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SPECIFICATION

Brushless D.C. Motor Driving And Controlling Method And

Apparatus Therefor And Electrical Equipment
Technical Field
The present invention relates to a brushless

D.C. motor driving and controlling method and apparatus

therefor and electric device. More particularly, the

present invention relates to a brushless D.C. motor

driving and controlling method and apparatus therefor
which drive a brushless D.C. motor using voltage-fed
inverters, and to an electrical equipment which.employs
a brushless D.C. motor as a driving source which.is
driven and_éontrolled by the brushleés D.C. “motor

driving and controlling apparatus.
Background Art

A brushless D;C. motor is known as a motor
having higher efficiency in comparison to an A.C. motor.
The brushless D.C. motor employs permanent magnets
instead of rotor windings which magnets are'equipped

with a rotor. And, secondary copper losses caused by
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currents flowing in the rotor windings is made zero.

| _fig is known that a brushless D.C. motor has a
remarkdble efficiency improving effect in comparison to
an A.C. motor when the brushless D.C. motor has a medium
or small capacity which is equal or less than several
tens kW. |

In a brushless D.C. motor driving system having

such capacity, voltage~fed inverters or current control
type inverters are employed as inverters for driving a

brushless D.C. motor. Wherein, the current control type

"inverters has a main circuitry arrangement which is the

same to that of voltage-fed inverters, and controls
inver}ers so as to determine a motor current to be a
desired value.

A system which drives a bfushless D.C. motor
using tﬂe voltage~-fed inverters,'is mainly equipped with
a device which is required improvement in s;ving the
powér consumption (improvement in efficiency), and is
manufactured in large quanfities, such as air
conditioners, vacuum cleaners, electric washers and
others. Therefore, a waveform of conducting interval
which is 120° by electrical angle, is employed as a
waveform contrgl in inverters from the point of.view of
easiness in contrblling. And, a system is employed

which has a simple arréngement and which is cheap.



10

15

20

25

(refef to “Miﬁrocomputer-Controlled Brushless Motor
Withbut.;,spift-Mouﬁted Position Sensor", T.Endo et.
al., IPEC-Tokyo'83,pp.1477-1488,1983: "Controlling
Apparatus of a Brushless D.C. Motor", Nagata et. al.,
Japanese Patent Laid Open Gazett Tokuganhei 5-72197:
"P.M.Brushless Motor Drives:A self-Commutating System
without Rotor-Position Sehsors". P.Ferraris et.

all,Ninth Annual Symposium-Incremental Motion Control

-Systems and Devices,pp.305-312,1980) Further, Magnetic

pole position detection by detection of induced voltage
of a motor, or a magnetic pole position detection sensor
having a simple arrangement and employing Hall elements
and tpe like is employed as én arrangement for detecting.
magnetic poie position of a brushless D.C.‘motor. A
rotational position sensor which is expensive, such as a

rotary encoder and the like, is not employéﬁ from the

-point of view of cost reduction.

A system which drives a brushleés D.C. motor
using the current control type inverters, is applied to
a machine tool, a sérvo—motor.for an industrial robot
and others which attach the most iﬁportance to the rapiad
torque résponse and the low torque ripple as required
performances.

In this system, a clésed loop arrangement is

employed in which a control circuitry determines
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(operates) output voltages of inverters soO that current
waveform;_hgcome desired waveforms, by giving attension
to that currents and a torque of a brushless D.C. motor
are functions of rotational position and are in
proportional relationship. Therefore, the system has an
expensive system arrangement which employs a precision
sensor for.detecting rotational position of a motor,
current detectors for accurately controlling motor
currents.and a controller which can perform high-speed
processing. Further, output voltages of inverters

continuously vary because the inverters are controlled

instantaneously in correspondence to a condition of a

motor.

In the system in which a brushless D.C. motor is
driven using a conventional voltage-fed inverters, a
switch of each phase of inverters is turned on for only
an electrical angle of 120° in spite of positive and
negative electrical angles are 180°, respectively.
Therefore, the term of thé rest electrical angle of 60°
(the term of electrical angle of 120° for one cycle) is
non-controlled condition.

Consequently, inverters cannot output desired
voltages during.the term of non-controlled condition so
that.aVailable rate of d.c. voltage in the inverters is

low. And, terminal voltages of a brushless D.C. motor
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become small and an operating range becomes narrower (a

maximum. number of revolution becomes smaller) due to the
low available rate of d.c. voltage.

Further, motor currents should be increased for
obtaining an output which is the same to that of a motor
which has suﬁplied not-lowered terminai voltages,
becauée the terminal voltages are lbwered. As a result,
joule losses which are caused by resistances of motor
windings, increase so that efficiency of a brushless
D.C. motor cannot be improved to an expected degree.

