three-phase brushiess DC motor is produced by currents

flowing through the coils which create a magnetic field which, in turn, generates a



This invention rel ates generally to notor drive circuits, and nore

particul arly, to drive circuits for sensorless three phase~brushl ess
DC nmotors that do not require 10 the use of Fbll Emﬂﬁﬁg Be

b) Description of the Related Art h

brushl ess DC notor has a rotor with permanent ’ ator
wth three coils: Ucoil, V-coil, and Wcoil. As sho

rotor includes a main nagnet 10 for provi di ng the necessary torque for

not or rotation and a sub-magnet 12 for controlling notor speed. Both
t he main ghet and sub-nmagnet 12 have repeatedly alternating

Nort h andt@;’gyeﬁhﬁﬁgﬁgsescthe motor to rotate. In order to maintain t¥1e rotation in one
direction, magnetic fields from the rotor are detected with Hall sensors, and then the
direction of electric current flowing in each stator coil is changed based on the
intensity of the detected magnetic fields. This changing of the direction of electric

5 current flow is called commutation.

Three-phase brushless DC motors with three Hall sensors have been widely
used to detect magnetic field intensity. Three Hall sensors are positioned in such
a way as to ehable detection of magnetic fields from the main magnet 10 to
generate Hall signals with 120-degree phase differences. Commutation of
10 currents flowing in stator coils is performed by sequentially turning on or off drive

transistors in an-output drive circuit in response to the Hall signals.
Recently, three-phase brushless DC motors that use é single Hall sensor
have been introduced. With this technique, a single Hall sensor, which is installed
on the exterior of the motor, is used to detect the Hall signal of the sub-magnet 12
15 whose period is one-third that of the main magnet 10. The detected Hall signal
from the sub-magnet 12 is used to produce three three-phase step voltage signals
that have the same period as the Hall signal from the main magnet 10. Each Hall
signal from the sub-magnet 12 is 120 and 240 degrees out of phase with the other
two voltage signals. These three-phase step voltage signals and the Hall signal
20  from the sub-magnet 12 are used together to perform commutation by sequentially
switching the di'iving trahsistors in an output drive circuit. A technique relating to

driving a motor using either one or three Hall sensors is described in Korean Patent



poles.” The ratio of the magnetic poles on the main nmagnet to those on the
sub- 20 magnet is preferably 1 to 3. Motor rotation in a

t hr ee- phase brushl ess DC notor is produced by currents ..____flowing through
the coils which create a magnetic field which, in turn, generates a

2 torque that causes the notor to rotate. In ordel‘IhisSheaH{aeBaanR

T

A technique for driving a motor without using any Hall sensors has been

Application No. 96-37803.

introduced because using even a single Hall sensor to drive a motor increases the

motor system size and manufacturing costs. With this technique, sensorless
5 motor drive circuits utilize back-electromotive force generated by the coils of the

stator during motor rotation to drive the motor. The back-electromotive force is at

a maximum or minimum when a North and South magnetic pole boundary of the

main magnet of the rotor is aligned with the center of a stator coil. The direction of

electric current in the stator coil is reversed to perform commutation when the back-
10 electromotive force is at a maximum or minimum.

The sensorless motor driving circuits described above have several
problems. One problem is that it is difficult to detect pure back-electromotive force
due to current flowing in the coils and the inherent resistance of the coils. Even if it
is possible to detect pure back-electromotive force, another problem results when a

15 hard switching method is used to turn the drive transistors on and off in an output
drive circuit, as this method induces spikes during the switching process, thereby
worsening electromagnetic int_erference. Therefore, the above-mentioned
sensorless motor requires the use of snubbers to prevent spikes during the
switching process.

20 Accordingly, a need remains for an improved scheme for driving a three-

phase brushless DC motor.



direction, magnetic fields fromthe rotor are detected with Hall sensors,
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cal l ed commut ati on. Thr ee- phase brushl ess DC not o ﬂ \t ﬂrmﬂl‘
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intensity. Three Hall sensors are positioned in such a way as to

enabl e detection of magnetic fields fromthe main magnet 10 to

generate Hall signals wth 120-degree phase differences. Conmutation of

10 currents flowng in stﬁmmmy sequentially turning

on or off drive transistors in an output drive circuit in response to

the Hall signals. Recently, three-phase brushless DC notors
that use a single Hall sensor

Therefore, it is an object of the present invention to eliminate the need for a

Hall sensor in a brushless DC motor drive circuit
5 Another object of the present invention is to reduce electrical transients in a
drive circuit for a brushless DC motor. -

A further object of the present invention is to improve the drive
characteristics of a drive circuit for a brushless DC motor.

Yet another object of the present invention is to improve the accuracy of a

10  drive circuit for a brushless DC motor.

To accomplish these and other objects, a drive circuit for a sensorless three-
phase brushless DC motor provides improved drive characteristics by detecting
voltage changes in the stator coils and comparing the voltage changes to a tirﬁing
diagram of the back-electromotive force to control the timing of the commutation,

| 15 rather than actually detecting the back-electromotive force. The currents through
the stator coils are commutated before maximums in the back electromotive force,
thereby providing smoother motor rotation.

The drive circuit includes comparators for generating rectangular difference
signals by comparing the voltages of the stator coils, an edge detector and control

20 circuit for generating a pulse signal that is delayed from the difference signals,
signal generators for generating a trapezoidal signal and three step signals

responsive to the pulse signal, and an output control circuit for generating drive



Have been introduced. Wth this technique, a single Hall sensor, Which 7§~

installed on the exterior of the notor, is used torhdgh&eias lﬁ'&!ac'ed
signal of the sub-magnet 12 15 whose period is one-third In
magnet 10. The detected Hall signal fromthe sub- maH M UJ' HES to
produce three three-phase step voltage signals t hat
period as the Hall signal fromthe main nagnet 10. Each Hall si gnal
fromthe sub-magnet 12 is 120 and 240 degrees out of phase with the other
two vol tage signals. These three-phase step voltage signals and the Hall
signal 20 fromthe sub-magnet 12 are used together to perform comutation
by sequensgigaalsyfor a commtatehdrive cifeuitirespongiverthndrapezoidal stem sianalut By i ve
circuit. Atechnique relating to driving a notor using either one or
t hr ee Hal $etting the voltage differebess betwésnethe fPapezdidal and step signals to values
less than the Hall bias level, the drive signals can be made to change linearly,
thereby providing soft switching of the transistor switches in the commutator drive
5  circuit.
The present invention is directed to a sensorless three-phase brushless dc
motor driving circuit that performs soft switching during the commutation process
and does not rely upon the sensing of back-electromotive force.
One aspect of the present invention is a drive circuit for a sensorless three-
10 phase brushless DC motor, comprising: a comparator for comparing the voltages of
stator coils during motor rotation and generating a rectangular difference signal; an
edge detector coupled to the comparator for detecting edges of the rectangular
difference signal and generating a first pulse signal; a timing circuit coupled to the
edge detector for generating a second pulse signal responsive to the first pulse
15 signal; a signal generator coupled to the timing control circuit for generating first,
second and third step signals and a control signal responsive to the second pulse
signal; and a commutator coupled to the signal generator for commutating the
currents flowing in the stator coils responsive to the differences between the control
signal and each of the step signals.
20 Another aspect of the present invention is a method for driving a sensorless

three-phase brushless DC motor, the method comprising: generating a rectangular

difference signal by comparing the voltages of stator coils during motor rotation;
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3 ' Application No. 96-37803. A techni que—for driving a
not or without using any Hall sensors has been - |ntroduced b

using even a single Hall sensor to drive a notor inc glgxestﬁ’a m)tor
system si ze and manufacturing costs. Wth this techni qm‘ m%

notor drive circuits utilize back-el ectronotive force

coils of the stator during notor rotation to dri e notor. The
back-el ectronotive force is at a maxi mum or m ni mum when a North and

Sout h magnetic pol e boundary of the

generating a first pulse signal respons.ive to edges of the rectangular difference
signal; generating a second pulse signal by delaying the first pulse signal:
generating first, second and third step signals responsive to the second pulse
signal; generating a control signal responsive to the second pulse signal; and
5 commutating currents flowing in the stator coils responsive to the difference
between the control signal and each of the step signals,
In a preferred embodiment, the duty cycle of the second pulse signal is 50
percent; the control signal swings between an above-Hall bias voltage and a
below-Hall bias voltage during each period of the second pulse signal; each step
10 signal has a signal period which is three times the period of the second pulse signal;
each step signal is 120 and 240 degrees outl of phase with the other two step
signals; and each step signal has a standard voltage state, an above standard-
voltage state, and a below-standard state during each period.
Another aspect of the present invention is method for driving a sensorless,
15 brushless DC motor having stator coils; the method comprising: detecting voltage
changes in the stator coils; comparing the voltage changes to a timing diagram of
back-electromotive force for the motor: ahd commutating current to the stator coils
responsive to the difference between the back-electromotive force and the voltage
changes. The method can further include commutating the current to the stator
20 coils before extreme points in the back-electromotive force, thereby providing
smoother motor rotation.