Although, permanent magnets are installe& to a
rbtor of a brushless D.C. motor so that each permanent
magnet corresponds to the electrical angle of 180°,
currents can be flowed in desired directions for only an
electrical angle of 120° so that available rate of
magnetic flux is small. In other words, motor currents
should be increased for obtaining a torque which is the
same to- that of a motor which is not lowered the
available rate of magnetic flux. As a result, joule
losses ﬁhich are caused by resistances of motor

windings, increase so that efficiency of a brushless

- D.C. motor cannot be improved to an expected degree.

Disclosure of The Invention
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The present invention was made in view of the
above-me;tighed problems.

‘It is an objeét of the present_inventioh to
supply a brushless D.C. motor driving and controlling.
method and apparatus therefor which improve avéilable
rates of voltage of voltage-fed inverters and motor flux
using simple and cheap control, and which achieve higher
efficiency and enlargement of opefating range of a
brushless D.é. motor.

It is another object of the present invention to
supply an electrical equipment which employs a bﬁushléss_
D;C. motor as a driving source which motor is driven and
controlled by the brushless D.C. motor driving and
controlling épparatus.

A brushless D.C. motor driving and controlling
method according to claim 1 is a method which determines
a conducting interval of voltage-fed iﬂverters to be a
predetermined interval whiéh is more than 120° and equél
or less than 180° by electrical angle.

A brushless.D.C. moto: driving and controlling
method according to claim 2 is a method which modulates
outputs of voltage-fed inverters so as to output pulse
signals, each pulse signal having constant pulse width |
within an entire conducting interval.

A brushless D.C. motor driving and controlling
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method according to claim 3 is a method which employs a
rotor wgﬁpn_includeé permanent magnets in the interior
of the rotor, as a rotor of a brushless D.C. motor.

4 brushless D.C. motor driving and controlling
method according to claim 4 is a method which controls
voltage-fed inverters so that a phase of inverter output
voltage is advanced from a phase of the inverter output
voltage with respect to an induced voltage of a
brushless D.C. motor, the latter phase.being a phase
which makes a brushless D.C. motor current and the
induced voltage of the brushless D.C. motor to be the
same phase to one another.

A brushless D.C. motor driving and controlling
method according to claim § is.a method which determines
a conducting interval of voltage-fed inverters to be
180° by electrical angle. )

A brﬁshless D.C. motor driving and controlling
method according to claim 6 is a method which obtains a
first voltage at a neutral point by connecting one ends
of resistors, the other end of each resistor is
connected to each output terminal of voltage-fed
inverters, obtains a second voltage at é neutral point
by connecting one ends of stator windings of a brushless
D.C. motor, and detects a magnetic pole position of a

rotor of the brushless D.C. motor based upon a
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difference between the first voltage and the second

'vdltage;

‘ A brushless D.C. motor driving and controlling
method according to claim 7 is a metﬁod which determines
a cohducting interval_of voltage~fed inverters to be a
predetermined interval which is more than 120° and less
than 180° by electrical angle.

A brushless D.C. motor driving and controlling

method according to claim 8 is a method which determines

a conducting interval of voltage—fed inverters to be a
predetermined interval which is equal or more than 140°_
and equal or less than 170° by electrical angle.

) A brushless D.C. motor driving and controlling
apparatus according to claim 9 includes a conducting
interval determining means for determining a conducting
interval of voltage-fed inverters to be a ﬁfedetermined
interval which is more than 120° and equal or less than
180° by electrical angle.

A brushless D.C. motor driving and controiling
apparatus according to claim 10lfurther includes a
modulating means for mbdulating outputs of voltage-fed
inverters so as to output pulse signals, each pulse
signal having constant pulse width within an entire

conducting interval.

A brushless D.C. motor driving and controlling
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apparatus according to claim 11 employs a rotor which
includesfgegpanent magnets in the interior of the rotor,
as a rdtor of a brushless D.C. motor.

A brushless D.C. motor driving and controlling
apparatus according to claim 12 includes a phase
controlling means for controlling voltage-fed inverters
so that a phase of inverter output voltage is advanced
from a phase of the inverter output voltage with respect
to an induced voltage of a brushless D.C. motor, the
latter phase being a.phase which makes a brushless D.C.
motor current and the induced voltage of the brushless
D.C. motor to be the same phase to one another.

A brushless D.C. motor driving and controlling
apparatus according to claim 13 includes a conduct;ng
interval detefmining means for determining a conducting
interval of voltage-fed inverters to be 180° by
electrical angle. |

A brushless D.C. motor driving and controlling
apparatus according to claim 14 fﬁrther includes a
difference voltage outputing means for receiving a first
voltage at a neutral point which is bbtained by
connecting one ends of resiétors, tﬁe other end of each
resistor is connected to each output terminal of voltage-
fed inverters, for receiving a.second voltage at a

neutral point which is obtained by connecting one ends
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of stator windings of a brushless D.C. motor, and for
outputinQ'a_differenée voltage between the first voltage
and the'second volfage, and a rotor position detecting
means for detecting a magnetic pole position of a rotor
of the brushless D.C. motor based upon the.difference
voltage.

A brushless D.C. motor driving and controlling
apparatus according to claim 15 employs a conducting
interval determining means for determining a conducting
interval of valtage-fed inverters to be a predétermined
interval which is more than 120° and less than 180° by
electrical angle.

A brushless D.C. motor driving and controlling

‘apparatus according to claim 16 employs a conducting

interval determining means for determining a conducting
interval of voltage-fed inverters to be a p}edetermined
interval which is equal or more than 140° and equal or
less than 170° by electrical angle.

An electrical equipment according to claim 17
employs a brushless D.C; motdr as a driving source which
motor is driven and controlled by one of the brushless
D.C. motor driving and controlling apparatus according
to claims 9 through 16.

As to the brushless D.C. motor driving and

controlling method_according to claim 1, the method
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determines a conducting interval of voltage-fed
inverters ta be_ a predeiermined interval which is more
than 120° %nd equal or less than 180° by electrical
angle when a brushless D.C. motor is driven by voltage-
fed iﬁverters. Therefore, the method determines non-
control term to be less than 60° by electrical angle.
As a result, the method increases motor terminal
voltages and expands an operating range. Further, a
quantity in increase of motor current is suppressed so
that an increase of joule losses due to motor windings
are suppressed and efficiency of the brushless D.C.
motor is improved, because the_mgtor terminal voltages
can be increased. Further, a current can be forcibly
flowed in a desired direction in correspondence to an
extent of permanent magnets which. is installed to the
rotor of the brushless D.C. motor, the extent*being
greater than 120° by electrical angle. Theéeéore,

lowering of available rate of magnetic flux is

‘suppressed and efficiency of the brushless D.C. motor is

improved.

As to the brushless D.C. motor driving and
control;ing method according to claim 2, the method
modulétes outputs of voltége—fed inverters so as to
output pulse signals, each pulse signal having constant

pulse width within an e: tire conducting interval.
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Therefore, magnetic pole position aetection with high
accuracy'ig_pot needed, and controlling is simplified.
Also, the method improves efficiency and increases an
amplitude of a. fundamental wave in comparison to a case
in which variable pulse width modulation is performed.
The variable pulse width modulation varies pulse widthes
of the pulse signal. Consequently, a maximum number of
revolution of the brushless D.C. motor is increased.

As to the brushless D.C. motor driving and
controlling method according to claim 3, the methpd
employs a rotor which includes pefmanent magnets in the
interior of the rotor, as a rotor of a brushless D.C.
motor. Therefore, the method generates not only a
torque caused by magnet but also a torque caused by
reluctance so that generated torgque as a whole is
increased without increasing motor currents. Further,
inductance of motor windings is extremely iﬂcreased in
comparison to that of a brushless D.C. motor in which
permanent magnets are installed on a surface of a rotor,
so that operating with higher speed can be achieved in
comparison to that of the brushless D.C. motor in which
permanent magnets are installed on the surface of the

rotor. Furthermore, the method decreases a current

"ripple due to low order higher harmonics components of

inverters, because inductance of motor windings is
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great. Theréfore, the method decreases a torque ripple.

-As.to the brushless D.C. motor driving and
control&ing mefhod according to claim 4, the method
controls voltage~fed inverters so thét a phase of
inverter output voltage is advanced from a'phase of the
inverter output voltage with respect to an induced
voltage of a brushles$ D.C. motor, the latter phase
being a phase which makes a brushless D.C. motor current
and the induced voltage of the brushless D.C. motor to
be the same phase to one énother. Therefore, influence
of inductance in.a direction which is shifted by 90°
electrically from a direction of magnetic flux generated
by a bermanent magnet, is efficiently and practically
used. As a result, a current wavefofm is appoximated to
be a sine wave. Consequently, torque ripple is further
reduced and motor efficiency 'is further imﬁ}oved.
Furthermore, reluctance torque and field weakening
effect are efficiently and practically utilized.