Yet another aspect of the present invention is a drive circuit for a sensorless,



“mai n magnet of the rotor is aligned with the center of a stator coil.- The

direction of el ectric current in the stator coil eversed to
perform comut ati on when the back- 10 el ectronot i orce S cd8BXi mum
or m ni mum The sensorless notor driving C|§&amm53 bed
above have several probl ens. One problemis t hats t to
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coils and the inherent resistance of the coils. Even |

possi ble to detect pure back-electronotive force, anot her probl em resul ts
when a 15 hard switching nethod is used to turn the drive transistors on
and of f birushieseR@unotor having istator icodeicomprisingii @ mm(ﬂmﬁmd@e&sgﬂges
during the switching process, thereby wor seni ng el ectromagnetic
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requires the use of snubbers to prevent spikes during the

diagram of back-electromotive force in the motor; an output control circuit coupled

to the control circuit for generating drive signals responsive to the difference

5 between the back-electromotive force and the voltage changes; and an output drive

circuit coupled to the control circuit for commutating current to the stator coils
responsive to the drive signals.

The foregoing and other objects, features and advahtages of the invention

will become more readily apparent from the following detailed description of a

10 preferred embodiment of the invention which proceeds with reference to the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

15 FIG. 1 is a diagram of rotor magnets on a brushiess DC motor. -
FIG. 2 is a circuit diagram of an embodiment of a drive circuit for a three-
phase sensorless brushless DC motor according to the present invention.
FIG. 3 is a circuit diagram of an embodiment of the output control circui_t of
FIG. 2.

20 FIG. 4 is a timing diagram illustrating timing signals of the drive circuit of FIG.
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DETAILED DESCRIPTION

The present invention will now be described more fully hereinafter with
reference to the accompanying drawings, in which preferred embodiments of the

5 invention are shown. This invention may, however, be embodied in many different
forms and should not be construed as limited to the embodiments set forth herein;
rather, these embodiments are provided so that this disclosure will be thorough and
complete, and will fully convey the scope of the invention to those skilled in the art.
Like numbers refer to like elements throughout.

10 FIG, 2 is a circuit diagram of an embodiment of a drive circuit for a three-
phase sens.orless brushless DC motor according to the present invention. A
comparator 20 includes first, second and third comparing devices 22, -24 and 26.
The first comparing device 22 compares the voltage VU of the U-coil and the
voltage VV of the V-coil and generates a first rectangular voltage difference signal

15 UV_OUT. The second comparing device 24 compares the voltage VV of the V-coil
and the voltage VW of the W-coil and generates a second rectangular voltage
difference signal VW_OUT. The third comparing device 26 compares the voltage
VW of the W-coil and the voltage VU of the U-coil and generates a third rectangular
voltage difference signal UW_OUT. |

20 A positive edge detector 30 detects positive edges of the first, second and
third rectangular voltage difference signals' UV_OUT, VW_OUT and UW_OUT from

the first, second, and third comparing devices 22, 24 and 26, respectively, and



Therefore, it is an object of the present invention to elininate the need _

for a Hal | sensor in a brushless DC notor drive citeuit—"5"
Anot her object of the present invention is to reduce el ectrlé;nal

in a drive circuit for a brushless DC notor.
. object of the present invention is to inprove the drive \“ \ \“ “‘ﬂ“
characteristics of a drive circuit for a brushless DC m)tor

Yet anot her object of the present invention is to inprove the accuracy of a
10 drive circuit for a brushless DC notor. - To acconplish these

and other objects, a drive circuit for a sensorless three- phase

br ushl essoutputsa ﬁrstmulm sigaali br oAithipugh 3 positivne sdgerdelectos hag bgen éléed 1y

vol tage changes in the stator coils and conparing the voltage changes to a
timng this embodiment, a negative edge detector can also be used for purposes of the

present invention.
A timing and duty cycle control circuit 40 generates a second pulse signal P2
5 by delaying the first pulse signal Pl by thirty (30) degrees and then making on and
off times of the first pulse signal P | substantially equal to each other, i.e., makes the
duty cycle of the first pulse signal 50 percent. The on time is the pulse width and
the off time is the level state of the signal during each signal period. -
A step voltage generator 50 generates first, second and third step voltage
10 signals U-Stair, V-Stair and W-Stair, in response to the second pulse signal P2.
The step voltage signals all have a signal period which is three times that of the
second pulse signal P2, Each step voltage signal is at an above-standard voltage
for one period from a rising edge of the second pulse signal P2, a standard voltage
V,; for a half period of the second pulse signal P2, a below-standard voltage for one
15 period of the second pulse signal P2, and the standard voltage V,, again for a half
period of the second pulse signal P2. The three step voltaée signals U-Stair, V-
Stair and W-Stair are identical to each other except that each is 120 and 240
degrees out of phase with the other two step voltage sighals.
A trapezoidal voltage generator 60 receives the secpnd pulse signal P2 and
20 generates a trapezoidal voltage signal which has the same signal period as the
second pulse signal P2. The trapezoidal signal swings between a voltage that is

below the Hall bias voltage to a voltage that is above the Hall bias voltage during



di agram of the back-el ectronmotive force to control the ti mng of the—

‘commut ation, 15 rather than actually detecting tHe back- el ectronoti ve
force. The currents through the stator coils ar g%@@&dle@e&emre

maxi muns in the back el ectronotive force, there ot her
notor rotation. The drive circuit incl ude%[ﬂ“ﬂ‘ m
generating rectangul ar difference signals by co ages
of the stator coils, an edge detector and control 20 <circuit for
generating a pulse signal that is del ayed fromthe di fference signals,
signal generators for generating a trapezoidal nal and three step
si gnal s each pededontsfewmbiy frome vgéhellgaihblaSaM@i age tuepovedbst Hall l‘@s cuit
for generating drive
voltage during the on-time of the second pulse signal P2 and then from above the
Hall bias voltage to below the Hall bias voltage during the off-time of the second
pulse signal P2. The phase of the second pulse signal P2 can be reversed to have
5 the trapezoidal signal TZ swing from below the Hall bias voltage to above the Hall
bias voltage during the off-time of the second pulse signal P2.
An output control circuit 70 has first, second and third differential amplifiers
72, 74 and 76 and uses them to generate first and second current odtputs Icl and
1¢2, third and fourth current outputs Ic3 and Ic4, and fifth and sixth current outputs
10 Ic5 and Ic6, respectively, as shown in FIG. 3. Each of the first, second and third
differential amplifiers 72, 74 and 76 receive the first, second and third step voltage
signals U-Stair, V-Stair and W-Stair, respectively, at one input and the trapezoidal
voltage signal TZ at the other input. The differential amplifiers 72, 74 and 76
generate the current outputs lc1 to Ic6 in response to the voltage difference
15  between their respective inputs.
An output driving circuit 80 has six drive transistors Ql to Q6 as shown in FIG
2. The drive transistors Q1 to Q6 are sequentially turned on and off using the
current Outputs Ic1 to Ic6 as switching signals to perform commutation for driving a
motor.
20 Soft switching of the six drive transistors Q1 to Q6 of the output drive circuit

80 is possible only when the current outputs Ic1 to Ic6, which are used as switching

signals of the driving transistors Q | to Q6, are increase or decrease linearly.

10
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5 - signals for a commutator drive circuit responswe the trape20| dal

step signals, By setting the voltage d|fferencesmbs&mﬂhmB@h&wth
trapezoi dal and step signals to val ues | ess than [t | evel ,
the drive signals can be made to change linearly, J d|ng
soft switching of the transistor switches in the conmut r|ve

circuit. The present invention is directed to a- sensorless

t hr ee- phase brushl ess dc notor driving circuit that perforns soft

swi tching during the commutati on process

Generally, the current outputs of a differential amplifier increase or decrease linearly
when the voltage difference between its two inputs is within 100mV, i.e., within four
times the thermal Voltage 4V; = 100mV).. In other words, soft switching of the six
drive transistors QI to Q6 is possible when the voltage difference between the step

5 voltage signals and trapezoidal voltage signal, which is a Hall bias signal, is within
100mV.

A motor drive circuit constructed in accordance with the present invention is
designed to begin commutation sixty (60) degrees before the maximum and
minimum points of the back-electromotive force rather than the maximum and

10 minimum points of the back-electromotive force as in the conventional technique.
The positive edge detector 30 delays the first pulse signal Pl by thirty (30) degrees
in order to ensure that the voltage differences between the step voltage signals and
the trapezoidal voltage signal that are to the differential amplifiers 72, 74 and 76 are
within £50mV of the Hall bias during this new commutation interval.

15 FIG. 4 is a timing diagram illustrating timing signals of the sensorless three-
phase brushless DC motor driving circuit of FIG. 2, wherein commutation is
performed in reference to minimum points of the back-electromotive force signals.
It should be noted that commutation could be performed in reference to maximum
points of the back-electromotive force signals for purposes of the present invention.

20 Referring again to FIG. 4, the first pulse signal P1, which is generated by
comparing, the voltages VU, VV and VW of the stator coils, is at a high level when

the back-electromotive force signals UB-EMF, VB-EMF and WB-EMF are at

11



and does not rely upon the sensing of back-electro Jve force

Gne aspect of the present invention is a drive circ aaB%RspHcEdass
three- 10 phase brushless DC notor, conprising: a c

onpari ng
t he vol t ages of stator coils durlng not or rotat tlng a
rectangul ar difference signal; an edge detector couple to

conparator for detecting edges of the rectangular di fference SI gnal
and generating a first pulse signal; a timng circuit coupled to the
edge detector for generating a second pul se signal responsive to the first
pul se 15 sjgnal; a signal generator coupled to the timng control circuit
for genereﬂmﬂﬂuﬂ’ﬂi values.” These arerthestimes twhen & epagrieficapeleabalndary rafr thie
signal responsive to the second pul se signal; and a conmut at or _
coupl ed t permanenymagnegtiscalighed with tfﬁ%ﬁlﬂéﬁéﬂa@tdtdiecoil. currents flow ng

Iin the stator coils responsive to the differences between the control

However, the sensorless three-phase brushless DC motor driving circuit of
FIG 2 is designed to begin commutation at sixty (60) degrees before the minimum

5  points of the back-electromotive signals. The step voltage signals U-Stair, V-Stair
and W-Stair and the trapezoidal signals TZ are generated so as to allow soft
switching at this new interval. The differential amplifiers 72, 74 and 76 of the
output control circuit 70 are driven by the voltage differences between the step
voltage signals U-Stair, V-Stair and W-Stair and the trapezoidal signal TZ.

10 By using the voltage differences between the step voltage signals and the
trapazoidal signal, it is possible to perform commutation within =50mV of the Hall
bias, i.e., during the interval immediately before and after the trapezoidal signal TZ
crosses the Hall bias. There are two such intervals in each period of the
trapezoidal signal TZ. If commutation is performed at these mements, the cail

15 currents IU, IV and IW in the stator increase or decrease linearly.

In the embodiment described above, the trapezoidal signal TZ is used as an
input to the differential amplifiers 72, 74 and 76. However, it is possible to use any
signal which increases linearly from below-Hall bias to above-Hall bias and
decreases linearly from above-Hell bias to below-Hall bias, as the Hall-bias voltage.

20  For example, a triangular signal TA, which increases linearly from below-Hall bias to

above-Hall bias during the on-time of the second pulse signal and decreases

linearly from above-Hall bias to below-Hall bias during the off-time of the second

12
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signal - and each of the step signals. 20 Anot/gr/&gpﬁct “of the
present invention is a nethod for driving a sensorless e‘;maSe
brushl ess DC notor, the method conprising: generating mssmt

di fference signal by conparing the voltages of stator c or

rotation;
generating a first pul se signal responsive to edges of t e rect angul ar

di fference

pulse signal, can be used in place of the trapezoidal signal TZ.

A sensorless three-phase brushless DC motor drive circuit constricted
according to the present invention allowé soft switching of motor drive transistors so
the system size and manufacturing costs can be reduced since a Hall sensor is not

5 required. A drive circuit constructed in accordance with the present invention also
provides reliable motor drive characteristics.

Having described and illustrated the principles of the invention in a preferred
embodiment thereof, it should be apparent that the invention can be modified in
arrangement and detail without departing from such principles. We claim all

10 modifications and variations coming within the spirit and scope of the following

claims.

13



Sighar; generating a second pul se signal by delaying the first pulse

signal ; generating first, second and third step signals responsive to
t he second pul se signal; generati control signal responsive to

the second pul se signal; and 57 conmut at i n acreénts flowng in the
stator coils responsive to the di f{.hesrmmﬁas tween the control signal
and each of the step signals, eferred enbodi nent, the
duty cycle of the second pul se.si gn \m percent; the cont rol
si gnal sw ngs between an above- Hal | S vol tage and a_____ FowHal T

bi as voltage during each period of the second pul se si gnal I‘m)
signal ha tds Glaimedy i od which is three tines the per| \! g\m ““
pul se signal; each step signal is 120 and 240 degr phast
with the other two step signals; and each step si gnal has a standard
vol tage state, an above standard- _
1. A drive circuit for a sensoriess three-phase brushless DC motor,
comprising;
5 a comparator for comparing the voltages of stator coils during motor rotation
and generating a rectangular difference signal;
an edge detector coupled to the comparator for detecting edges of the
rectangular difference signal and generating a first pulse signal;
a timing circuit coupled to the edge detector for generating a seeond pulse
10 signal responsive to the first pulse signal;
a step signal generator coupled to the timing control circuit for generating
first, second and third step signals responsive to the second puise signal;
a control signal. generator coupled to the timing control circuit for generating
a control signal responsive to the second pulse signal; and
15 a commutator coupled to the step signal generator and control signal

generator for commutating the currents flowing in the stator coils responsive to the

differences between the control signal and each of the step signals.

2. A drive circuit according to claim 1 wherein the timing circuit generates

20 the second pulse signal by delaying the first pulse signal.

3. A drive circuit according to claim 1 wherein the timing circuit generates

14



Vol tage state, and a bel ow st andard state during each peri od.
Anot her aspect of the presennigg},g&ﬁgsi n is nmethod for driving a sensortess,

15 brushl ess DC notor havi ng *88 Replacgdne et hod -cerprisi ng:
detecting vol tage chang{ammH'"” f)r coils; co i “““\\‘m“\age
changes to a timng diagramo ectronoti v*mggﬂ‘ .
notor; and commutating current to the stator coils . penskve®to the
di fference between the back-el ectronotive force and the vol tage

changes. The nethod can further include commutating the current to the
stator 20 coils before extrene points in the %%-el ectronotive force,

t hereby pfh@segrng pulse signabsusB thabthe ondimge; ime of the segand,RUisRer

aspect of the present invention is a drive circuit for a sensorless,
signal are equal.

4. A drive circuit according to claim 1 wherein the step signal generator
5 generates the step signals such that eaéh step signal:
has a signal period that is three times the period of the second pulse signal;
is 120 and 240 degrees out of phase with the other two step signals; and
has a standard voltage state, an above standard-voltage state, and a below-
standard state in each period.
10
5. A drive circuit according to claim 1 wherein the control signal generator
generates the control signal such that the contft;)l signal swings between an above-
Hall bias voltage and a below-Hall bias voltage during each period of the second
pulse signal.
15
6. A drive circuit according to claim 1 wherein the control voltage signal
linearly increases from a below-Hall bias voltage to an above-Hall bias voltage
during the on-time of the second pulse signal and linearly decreases from ah
above-Hall bias voltage to a below-Hall bias voltage during the off-time of the

20 second pulse signal.

7. A drive circuit according to clam 6 wherein the control signal is a

15



7 brushl ess DC not or hwmgs.t_ator coils corrprlsmg a control

circuit for sensing vol tage changes T the stator coils and conparing
the voltage changes to a tim r:@lssheetHasﬂEe%g{r m of back-el ectronotive force
in the notor; an out put control to the control
circuit for generati ng drive 5| ve to the difference 5

bet ween the back- el ectrom)tive voI t age—changes;” “and an out put

drive circuit coupled to the cont roI circuit fo “m“nﬁlﬁﬂllrent
to the stator coil's responsive to the drive si g”zm“nl‘l
%* [ L M S *

trapezoidal voltage signal.

8. A drive circuit according to claim 1 wherein each of the step signals

maintains an above-standard voltage level for a first period of the second pulse

5 signal, a standard voltage level for a next half period'of the second pulse signal, a
below-standard voltage level for the next period of the second- pulse signal, and

standard voltage level for the next half period of the second pulse signal.

9. A drive circuit according to claim 1 wherein the commutator comprises
10 three differential amplifiers, each amplifier coupled to receive the control signal and

one of the step signals.

10. A drive circuit for a sensorless three-phase brushless DC motor,
comprising:
15 a comparator for comparing the voltages of stator coils during motor rotation
and generating a rectangular difference signal;
an edge detector coupled. to the comparator for detecting edges of the
rectangular difference signal and generating a first pulse signal;
a timing circuit coupled to the edge detector for generating a second pulse
20 signal responsive to the first pulse signal;
a signal generator coupled to the timing control circuit for generating first,

second and third step signals and a control signal responsive to the second pulse

16



'The~f'oregoi ng and ot her objects, features and advantages of the invention

W Il becone nore readily apparent fromthe follow ng detail ed description
of a 10 preferred enbodi nent of the |mmgétggggggﬂlg laproceeds with
reference to the acconpanyi ng dr aW|

BRI EF DESCRI PTI ON OF THE DRAW NGS 15 a diagram of rotor

magnets on a brushi ess DC not or. H&mﬁl' ‘a circuit di agram of
an enbodi nent of a drive circuit for a three- phase Hmm"llnamll"m "l"'
brushl ess DC notor according to the present invention.
Is acircuit dia dgram of an enmbodi nent of the output control “ci fecutt 'of °
signal; an
a commutator coupled to the signal generator for commutating the currents
flowing in the stator coils responsive to the differences between the control signal

and each of the step signals,

5
11. A method for driving a sensorless three-phase brushless DC motor, the
method comprising:
generating a rectangular difference signal by comparing the voltages of
stator coils during motor rotation;

10 generating a first pulse signal responsive to edges of the rectangular

difference signal;
generating a second pulse signal by delaying the first pulse signal;
generating first, second and third step signals responsive to the second
pulse signal;

15 generating a control signal responsive to the second pulse signal; and
commutating currents flowing in the stator coils responsive to the difference
between the control signal and each of the step signals.