As to the brushless D.C. motor driving and
controlling method according to claim 5, the method
determines a conducting interval of voltage-fed
inverters td'be 180° by electrical angle. Therefore, a
non—confrol term is determined to be 0° by electrical

angle. Control of the conducting interval within an

- extent which is smaller than 60°, is not necessary,
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because the conducting intervé; is 180°. Therefore,
when thejqontrdl is'performEd using'a'microcdmputer, a
number of timers is decreased by 1 and interrupt
handlings are_reduced by 1 in comparison to a case in
which the conducting interval is determined to be
greater than 120° and less than 180°. Consequently, the
control and arrangement.is simplified. When the control
is performed using a hardware, a number of timer-counter
is decreased by l-in comparison to a case in which the
conducting interval is determined to be greater than
120° and less than 186°. Consequently, the control and _
arrangement is simplified.

. As to the brushless D.C. motor driving and
controlliﬁg méthod according to claim 6, the method
obtains a first voltage at a neutral point by connecting
one ends of resistors, the other end of each resistor is
connected to each output terminal of voltage-~-fed
inverters, obtains a second voltage at a neutral point'
by cbnnecting one ends of stator windings of a brushless
D.C. motor, and detects a magnetic pole position of a
rotor of the brushless D.C. motor based upon a
differgnce between the first voltage and the second
voltage. Therefore, the magnetic pole position of the

rotor is detected in spite of the revolution speed,

conducting angle, und amplitude of motor current,
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without especially providing a sensor for detecting
magnetic_go;enpositioh of the rotor.

As to the brushless D;C. motor driving and
controlling method according to claim 7, the method
determines a conducting interval of voltage-fed
inverters to be a predetermined interval which is more
thén 120° and less than 180° by electrical angle.
Therefore, the difference signal between the voltages or
an integrated signal which signals are used to detect
magnetyic pole position of a motor rotor, is stabilized
so that reliability is improvéd.

As to the brushless D.C. motor driving and
gontro}ling method according to claim 8, the method
determines a conducting interval of voltage—fed -
inéerters to be a predetermined interval which is equal
or more than 140° and equal or less than 170° by
electrical angle. Therefore, motor efficiency and
operating range are scarcely detracted. And, the
difference signal between the voltages or an integrated
signal is further stabilized so that reliability is
further improved.

As to the brushless D.C. motor éri?ing and
controlling apparatus according to claim 9, when a
brushless D.C. motor is driven by voltage-fed inverters,

the conducting interval determining means determins a
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cohducting interval of voltage-fed inverters to be a
predetef;ined inter;al which is more than 1205 and equal
or less than 180° by electrical angle. Therefore, the
apparatus determines non-control term to be less than
60° by electrical angle. As a resﬁlt, the apparatus
increases motor terminal voltages and expands an
operating range. Further, a quantity in increase of
motor currents is suppressed so that an increase of
joule losses due to motor windings is suppressed and
efficiency of the brushless D.C. motor is improved,
because the motor terminal voltages can be incréased. .
Further, a current can bé forcibly flowed in a desired
direction in correspondence to an extent of permanent
magnets which is installed to the rotor of the brushless
D.C. motor, the extent being greater than 120° by
electrical angle. Therefore, lowering of é&ailable rate
of magnetic flux is'suppreésed and efficiency of the
brushless D.C. motor is improved.

As to the brushless D.C. motor driving and
controlling apparatus according to claim 10, the
modulating means modulates outputs of voltage-fed
inverters so as to output pulse signals, each pulse

signal having constant pulse widthes within an entire

- conducting interval. Therefore, magnetic pole position

detection with high accuracy is not needed, and
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controlling is simplified. Also, the apparatus improves

efficie;;y.and.incréases an amplitude of a fundamenta&
wave ih comparison to a case in which variable pulse
width modulation is performed. The variable pulse width
modulation varies pulse widthes of the pulse signal.
Consequently, a maximum number of revolution of the
brushless D.C. motor is increased.

As to the brushless D.C. motor driving and
controlling apparatus according to claim 11, the
apparatus employs a rotor which inp;udes permanent
magnets in the intérior of the rotor, as a rotor of a .
brushless D.C. motor. Therefore, the apparatus
generates not only a forque caused by mégnet but also a
torque caused by reluctance so that generated torque as
a whole is increased without increasing motor currents.
Further, inductance of motor windings is e;tremely
increased in comparison to that of a brushless D.C.
motor in which permanent magnets are installed on a
surface of a rotor, so that higher speed operating can
be achieved in comparison to that of the brushless D.C.
motor in which permanent magnets are installed on the
surface of the rotor. Furthermore, the apparatus
decreases a current ripple due to low order higher

harmonics components of inverters, because inductance of

motor windings is great. Therefore, the -ipparatus
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decreases a torque ripple.