12. A method according to claim 11 wherein:
20 the duty cycle of the second pulse signal is 50 percent;

the control signal swings between an above-Hall bias voltage and a below-

Hall bias voltage during each period of the second pulse signal;

17



FIG 2. 20 FI G 4|sat gramlllustratlngtlmng signal s
.of the drive circuit of FIG

heetH ‘DESCRI PTION ~ — _The
present i nvention .wu Il now be m\‘\mm m fully herei nmﬂlﬂllllﬂﬂ H”

each step signal has a signal period which is three times the period of the
second pulse signal,
each step signal is 120 and 240 degrees out of phase with the other two stop
signals; and
5 each step signal has a standard voltage state, an above standard-voltage

state, and a below-standard state during each period.

13. A method for driving a sensorless, brushless DC motor having stator
coils, the method comprising:
10 detecting vo'ltage changes in the stator coils;
comparaing the voltage changes to a timing diagram of back-electromotive
force for the motor; and
commutating current to the stator coils respbnsive to the difference between
the back-electromotive force and the voltage changes.
15 '
14. A method according to claim 13 further including commutating the
current to the stator coils before extreme points in the back-electromotive force,

thereby providing smoother motor rotation.
20 156. A method according to claim 13 further including:

generating a step signal responsive to the voltage changes;

generating a sloping signal responsive to the voltage changes; and

18



reference to the acconpanyi ng dr awi ngs, —i-A Wi ch preferred enbodi nents of
t he 5 invention are shown Mentlon however, be enbod_,e;L_l_n__._-

many different forns and sh%aL construed as |inm
enbodi nents set forth herei rﬂ\;;msﬁ‘f“"e t hese enbodi ne ‘“u m ﬂﬂ
so that this disclosure wll “ conpl et

convey the scope of the invent Se skllled in the art.
nunbers refer to |ike elements throughout. FIG 2 is a ci rcwt
di agram of an enbodi nent of a drive circuit for a three- phase
sensorl ess brushl ess DC notor according to the present invention.
conpar at or 20 ¢9mabiningsthe;step signat and the sloping sigbahiyih .arfyffa@mlébampbferm and
26. The first conparing device 22 conpares the voltage VU of the
U-coi | and t hewherein theodiffegendd’ bétween thestop signal gaddheatstoping fsigral is low
rectangul ar voltage difference signal

enough to cause the output of the differential amplifier to change linearly, thereby

providing soft switching of switches for commutating the current to the stator coils.

16. A drive circuit for a sensorless, brushless DC motor having stator coils
comprising:
a control circuit for sensing voltage changes in the stator coils and comparing
| the voltage changes to a timing diagram of back-electromotive force in the motor;
10 ' an output control circuit coupled to the control circuit for generating drive
signals responsive to the difference between the back-electromotive force and the
voltage changes, and
an output drive circuit coupled to the control circuit for commutating current
to the stator coils responsive to the drive signals.
15 |
17. A drive circuit according to claim 16 wherein the control circuit includes

a comparator circuit for comparing the voltage changes in the stator coils.
18. A drive circuit according to claim 16 wherein the control circuit causes

20 the output drive circuit to commutate the current to the stator coils before extreme

points in the back-electromotive force, thereby providing smoother motor rotation.

19



15 UV_OUT. The second conparing device 24 corrpar es the voltage Wof t he

V- coi | and the voltage QfShéeh@as‘ﬂééﬁmetlaoamd generates a-seconid
rectangul ar voltage di ffer QUT. The t W‘\o
devi ce 26 conpares the voltage mﬂgﬂm Wcoil an ﬂ‘\gﬁ& ﬁ‘“ﬂ“‘l f
the U-coil and generates a thi rd vol ta eremce’
signal UWOUT. 20 A positive edge detector 30 detects positive edges
of the first, second and third rectangul ar voltage difference signals
Uv_OUT, VW.OUT and UWOUT from the first, second, and third conparing

devi ces 22, 24 and 26, respectively,
19. Adrive c1rcwt according to c|a|m 16 wherein:

the output drive circuit includes switches for commutating the current to the

stator coils; and

the output control circuit generates drive signals that change linearly, thereby

5  providing soft switching of the switches.

20



9 outputs a first pulse signal PlL. A though a positive-edge detector

has been used in this enbodi nent, a negaf"ve edge detector can al so
be used for purposes of the present i nvent IrﬁpsheetHaSBeenReplace A timng
and duty cycle control circuit 40 generates a sec | P2 5
by delaying the first pulse signal Pl by thirty (3 t hen
maki ng on and off times of the first pulse s I Substantial ly
equal to each other, i.e., nakes the duty cycle of the first pulse
signal 50 percent. The on tine is the pulse wi dth and the off time is

the level state of the signal during each signal period.

ABSTRACT OF THE DISCLOSURE

A drive circuit for a sensorless three-phase brushless DC motor provides

5 improved drive characteristics by detecting voltages changes in the stator coils, and
then comparing the voltage changes to a timing diagram of the back-electromotive
signal to commutate the current through the stator coils before maximums in the
back-electromotive force, thereby providing smoother motor rotation. The drive
circuit includes comparators for generating rectangular difference signals by

10 comparing the voltage of the stator coils, an edge detector and control circuit for
generating a pulse signal that is delayed from the difference —signals, signal
generators for generating a trapezoidal signal and three step signals responsive to

the pulse signal, and an output control circuit for generating drive signals for a
commutator drive circuit responsive to the trapezoidal step signals. By setting the

15 voltage differences between the trapezoidal and step signals to values less than the
Hall bia;s level, the drive signals can be made to change linearly, thereby providing

soft switching of the transistor switches in tile commutator drive circuit.

21



A step voltage generator 50 generates first, second and third step voltage
10 signals U-Stair, V-Stair and WStair, in response to the second pul se
si gnal P2. The step vol tage signals all have a signral period which is
three tines that of the second pul se_signrat—P2, Each Lep vol t age
signal is at an above-standard voltage for, onRgsper roma rising
edge of the second pul se signal P2, a standaris ‘\\ “V[ err] for a
hal f period of the second pulse signal P2, a b ol tage for one
15 period of the second pul se signal P2, and t ard voltage V[err]

again for a half period of the second pul se signal P2. The three step
vol t age si ?tz Stair, V- Stair and WStair are identical to each
ot her excea? al each is 120 and 240 degrees out of phase with the
other two step voltage signals. A trapezoi dal vol tage generator

60 receives the second pul se signal P2 and

10 -
=~ S N S N
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20 “generates a trapezoi dal voltage signal which has the sane signal period
as the second pul se signal P2. The trapezoidal signal_s
a voltage that is bel ow the Hal |l bias wveltage ’toavoltagethat S
above the Hall bias voltage during

; t a Been Replaced
10 each period, preferably from bel ow t tage to above
the Hall bias vol tage during the on-ti mjamg %wmul se signal
P2 and then from above the Hal | bias volt e Hall bias

vol tage during the off-time of the second

FIG.2

10
| |
NN Trapezoidal [——40
s ! 2{}0 25 voltage generator
1“1 |ovour
1 ! | Positive edge Timing dut Step voltage
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pul se signal P2. The phase of the second pul se signal P2 can be reversed to
have 5 the trapezoidal signal TZ swing frombelow the Hall bias voltage
to above the Hall bi as vol tage during the off=time—of—the-second

pul se signal P2. An output control circuit 70 has first,
72Th13'&hea1rfﬁusB&n cbl:Ees t hem

second and third differential anplifiers

to generate first and second current outputs |cl h| rd and

fourth current outputs Ic3 and Ic4, and fifth and ut_puts 10
as shown in FIG 3. Each second

| c5 and | c6, respectively,

and third ﬂfferentlal anplifiers 72, 74 and 76 recelvethefirst_,
second and thF] s p vol tage signals U-Stair, V-Stair and WStair,
respectively, at one input, and the trapezoidal vol tage signal TZ at
the other input. The di fferenﬁl aI arrpluy Egpq 7 d ;76 generate
the current outputs Ick ta H:Gu n '<a$ponE Bﬂ@’ﬂ%ﬁé‘&@@ge di T ference
\ N\ A TN A , S
{ ::/ \::(! .:/ \./ fs 5 \/r \-w’"
AN AN AN NN A N LA
i) f 3 y 2
\-.. / \ \/ f / t Al
X { ) % E NN/ NS
|\,_:_,/ NoLi \\ ,/ ‘\___/‘} N1 \\ / -\L-_-/)u._\ ,\,\\
| i SRR
SRGnGhananan anane
b~ - N e i ]
) ']r ' » -\ﬂJ\i-\ - \-\r_J\
- bl |
P4 3<‘-f"\(“y-' NN AN A
AWML ALA LS
N/ /i \‘\ \/ /] AN > \// !I )
UV_OUT
uv_our
e L
] !
PE' |
U-Stair
Vref
V-~Stair |
Vref
- W-Stair | ;
, ref
TA
! Hall Bias
TZ :
-\E Hall Bias




15 between their respective inputs. An out put drivi

80 has six drive transistors Q to @ as shown in FIG 2. TW{)
transistors QL to @ are sequentially turned on and off using the

current Qutputs lcl to Ic6 as sw tching signalfg™ rr@mﬁp quglogt;'ror
pagegal"y

?; 'aX'ngt gr s QLt (r)mbgr of tzge out put gﬂ E/fSY:V: £EB| es““p“%s'éd ﬁs Paeged i
when the current outputs Icl to | c6, whtch are EPEEG) sy t%&?‘ﬁ to
signals of the driving transistors Q1 to G, aﬂemﬁ‘ﬂmé@%e l?i’rge‘éiecf“éﬁ%gédg
li nearly. J& Abstract : paged .. 1o paged
 DATE OF RECEIPT 34278
SENSORLESS THREE-PHASE BRUSHLESS DC MOTOR DRIVE CIRCUIT
BACKGROUND OF THE INVENTION
5
a) Field of the Invention
Thi;inv_ention relates generally to motor drive circuits, and more particularly,
to drive circuits for sensorless three-phase brushless DC motors that do not require
10 the use of Hall sensors.
b) Description of the Related Art
A typical three-phase brushless DC motor has a rotor with permanent
15 magnets and a stator with three coils: U-coil, V-coil, and W-coil. As shown in FIG.
1, the rotor includes a main magnet 10 for providing the necessary torque for motor
rotation and a sub-magnet 12 for controlling motor speed. Both the main magnet
10 and sub-magnet 12 have repeatedly alternating North and South magnetic
poles. - The ratio of the magnetic poles on the main magnet to those on the sub-
20 magnetis preferably 1 to 3. |

Motor rotation in a three-phase brushless DC motor is produced by currents
flowing through the coils which create a magnétic field which, in turn, generates a
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General ly,: the current outputs of -a differential anplifier increase or

decrease linearly when the voltage difference between its two inputs
is.within 100nV, i.e., within four times the thermal voltage (4V[err]
= 100mV). In other words, soft switching of the six drive transistors

Q to B is possible when the voltage difference between the step 5
vol tage signals and trapezoi dal voltagezsignal, which is a Hall bias
signal, is within .100nV. —=~ A notor drive circuit
constructed in accordance with the present invention is designed to
begin commutation sixty (60) degrees before the nmaxi mum and
‘torque that causes the motor to rotate.” In order to maintain the rotation in one
direction, magnetic fields from the rotor are detected with Hall sensors, and then the
direction of electric current flowing in each stator coil is changed based on the
intensity of the detected magnetic fields. This changing of the direction of electric
s current flow is called commutation.
Three-phase brushless DC motors with three Hall sensors have been widely
used to detect magnetic field intensity. Three Hall sensors are positioned in such
a way as to enable detection of magnetic fields from the main magnet 10 to
generate Hall signals with 120-degree phase differences. Commutation of
10 currents flowing in stator coils ié performed by sequentially turning on or off drive
transistors in an output drive circuit in response to the Hall signals.
Recently, three-phase brushless DC motors that use a single Hall sénsor
have been introduced. With this technique, a single Hall sensor, which is installed
on the exterior of the motor, is used to detect the Hall signal of the sub-magnet 12
15 whose period is one-third that of the main magnet 10. The detected Hall signal
from the sub-magnet 12 is used to produce three three-phase step voltage signals
that have the same period as the Hall signal from the main magnet 10. Each Hall
signal from the sub-magnet 12 is 120 and 240 degrees out of phase with the.other
two voltage signals. These three-phase step voltage signals and the Hall signal
20 from the sub-magnet 12 are used together tb perform commutation by sequentially

switching the driving transistors in an output drive circuit. A technique relating to

driving a motor using either one or three Hall sensors is described in Korean Patent
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m ni mum poi nts of the back-el ectronotive force rather than the maxi num and
10 mninmum points of the back-el ectronotive force as in the conventi onal
techni que. The positive edge detector 30 delays the first pul se
signal Pl by thirty (30) degrees in order to ensure that the voltage
di fferences between the step voltage signals and t he trapezoi dal
voltage signal that are to the differential anplifiers 72, 74 and 76 are
wi thin 50nV of the Hall bias during thi ew conmutation interval. 15
FIG 4 is atimng diagramillustrating timng signals of the sensorless

t hr ee- phase brushless DC notor driving circuit of FIG 2, wherein
commut at i Rpli€ation No. 9828¥808®ed in reference to m ni mum points of the
back- el ectronotive force signals. It should be noted that conmutation

Co P e e i Ry o, uspoPdh SAClerhs, o ey
. introduced because using even a single Hall sensor to drive a motor increases the
motor system size and manufacturing costs. With this technique, sensorless
5 motor drive circuits utilize back-electromotive force generated by the coils of the
stator during motor rotation to drive the motor. The back-electromotive force is at
a maximum or minimum when a North and South magnetic pole boundary of the
main rﬁagnét of the rotor is aligned with the center of a stator coil. The direction of
electric current in the stator coil is reversed to perform commutation when the back-
10 electromotive force is at a maximum or minimum.

Thé sensorless motor driving circuits described above have several
problems. One problem is that it is difficult to. detect pure back-electromotive force
due to current flowing in the coils and the inherent resistance of the coils. Even if it
is possible to detect pure back-electromotive force, another problem results when a

15 hard switching method is used to turn the drive transistors on and off in an output
drive circuit, as this method induces spikes during the switching process, thereby
worsening electromagnetic interference. Therefore, the above-méntioned
sensorless motor requires the use of snubbers to prevent spikes during the
switching process.

20 Accordingly, a need remains for an improved scheme for driving a three-

phase brushless DC motor.
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20+ Referr.ing ‘agai nto FIG 4, the first pulse signal P1, which ié

gener ated by conparing, the voltages VU Wand VWof the stator
cojls, is at a high | evel when t he back-el ectronotive force signals
UB- EMF, VB-EMF and WB- EMF are at -

12 m ni nrum val ues. These are the tinmes when a nmagnetic pol e boundary
of the permanent nmagnet is aligned with the center of a stator coil.

SUMMARY OF .THE INVENTION

Therefore, it is an object of the present invention to eliminate the need for a

Hall sensor in a brushless DC motor drive circuit
5 Another object of the present invention is to reduce electrical transients in a
drive circuit for a brushless DC motor.

A further object of the present invention is to improve the drive
characteristics of a drive circuit for a brushless DC motor.

Yet another object of the present invention is to improve the accuracy of a

10  drive circuit for a brushless DC motor.

To accomplish these and other objects, a drive circuit for a sensorless three-
phase brushless DC motor provides improved drive characteristics by detecting
voltage changes in the stator coils and comparing the voltage changes to a timing
diagram of the back-electromotive force to control the timing of the commutation,

15 rather than actually detecting the back-electromotive force. The currents through
the stator coils are commutated before maximums in the back electromotive force,
thereby providing smoother motor rotation.

The drive circuit includes comparators for generating rectangular difference
signals by comparing the voltages of the stator coils, an edge detector and control

20 circuit for generating a pulse signal that is delayed from the difference signals,
signal generators for generating a trapezoidél signal and three step signals

responsive to the pulse signal, and an output control circuit for generating drive
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However, the sensor | ess t hree- phase brushl ess DC notor driving circuit of
FIG 2 is designed to begin commutation at sixty (60) degrees before the
mnimum 5 points of the back-el ectronotive signals. The step voltage

signals U-Stair, V-Stair and WStair and the trapezoidal signals TZ
are generated so as to allow soft switching at this new interval. The
differential anplifiers 72, 74 and 76 of the ' output control circuit
70 are driven by the voltage differenc etween the step vol t age

signals U-Stair, V-Stair and WStair and the trapezoidal signal TZ. 10
By using the voltage differences between the step voltage signals and the

‘ 7 d . T . . ‘ . P9 ¢
the a1 onals¥ge 2 cdmmlfatBEGHD bhodE reEonShE 8 Hacdoidl sted Hgfal TRV o,
it Ete eﬁ \r/glogéé) ﬁggla% I"BE%!J%E'%@"G‘E"F@ gét?/&sesé%sthteht?aggc)lidaqla%sd st-ggesriSnglrs%otv\g?ueséUCh

less than the Hall bias level, the drive signals can be fnade to change linearly,
thereby providing soft switching of the transistor switches in the commutator drive
5  circuit.