. As to the béushless D.C. motor driving and
controiling apparatus according.to claim 12, the phase
controlling means controlé voltage-fed inverters so that
a phase of inverter output voltage is advanced from a
phase of the inverter output voltage with respect to an

induced voltage of a brushless D.C. motor, the latter

phase being a phase which makes a brushless_D.C. motor

‘current and the induced voltage of fhe brpshiess D.C.

motor to be the same phase to one another. Therefore,
influence of inductance in a direction which is shifted .
by 90° electriballf from a direction of magnetic flux
gehenated by a permanent magnet, is efficiently and
practically utilized. As a result, a current waveform
is appoxiﬁated to be a sine wave. Consequently, torque
ripple is further reduced and motor efficiéncy is
further improved. Furthermore, reluctance torgue and
field weakening effect are efficiently and practically
utilized.

As to the brushless D.C. motor driving and
controlling apparatus according to claim 13, the
conducting interval determining means determins a
condﬁcting interval of voltage-fed invertefs to be 180°

by electrical angle. Therefore, a non-control term is

~determined to be 0° by electrical angle. Control of the
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donducting interval within an extent which is smaller
than 60°, is_ﬁqt“geéessary, because the conducting
interval is‘180°. Therefore, when the control is
performed using a microcomputer, a number of timers is
decreased by 1 and interrupt handlings are reduced by 1
in comparison to a case in which the conducting interval
is determined to be greater than 120° and less than
180°. Consequently, the control and arrangement is
simplified. When the control is performed using a
hafdware, a number of timer—couﬁter is decreased by 1 in
comparison to a case in which the conducting interval is
determined to be greater than 120° and less than 180°.
Consequently, the control and arrangement is simplified.
As té the brushless D.C. motor driving and
controlling apparatus.according'to claim ;4, the

apparatus obtains a first voltage at a neutrals-point by

providing resistors which are connected their one ends

to one another and are connected théir other ends to
each output terminal of voltage-fed inverters, and
obtains a sepond voltage at a neutral point which is
obtained at the connected ends of stator windings of a

brushless D.C. motor which windings are connected to one

. another, and the difference voltage outputing means

outputs a difference voltage between the first voltage

and the second voltage, and the rotor position detecting
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means detects a magﬁetic pole position of a rotor of the
brushless.brq: motor based upon the difference voltage.
Thereforé, the magnetic pole position of thé rotor is
detected in spite of the revolution speed, conducting
angle, and amp;itude of motorICUrrent, without
especially providing a sensor for detecting magnetic
pple position of the rotor.

As to the brushless D.C. motor driving and
controlling apparatus according to claim 15, the
épparatus employs a'conducting interval determining
means for determining a conducting i;terval of voltage-
féd inverters to be a predetermined.interval which is
more than 120° and less than 180° by electrical angle.
Therefore, the difference signal between the voltages or
an integrated signal which'signals are used to detect
magnetic pole position of a motor rotor, is Stabilized
so thét reliability is improved.

‘As to the brushless D.C. motor driving and
controlling apparatus according to claim 16, the
apparatus employs a conducting interval determining
means for determininé a cohducting interval of voltage-~
fed inverters to be a predefermined intervél which is
equal or more than 140° and equal or less than 170° by
electrical angle. Therefore, motor efficiency and

operating range are scarcely detracted. And, the
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diffefence signal betwéen the voltages or an integrated
signal'is-funther stabilized so that reliability is
further improved . |

As to the electrical equipment according to
claim 17, the equipment employs a brushless D.C. motbr

as a driving source which motor is driven and controlled

"by one of the brushless D.C. motor driving and

controlling apparatus according to claims 9 through 16.
Therefore, feducing in power consumption is performed
due to the improvement ?thigher efficiency of a
brushless D.C. motor”ﬁhich is the’driving source.

The present invention is described in more

detail.

When a brushless D.C. motor is driven by voltage-
fed inverteré which has a conducting interval of 120° by
electrical angle, ideal current waveforms.apé'an ideally
generated torque are illustrated in Figs. 1(A) through
1(D).- A brushless D.C. motor is a motor which replaceé
mechanical commutators of a d.c. motor with inverters.
Therefore, when inverters are controlled so that each
current of three phases (U, V, W) is joined at every
120° so as t6 make a motor current to be a direct
current, a generated torque becomes similar to that of a
d.c. motor, as is illustrated in Fig. 1(D). |