The present invention is directed to a sensorless three-phase brushless dc
motor drivipg circuit that performs soft switching during the commutation process
and does not rely upon the sensing of back-electromotive force.

One aspect of the present invention is a drive circuit for a sensorless three-

10 phase brushless DC motor, comprising: a comparator for comparing the volitages of
stator coils during motor rotation and generating a rectangular difference signal; an
edge detector coupled to the comparator for detecting edges of the rectangular
difference signal and generating a first pulée signal; a timing circuit coupled to the
edge detector for generating a second pulse signal responsive to the first pulse

15 signal; a signal generator coupled to the timing control circuit for generating first,
second and third step signals and a control signal responsive to the second pulse
signal;, and a commutator coupled to the signal generator for commutating the
currents flowing in the stator coils responsive to the differences between the control
signal and each of the step signals.

20 Another aspect of the present invention is a method for driving a sensorless
three-phase brushless DC motor, the method comprising: generating a rectangular

difference signal by comparing the voltages of stator coils during motor rotation;
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trapezoidal signal TZ. If commutation is perfornmed at these nonents, the

coil 15 «currents IU, IV and IWin the stator increase or decrease

| i nearly. ' In the enbodi nent descri bed above, the trapezoida
signal TZ is used as an inputto the differential anplifiers 72, 74
and 76. However, it is possible to use any si gnal which increases
linearly from bel ow Hall bias to above-Hall bias and decr eases
linearly from above-Hall bias to belo | bias, as the Hall-bias voltage.
20 For exanple, a triangular signal TA, which increases linearly from

bel ow- Hal | bias to above-Hall bias during the on-tine of the second
pul se sig

bel ow Hal g@h?l%gnﬂ S?ﬁ% §e signal. rééﬁ&fé&%e Se?la@zé]“’ﬁle"\‘ﬂc'taﬁﬁlﬂér Uffference

signal; generating a second pulse signal by delaying the first pulse signal,
generating first, second and third step signals responsive to the second pulse
signal; generating a control signal responsive to the second pulse signal; and
5 commutating currents flowing in the stator coils responsive to the difference
between the control signal and each of the step signals,
In a preferred embodiment, the duty cycle of the second pulse signal is 50
percent; the control signal swings between an above-Hall bias voltage and a
below-Hall bias voltage during each period of the second pulse signal; each step
10 signal has a signal period which is three times the period of the second pulse signal;
each step signal is 120 and 240 degrees out of phase with the other two step
signals; and each step signal has a standard voltage state, an above standard-
voltage state, and a below-standard state during each period.
Another aspect of the present invention is method for driving a sensorless,
15 brushless DC motor having stator coils, the method comprising: detecting voitage
| changes in the stator coils; comparing the voltage changes to a timing diagram of
back-electromotive force for the motor; and commutating current to the stator coils
responsive to the difference between the back-electromotive force and the voltage
changes. The method can further include commutating the current to the stator
20 coils before extreme points in the back-electromotive force, thereby providing
smoother motor rotation.

Yet another aspect of the present invention is a drive circuit for a sensorless,
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13- pul se signal, can be used in place of the trapezoidal signal TZ
A sensorless three-phase brushless DC notor drive circuit constricted
according to the present invention allows soft switching of notor drive
transi stors so the system si ze and manufacturing costs can be reduced
since a Hall sensor is not 5 required. Adrive circuit constructed in
accordance with the present invention ahLso provi des reliable notor
drive characteristics. Havi described and illustrated the
principles of the invention in a preferred

brushless DC motor having stator cdils comprising: a control circuit for sensing

voltage changes in the stator coils and comparing the voltage changes to a timing

diagram of back-electromotive force in the motor; an output control circuit coupled

to the control circuit for generating drive signals responsive to the difference

5 between the back-electromotive force and the voltége changes; and an output drive

circuit coupled to the control circuit for commutating current to the stator coils
responsive to the drive signals. |

The .foregoing and other objects, features and advantages of the invention

will become more readily apparent from the following detailed description of a

10 preferred embodiment of the invention which proceeds with reference to the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

15 FIG. 1 is a diagram of rotor magnets on a brushiess DC motor.
FIG. 2 is a circuit diagram of an embodiment of a drive circuit for a three-
phase sensorless brushless DC motor according to the present invention.
FIG. 3 is a circuit diagram of an embodiment of the output control circuit of

FIG. 2.

20 FIG. 4 is a timing diagram illustrating timing signals of the drive circuit of FIG.
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embodi ment. thereof, it should be apparent that the invention can be

nodi fied in arrangenent and detail w thout departing from such
principles. W claimall 10 nodifications and variations comng within
the spirit and scope of the follow ng cl ai ns. What
is Cained:
8
‘DETAILED DESCRIPTION

The present invention will now be described more fully hereinafter with
reference to the accompanying drawings, in which preferred embodiments of the

5 invention are shown. This .invention may, however, be embodied in many different

| forms and should not be construed as limited to the embodiments set forth herein;
rather, these embodiments are provided so that this disclosure will be thorough and
complete, and will fully convey the scope of the invention to those skilled in the art.
Liké numbers refer to like elements throughout.

10 FIG, 2 is a circuit diagfam of an embodiment of a drive circuit for a three-
phase sensorless brushless DC motor according to the present invention. A
comparator 20 includes first, second and third comparing devices 22, 24 and 26.

" The first comparing device 22 compares the voltage VU of the U-coil and the
voltage VV of the V-coil and generates a first rectangular voltage difference signal

15 UV_OUT. The second comparing device 24 compares the volfage VV of the V-coil
and the voltage VW of the W-coil and generates a second rectangular voltage
difference signal VW_OUT. The third comparing device 26 compares the voltage
VW of the W-coil and the voltage VU of the U-coil and generates a third rectangular
voltage difference signal UW_OUT.

io A positive edge detector 30 detects positive edges of the first, segond and
third rectangular voltage difference signals UV_OUT, VW_OUT and U—W_OUT from

the first, second, and third comparing devices 22, 24 and 26, respectively, and

- ot +
Tris is the replacemeni Sheet

31 DEC 1388

Date!:



l1.-Adrive circuit for a sensorless three-phase brushl ess DC notor,

conpri si ng; 5 a conparator for conparing the voltages of stator
coils during notor rotation and generating a rectangul ar difference
si gnal ; an edge detector coupled to the conparator for
detecti ng edges of the rectangul ar difference signal and generating a
first pul se signal; a tinigg circuit coupled to the edge
detector for generating a second pul se—=10 signal responsive to the first
pul se signal; a step signal generator coupled to the timng
control circuit for generating first, second and third step signals

responsi vgyfaitd 4 %irstprMsigHARR1.S| Affdugh a positive edge detector has been used in
.- this embodiment, a negative edge detector can also be used for purposes of the
present invention.
A timing and duty cycle control circuit 40 generates a second pulse signal P2
5 by delaying the first pulse signal Pl by thirty (30) degrees and then making én and
off times of the first pulse signal P | substantially equal to each other, i.e., makes the
duty cycle of the first pulse signal 50 percent. The on time is the pulse width and
the off time is the level state of the signal during each signal period.
A step voltage generator 50 generates first, second and third step voltage
10 signals U-Stair, V-Stair and W-Stair, in response to the second puise signal P2.
The step voltage signals all have a signal period which is three times that of the
second pulse signal P2, Each step voltage .signal is at an above-standard voltage
for one pe-riod from-a rising edge of the second pulse signal P2, a standard voltage
V. for a half period of the second puise signal P2, a below-standard voltage for one
15 period of the second pulse signal P2, and the standard voltage V,; again for a half
period of the second pulse signal PZ. The three step voltage signals U-Stair, V-
Stair and W-Stair are identical to each other except that each is 120 and 240
degrees out of phase with fhe other two step voltage signals.
A trapezoidal voltage generator 60 receives the second pulse signal P2 and
20 generates a trapezoidal voltage signal which has the same signal period as the
second pulse signal PZ. The trapezoidal signal swings between a voltage that is

below the Hall bias voltage to a voltage that is above the Hall bias voltage during

| ] .;..-;fnent sheet
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a control .signal generator coupled to the timng control circuit for
generati ng a control signal responsive to the second pul se signal;
and 15 a comut at or coupled to the step signal generator and control
si gnal generator for comutating the currents flowng in the stator
coils responsive to the di fferences between the control signal and
each of the step signals. 2. Adrive circuit according to
claiml1l wherein the timng circuit genéEaIes 20 the second pul se signal
by del aying the first pul se signal. 3. Adrive circuit
according to claim1 wherein the timng circuit generates

each period, preferably from below the Hall bias voltage to above the Hall bias
voltage during the on-time of the second pulse signal P2 and then from above the
Hall bias voltage to below the Hall bias voltage during the off-time of the second
pulse signal P2. The phase of the second pulse signal P2 can be reversed to have
5 the trapezoidal signall TZ swing from below the Hall bias voltagé to above the Hall
bias voltage during the off-time of the second pulse signal P2.
An output control circuit 70 has first, second and third differential amplifiers
72,74 and 76 and uses them to generate first and second current outputs Ici and
1¢2, third and fourth current outputs 1c3 énd Ic4, and fifth and sixth current oﬁtputs
10 1c5 and Ic6, respectively, as shown in FIG. 3. Each of the first, second and third
differential amplifiers 72, 74 and 76 receive the first, second and third step voitage
signals U-Stair, V-Stair and W-Stair, respectively, at one input and the trapezoidal
voltage signal TZ at the other input. The differential amplifiers 72, 74 and 76
generate the current outputs Ic1 to Ic6 in response to the voltage difference
15 between their respective inputs.
An output driving circuit 80 has six drive transistors QI to Q6 as shown in FIG
2. The drive transistors Q1 to Q6 are sequentially turned oh and off using the
current Outputs Ic1 to Ic6 as switching signals to perform commutation for driving a
motor.
20 Soft s_wifcching of the six drive transistors Q1 to Q6 of the output drive circuit
80 is possible only when the current outputs Ic1 to Ic6, which are used as switching

signals of the driving transistors Q | to Q6, are increase or decrease linearly.
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t he second pul se signal such that the on-tine and off-time of
the second pul se signal are equal. 4. A drive circuit
according to claim1l wherein the step signal generator 5 generates t
step signals such that each step signal: has a signal period
that is three tinmes the period of the second pul se signal;

120 and 240 degrees out of phase with Qﬂf other two step signals; and

Generally, the current outputs of a différential amplifier increase or decrease linearly
when the voltage difference between its two inputs is within 100mV, i.e., within four
times the thermal voltage (4V; = 100mV). [n other words, soft switching of the six
drive transistors QI to Q6 is possible when the voltage difference between the step
voltage signals and trapezoidal voltage signal, which is a Haﬂ bias signal, is within
100mV.

| A motor drive circuit constructed in accordance with the present invention is
designed to begin commutation sixty (60) degrees before the maximum and
minimum points of the back-electromotive force rather than the maximum and
minimum points of the back-electromotive force as in the conventional technique.
The positive edge detector 30 delays the first pulse signal Pl by thirty (30) degrees
in order to ensure that the voltage differences between the step voltaée sighals and
the trapezoidal voltage signal that are to the differential amplifiers 72, 74 and 76 are
within £50mV of the Hall bias during this new commutation interval.

FIG. 4 is a timing diagram illustrating timing signals of the sensorless three-
phase brushless DC motor driving circuit of FIG. 2, wherein commutation is
performed in reference to minimum points of the back-electromotive force signals.
It should be noted that commutation could be_performed in reference to maximum
points of the back-electromotive force signals for purposes of the present invention.
Referring again to FIG. 4, the first pulse signal P1, which is generated by

comparing, the voltages VU, VV and VW of the stator coils, is at a high level when

the back-electromotive force signals UB—EM'F, VB-EMF and WB-EMF are at

he

i's
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has a standard voltage state, an above standard-voltage state, and a bel ow

standard state in each period. 10 5. Adrive circuit according
to claim1 wherein the control signal generator " generates the control
signal such that the control signal swi ngs between an above- Hal |

bi as vol tage and a bel owHall bias voltage during each period of the second
pul se signal. 15 6. A driyﬁzcircuit according to claim1l
wherein the control voltage signal ——inearly increases froma

bel ow- Hal | bias voltage to an above-Hall bias voltage during the

on-time of the second pul se signal and linearly decreases from an
minimum values. These are the times when a magnetic pole boundary of the

permanent magnet is aligned with the center of a stator coil.

However, the sensorless three-phase brushless DC motor driving circuit of
FIG 2 is designed to begin commutation at sixty (60) degrees before the minimum

5 points of the back-electromotive signals. The step voltage signals U-Stair, V-Stair. -
and W-Stair and the trapezoidal signals TZ are generated so as to allow éoft
switching at this new interval. The differential amplifiers 72, 74 and 76 of the
output cor;t.rol circuit 70 are driven. by the voltage differences between the step
voltage signals U-Stair, V-Stair and W-Stair and thé trapezoidal signal TZ.

10 By using the voltage differences between the step voltage signals and the
trapazoidal signal, it is possible to perform commutation within =50mV of the Hall
bias, i.e., during the interval immediately before and after the trapezoidal signal TZ
crosses the Hall bias. There are two such intervals in each period of the
trapezoidal signal TZ. If commutation is performed at these moments, the cail

15 currents U, IV and IW in the stator increase or decrease linearly.

In the embodiment described above, the trapezoidal signal TZ is used as an
input to the differential amplifiers 72, 74 and 76. However, it is possible to use any
signal which increases linearly from below-Hall bias to above-Hall bias and
decreases linearly from above-Hall bias to below-Hall bias, as the Hall-bias voltage.

20  For example, a triangular signal TA, which increases linearly from below-Hall bias to
above-Hall bias during the on-time of the second pulse signal and decreases

linearly from above-Hall bias to below-Hall bias during the off-time of the second

' eet
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above- Hal I. bi as voltage to a bel ow- Hal | bi as vol tage during the off-tinme of

the 20 second pul se signal. 7. Adrive circuit according to
clam 6 wherein the control signal is a
16 ‘trapezoidal voltage signal.

13

pulse signal, can be used in place of the trapezoidal signal TZ.

A sensorless three-phase brushless DC motor drive circuit constricted
according to the present invention allows soft switching of motor drive transistors so
the system size and manufacturing costs can be reduced since a Hall sensor is not

5 required. A drive circuit constructed in accordance with the present invention aiso
provides reliable motor drive characteristics.

Having described and illustrated thé principles of the invention in a preferred
embodime.r;t thereof, it should be apparent that the invention can be modified in
arrangement and detail without departing from such principles. We claim all

10 modifications and variations coming within the spirit and scope of the following

claims.
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8.- Adrive ci rcuit accor di ng to claim1 wherei n each of the step signals
an above-standard voltage level for a first period of ‘the second
signal, a standard voltage |evel for a next half period of the

mai nt ai ns
pul se 5

second pul se signal, a bel ow st andard voltage | evel for the next
t he second pul se signal, and standard vol tage | evel for the

period of
next hal f

10

15

20

period of the second pul se si gpal : 9T A drive
circuit according to claim1l wherein *c—laé—_eom'rut ator conpri three
differential anplifiers, each anplifier coupled to recei vesﬁnlﬂm,
signal and - one of the step signals. Y e

What is Claimed.:

1. A drive circdit for a sensorless three-phase brushiess DC motor,
comprising;

a comparator for comparing the voltages of stator coils during motor rotation
and generating a rectangular difference signal;

an edge detector coupled to the comparator for detecting edges of the
rectangula.r. difference signal and generating a first pulse signal;

a timing circuit coupled to the edge detector for generating a second pulse
signal responsive to the first pulse signal;

a step signal generator coupled to the timing control circuit for generating
first, second and third step signals responsive to the second pulse s.ignal;

a control signal generator coupled to the timing control circuit for generating
a control signal responsive to the second puilse signal; and

a commutator coupled to the step signal generator and contrql signal

generator for commutating the currents flowing in the stator coils responsive to the

differences between the control signhal and each of the step signals.

2. A drive circuit according to claim 1 wherein the timing circuit generates

the second pulse signal by delaying the first pulse signal.

3. A drive circuit according to claim 1 wherein the timing circuit generates

placement sheet
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10. Adrive circuit for a sensorless t hr ee- phase brushl ess DC not or,

conprising: 15 a conparator for conparing the voltages of stator
coils during notor rotation and generating a rectangular—di-fference
signal ; an edge detector coupled to the conpar

detecting edges of the rectangul ar difference si gnalﬁmg m"ﬂ'
first pul se signal; atim'r1 circuit coupled to ,T
detector for generating a second puls signal responsive to the ffrst
pul se signal; a signal generator coupled to the timng control
circuit for generating first, second and third step signals and a

control stiEngkcéis PR ¥ignabsidie it pBdomdifee and off-time of the second pulse

signal are equal.

4. A drive circuit according to c|aih 1 wherein the step signal generator
5 generates the step signals such that each step signal:
has a signal period that is three times the period of the second pulse signal;
is 120 and 240 degrees out of phase with the other two step signals; and
has.é standard voltage state, an above standard-voltage state, and a below-
standard state in each period.
10
5. A drive circuit according to claim 1 wherein the control signal generator
generates the control signal such that the control signal swings between an above-
Hall bias voltage and a below-Hall bias voitage during each period of the second
pulse signal.
15
6. A drive circuit according to claim 1 wherein the control voltage signal .
linearly increases from a below-Hall bias voltage to an above-Hall bias voltage
during the on-time of the second pulse signal and linearly decreases from an
above-Hall bias voltage to a below-Hall bias voltage during the off-time of the

20 second pulse signal.