A simulation result is illustrated in Figs. 2(A]
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and 2(B) which simulation is carried out by the

inventors of the present invention and is carried out
for a current waveform and generated torque when a
brushless D.C; motor is driven by voltage-fed inverters
which has a conducting -interval 6f 180° by electrical
angle. In this case, portions are generated in which a
current of each phase overlaps to one another so that
the brushless D.C. motor performs an operation which is
gifferent from that of a d.c. motor, because corrents
flows for a 180° term. As a result, ripple in the
generated torgue becomes great {refer to Fig. 2(B}}.
From the above point of view, it is
conventionally thought that voltage-fed inverters which
has a ﬁonducting interval of 126° by electrical angle,
is ideal for driving a brushless D.C. motor. Therefore,
only a method which employs a conducting ipé%rval of
120° by elecgrical angle,'is proposed and is available
aé a driving method of a brushleSs D.C. motor which
driving method uses magnetic pole position detection
based upon detection of induced voltages of a motor.
But, when the inventors drives a brushless D.C. mofor
using voltageffed inverters which has a conducting
interval of 120° by electrica; angle, the inventors have

found that ideal waveforms illustrated in Figs. 1 are

not obtained, and that waveforms illustrated in Figs.
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3(A) and 3(B) are obtained, and that the waveforms
illustrated;innFigs. 3(A) and 3(B) afe similar to the
wéveforms'illustrated in Figs. 2(A) and 2(B). When Fig.
2(B) and Fig. 3(B) are compared to one another, it is
understood that amplitudes of both torque ripple are in
nearly the sanme dégree to one another. It seems the
reasoh that motor current canndt be controlled in a
desired manner (controlled to be a rectangular wavéform)
when voltage-fed ihverters employs a simple control is
émployed. Therefore, it becomes clear that lowering in
efficiency and decreasing in operating range are not
realized, the lowering and the decreasing being
apprehended when a bfushless D.C. motor is driven with a
conducting.interval of 180° by electrical angle.

Rather, it becoﬁes clear that efficiency of a brushless
D.C. motor is improved by depression of incréase in
joule losses énd depression of lowering in'fiux
available rate.

Further, when Yoltage-fed inverters which has a
conducting interval exceeding 120° (other than 180°),
portions are inevitably generated in which a current of
each phase overlaps to one another so fhat a character
seems to be obtained which character is similar to thét
of voltage-fed inverters with a conducting interval of.

180° by eiectrical angle.
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- Furthermore, in the voltage-fed inverters with a
conductinéjinxerval of 120° by electrical angle, the
characte; is improved by approximating each current
waveform to a rectangular wave, as is illustrated in
Figs. 1(3) through 1(C). On the contrary, in the
voltage—fed.inverters.with a conducting interval of 180°
by electricél angle, the character seems to be imprbved
by smoothing each current waveform because each current
flows in the entire interval.

The present invention was made based upon the

above findings.
Brief Description of The Drawings

Figures 1 are diagrams illustrating ideal
current waveforms and generated torque under a condition
that a brushless D.C. motor is driven by vol;age—fed
inverters with a conducting interval of 120° by
electrical angle;

Figures 2 are diagrams illustrating simulation

results of a current waveform and generated torque under

 a condition that a brushless D.C. motor is driven by

voltage-fed inverters with a conducting interval of 180°
by electrical angle;

Figures 3 are diagrams illustrating a current
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waveform and generated torque under a condition that a
brushless D.C.. motor is driven by voltage-fed inverters
with a cendueting interval of 120° by electrical angle;

Figure 4 is a schematic block diagram
illustrating an embodiment of a brushless D.C. motor
driving and controlling apparatus according to the
present_invention;

Figure 5 is a schematic cross sectional view of

a brushless D.C. motor in which permanent magnets are

installed on a surface of a rotor;

Figure 6 is a schematic cross sectional view of

a brushless D.C. motor in which permanent magnets are

- installed interior of a rotor;

Figures 7 are graphs illustrating efficiency-
revolution number characteristies and load torque-
revolution number characteristics when a brushless D.C.
motor having an arrangement illustrated in.Fig. 5 is
driven by voltage-fed inverters, and a conducting
interval is determined to be 120°, 180° by electrical
angle, fespectively;

Figures 8 are graphs illustrating efficiency-
revolution number characteristics and load torque-
revolution number characteristics when a bruehless D.C.
motor having an arrangement illustrated in Fig. 6 is

driven by voltage-fed inverters, and a conducting
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interval is determined to be 120°, 150°, 180° by
electricaljangle, respectively;

éigures 9 are graphs illustrating efficiency-
revolution number characteristics and load torque-
revoiution number chafacteristics when a brushless D.C.
motor having an arrangement illustrated in Fig. 6 is
driven by voltage—féd inverters, and the inverter is
modulated in a constant bulse width'manner and variable
pulse width manner, respectively by a control circuifry;

Figures 10 are diagrams illustrating constant
pulse width modulation and variable pulse width
modulafion;

. Figures 11 are diagrams illustrating a voltage
waveform and current waveform when a brushless D.C.
ﬁotor in which permanent magnets are installed on a
surface of a rotor, is driven by voltage-fed inverters
with a conducting interval of 180° by elec£r£cal angle-
and outputting constant pulse width modulation waveform;

Figures 12 are diagrams illustrating a voltage
waveform and current waveform when a brushless D.C.
motor in which permanent magnets are installed interior
of a rotor, is driven by voltage-fed inverters with a |
conducting interval of 180° by electrical angle and

outputting constant pulse width modulation wavefornm:

Figures'13 are diagrams illustrating a voltage
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waveform.and a current waveform when.a-brushless D.C.
motor in wh;chﬁpermaneﬁt magnets are installed interior
of a roto;,'is supplied invérter'output voltages which
is advanced its phase from a phase which makes a phase
of a brushless D.C. motor current and a phase of induced
voltage of the brushless D.C. motor to be equal to one
another;

Figure 14 is a diagram schematically
iilustratin§ a brushless D.C. motor driving and
éontrolling apparatus which achieves.a conducting
interval of 180° by électrical angle;

Figure 15 is a diagram illustrating an inner
arrangement of a microprocessor which is illustrated in
Fig. 14;

Figure 16 is a flowchart which explains
processing contents of an interrupt handling®*l in detal;
Figure 17 is a flowchart which expiaiﬁs
processing contents of an interrupt handling 2 in detal;

Figures 18 are diagrams illustrating signal
waveforms and processing contents of each section df the
brushless D.C. motor dfiving and controlling apparatus
which is illustrated in Fig. 14;

Figure 19 is a block diagram illustrating an
inner arrangement of a microbrocessor which is

incorporated in a brushless D.C. motor driving and
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controlling apparatus which achieves a conducting
interval of ‘150° by eléctrical angle;

éigure 20 is a flowchart which explains -
processing cqntents of an interrupt handling 2' in
detal;

Figure 21 is a flowchart which explains
prdcessing contents of an interrupt handligg 3 in detal;

Figureslzz are diagrams iilustrating signal
waveforms and éroéessing contents of each section of the
srushless D.C. motor driving and controlling apparatus.
which is illustrated in Fig. 19;

Figures 23 are diagrams illustrating signal
waveforms of each secfion of the brushleés D.C. motor
driving and controlling apparatus which is illustrated
in Fig._14, which diagrams are useful in understanding

position detection operation by an amplifiefz integrator

and zero-cross comparator;

Figures 24 are diagrams illustrating a moteor
current and an integration signal of a position detector
when a conducting interval of 180° by electrical angle,
is emploved;

Figures 25 are diagrams illustrating a motor

‘current and an integration signal of a position detector

when a conducting interval of 120° by electrical angle,

is emploved;
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Figures 26 are diagrams illustrating a motor
current and .an integration signal of a position detector

[ 4

when a conducting interval of 130° by electrical angle,
is employed;.

Figures 27 are diagrams illustrating a motor
current and an infégration signal of a position detector
when a conducting interval of 140° by electrical angle,
is employed;

Figures 28 are diagrams illustrating a motor
current and an integration signal of a position detector
when a conducting interval of 150° by electrical éngle,
is employed;

- Figures 29 are diagrams illustrating a motor
current and an integration signal of a position detector
wheﬁ a conducting interval of 160° by electrical angle,
is employed; )

Figures 30 are diagrams illustrating a motor
current and an integrati;n signal of a position detector
when a conducting interval.of 170° by electrical angle,
is employed;

| Figure 31 is a diagram illustrating operating
ranges of a brushless D.C. motor when a conducting
interval is determined to be 120°, 130°, 140°, 150°,

180° by eleétrical angle, respectively, and input

currents are determined to be the same to one another;
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and

Figﬁram32 is a diagram illustrating motor
efficiencies of a brushless D.C. motor when a conducting
interval is determined to be 120°, 130°, 140°, 150°,
180° by electrical angle, respectively, and input

currents are determined to be the same to one another.
Best Modes For Implementing The Invention

Hereinafter, referring to the attached drawings,
we éxplain the presént inventibn in détal.