7. A drive circuit according to clam 6 wherein the control signal is a’

This is the repiacement sheet

% DO 190

Date:  ©



17 signal; and a commut ator coupled to the signal

generator for commutating the currents flowwng in the stator coils
responsive to the differences between the control signal and each of
t he step signals, 5 11. A nethod for driving a sensorless

t hr ee- phase brushl ess DC notor, the
16

trapezoidal voltage ;ignal. - | | ”!""c’ m'y '"H” "'l' " ,!"

8. A drive circuit according to claim 1 wherein each of the step signals

maintains an above-standard voltage level for a first period of the second pulse

5 sighal, a standard voltage level for a next half period of the second pulse signal, a
below-standard voltage level for the next period of the second pulse signal, and

standard voltage level for the next half period of the second pulse signal.

-

9. A drive circuit according to claim 1 wherein the commutator comprises
10 three differential amplifiers, each amplifier coupled to receive the control signal and

one of the step signals.

10. A drive circuit for a sensorless three-phase brushless DC motor,

comprising:
15 a comparator for comparing the voltages of stator coils during motor rotation

and generating a rectaﬁgular difference signal;

an edge detector coupled to the comparator for detecting edges of the
rectangular difference signal and generating a first pulse signal;

a timing circuit coupled to the edge detector for generating a second pulse

20  signal responsive to the first pulse signal;
a signal generator coupled to the timing control circuit for generating first,

second and third step signals and a control signal responsive to the second pulse

X ;~,;’h 'E}"q'lﬂf:}t
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met hod conpri Si ng: generating a rectangul ar difference signal

by conparing the vol tages of stator coils during notor rotation; 10
generating a first pul se signal responsive to edges of the rectangul ar
difference signal; generating a second pul se signal by del aying
the first pul se signal; generating first second and third step_
signal s responsive to the second | se sig eneratin
a control signal responsive to the see—égg-pul se SI gnal ﬂ“l“”l“i“l““lll"‘m
comutating currents flowing in the stator coils responsiv
di fference bet ween the control "signal and each of the step S|gnals
signal; and

a commutator coupled to the signal generator for commutating the currents
flowing in the stator coils responsive to the differences between the control signal

and each of the step signals,

11. A method for driving a sensorless three-phase brushless DC motor, the
method comprising:
gen.érating a rectangular difference signal by comparing the voltages of
stator coils during motor rotation;
10 generating a first pulse signal responsive to edges of the rectangular
difference signal;
generating a second pulse signal by delaying the first pulse signal;
generating first, second and third step signals responsive to the second
pulse signal;
15 generating a control signal responsive to the second pulse signal; and

commutating currents flowing in the stator coils responsive to the difference

between the control signal and each of the step signals.

12. A method according to claim 11 wherein:
20 the duty cycle of the second pulse signal is 50 percent;
the control signal swings between an above-Hall bias voltage and a below-
Hall bias voltage during each period of the second pulse signal;

ko
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12. A nethod accor di ng to claim11 wherein: 20 t he duty e of
the second pul se signal is 50 percent; t he cont
sw ngs between an above-Hall bias voltage and a beI oW \\\\m\

vol tage during each period of the second pul se si grmal \\\\\\\\\

18

—

each step signal has a signal beriod which is three times the period of the
second pulse signal;
each step signal is 120 and 240 degrees out of phase with the other two stop
signals; and
5 each step signal has a standard voltage state, an above standard-voltage
state, and a below-standard state during each period.
13.-' A method for driving a sensorless, brushless DC motor having stator
coils, the method comprising:
10 detecting voltage changes in the stator coils;
comparaing the voltage changes to a timing diagram of back-electromotive
force for the motor; and
commutating current to the stator coils responsive to the difference between
the back-electromotive force and the voltage changes.
15
14. A method according to claim 13 further including commutating the
current to the stator coils before extreme points in the back-electromotive force,

thereby providing smoother motor rotation.

20 15. A method according to claim 13 further including:
generating a step signal responsive to the voltage changes;
generating a sloping signal responsive to the voltage changes; and
chik et
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eaeh step signal has a signal period which is three tines the period of the
second pul se signal; each step signal is 120 and 240 degrees
out of phase with the other two stop signals; and 5 each
step signal has a standard voltage state, an above standard-voltage
state, and a bel owstandard state during each peri od. \““ﬂl mu"""III"]I“l A
nmet hod for driving a sensorless, brushleggs DC notor ha

coils, the method conprising: 10 det ecting vol t age® chandes®i n*t he
stator coils; conpar ai ng the vol tage changes to a timng

di agr am of back el ectronotive
' combining the step signal and the sloping signal with a differential amplifier;

wherein the difference between the stop signal and the sloping signal is low
enough to cause the output of the differential amplifier to change linearly, thereby

providing soft switching of switches for commutating the current to the stator coils.

5
16. A drive circuit for a sensorless, brushless DC motor having stator coils
comprising:
a cc;ﬁtrol circuit for sensing voltage changes in the stator coils and comparing -
the voltage changes to a timing diagram of back-electromotive force in the motor;
10 an output control circuit coupled to the control circuit for generating drive

signals responsive to the difference between the back-electromotive force and the
voltage changes, and
an output drive circuit coupled to the control circuit for commutating current
to the stator coils responsive to the drive signals.
15
17. A drive circuit according to claim 16 wherein the control circuit includes

a comparator circuit for comparing the voltage changes in the stator coils.

18. A drive circuit according to claim 16 wherein the control circuit causes
20 the output drive circuit to commutate the current to the stator coils before extreme

points in the back-electromotive force, thereby providing smoother motor rotation.

) . T n e ey T
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force for the notor; and commutating current to the stator

coils responsive to the difference between t he back-el ectronotive
force and the voltage changes. 15 14. A methed-accarding to
cl'aim 13 further including commutating the curre tor
coils before extrene points in the back-el ectronotive Wlmlj]'ml’zl/ Ieby
provi di ng snoot her notor rotation. 29 15. A nethod w@a to
claim 13 further including: gen -ng a step signal responsive to

t he vol t age changes; generating a sloping signal responsive to

t he vol t age changes; and . .
19. A drive circuit according to claim 16 wherein:

the output drive circuit includes switches for commutating the current to the
stator coils; and
the output control circuit generates drive signals that change linearly, thereby

5  providing soft switching of the switches.
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combi ning the étep signal and the sloping signal with a differenti al

anplifier; wherein the difference between the stop signal
the sloping signal is |ow enough to cause the output of the
differential anplifier to change linearly, thereby providing soft
switching of switches for commutating the current to the stator coils.

10

15

21

SENSORLESS THREE-PHASE BRUSHLESS DC MOTOR DRIVE CIRCUIT

and

5

ABSTRACT OF THE DISCLOSURE

A drive circuit for a sensorless three-phase brushless DC motor provides
improved drive characteristics by detecting voltages changes in the stator coils, and
then comparing the voltage changes to a timing diagram of the back-electromotive
signal to commutate the current th.rough the stator coils before maximums in the
back-electromotive force, there-by providing smoother motor rotation. The drive
circuit includes comparators for generating rectangular difference signals by

comparing the voltage of the stator coils, an edge detector and control circuit for

generating a pulse signal that is delayed from the difference signals, signal -

- generators for generating a trapezoidal signal and three step signals responsive to

the pulse signal, and an output control circuit for generating drive signals for a
commutator drive circuit respoﬁéfve to the trapezoidal step signals. By setting the
voltage differences between the trapezoidal and step signals to values less than the
Hall bias level, the drive signals can be made to change linearly, thereby providing

soft switching of the transistor switches in tile commutator drive circuit.

Fig. 2
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16. A drive circuit for a sensorl ess, brushless DC notor having stator

coils conpri si ng: _ a control circuit for sensing voltage
changes in the stator coils and conparing t he voltage changes to a
ti'mng diagram of back-electronotive force in the notor; 10 an

out put control circuit coupled to the control circuit for generating drive
signals responsive to the difference between the back-el ectronptive force

and the vol t age changes, and 1 an output drive circuit
coupled to the control circuit for confffrati ng current to the stator
coils responsive to the drive signals. 15 : 17. A drive circuit

according to claim16 wherein the control circuit includes

FIG.1
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“aconparator circuit for conparing the voltage changes in the stator coils.
18. A drive circuit according to claim 16 wherein the control circuit
causes 20 the output drive circuit to commutate the current to the stator
coils before extrene points in the back-el ectronotive force, thereby
provi di ng snoot her notor rotation.

2
FIG.2
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19. A drive circuit accordihg to claim 16 wherein

circuit
and

| i nearly,
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t he output drive
I ncl udes switches for conmutating the current to the
t he out put control

stator coils;

circuit generates drive signals that change
thereby providing soft switching of the sw tches.
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