Figure 4 is a schematic block diagram
illustrating an embodiment of a brushless D.C. motor
driving and controlling apparatus according to "the
present invention. QOutput voltages.of inverters 2 are
supplied to a brushless D.C. motor 3. A secdnd voltage
at a neutral point is obtained by Y—connectiAg induced
voltages of the bfushless D.C. motor 3 or by Y-
connecting stator windings of each phase of the

brushless D.C. motor 3. A first voltage at a neutral

point is obtained by Y-connecting resistors between

‘output terminals of each phase of the inverters 2. A

motor position detection circuitry 4 receives a
difference voltage between the first'voltage and the

second voltage. An output signal from the motor
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position Qetection circuitry 4 is supplied to a control
circuitr?'S;"The coﬁ;rol circuitry 5 generates a

’ ) -
control command for'determining a conducting interval-to
be more than 120° and equal to or less than 180° by
electrical angle, andlsupplies the control command to
the inverters 2. When the control circuitry 5 generates

a control command for determining the conducting

interval to be equal to 180° by electrical angle and

sﬁpplies the control command to the inverters 2, The

difference voltage should be.suppliedxto_the motor
position detection circuitry 4, but when thelcontroi
circuitry 5 generates a control command for determining
the conducting interval to be lesslthan 180° by
electrical angle and supplies the control command to the

inverters 2, the induced voltages or difference voltage

-

may be'supplied to the motor position detection

circuitry 4.

Therefore, a detection signal corresponding to a
magnetib pole position of a motor rotor is obtained by
the motor position detection circuitry 4 based upon the
induced voltages of the brushless D.C. motor 3 or the
difference vbltage between the first and second
voltages. The control circuitry 6§ generates the control
command based upon the magnetic pole position detection

signal. The control command controls switches (not
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jllustrated) of the inverters 2 so that the conducting
intervaluis.q§terminea to be moré than 120° by
electrical angle and equal to or less than 180° by
electrical angle.

Figure 5 is a schematic cross sectional view of
a brushless D.C. motor in which pefmanent magnets are
installed on a surface of a rotor. _Permanent magnets 3b
are installed at predetermined position on a surface of

a rotor Sé. A stafor 3c includes a plurality of slots

'3d in which stator windings (not illustrated) are wound.

A d-axis which is indicated by an arrow in Fig. 5,_is an
axis indicating a direction of magnetic flux generated
by the premanent magnet 3b. A g-axis is an axis which
is shifted 90° electrically with respect to thée d-axis.
Figure 6 is a schematic cross sectional view of
a brushless D.C. motor in which permanent magnets are
installed interior of a rotor. Permanent ﬁaénets 3f are
installed in a condition that the permanent magnets 3f
are not exposed from a rotor 3e. Non-magnetic bodies 3g
are installed between neighbouring permanent magnets 3f
so that short-magnetic circuit between the neighbouring
permanent magnets 3f is prevented from occurreﬁce. An
arrangement of a stator 3c is similar to that of the
brushless D.C. motor illustrated in Fig. 5, therefore

decription is omitted.
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Figures 7(A) and 7(B) are graphs illustrating
efficiency—;evolution number characteristics and load
torque-re;olution'number charaqteristics when a
brushless D.C. motor having an arrangement illustrated
in Fig. 5 is driven by voltage-fed inverters, and a
conducting interval is deterﬁined to be 120°, 180° by
electrical angie, respectively. In Fig. 7(A), the

characteristics are obtained under a condition that load

-torque is determined to be 20kg-.cm. Also, in the

figures, a represents characteristics when a conducting
interval is determined to be 120° by'electrical angle,
and b represents characteristics when a conducting
interval is determined fo be 180° by electrical angle.

As is apparent from these characteristics
figures, efficiency is improved, a maximum revolution
number is raised, and load torque in a high fevolution
range is increased, by determining the conducking
interval to be 180° by_electrical angle.

Figures 8(A) and'S(B).are graphs illustrating
efficiency-revolution number characteristics and load
torque-revolution number characteristics when a .
brushless D.C. motor having an arrangeﬁent illustrated
in Fig. 6 is driven by voltage-fed inverters, and a
conducting interval is determined to be 120°, 150°, 180°

by electrical angle, respectively. 1In Fig. 8(a),
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characteristics are obtained under a condition that load
torque is determined to be 20kg-cm. Also; in the
figures,;c-ce;tesents characteristics when a conducting
interval is deterﬁined_to be 120° by electrical angle, b
represents characteristics when a conducting interval is
determined to be 1$0° by electrical angle, and c
represents characteristics when a conducting interval is

determined to be 180° by electricallangle.

" As is apparent from these characteristics

-figures, efficiency is improved, a maximum revolution

number is raised, and load torque in a high revolution

range is increased, by determinng the conducting

interval to be'great.

’ Figures 9(A) nd 9(B) are graphs illustrating
efficiency-revolution number chafacteristics and load
torque-revolution nuhber characteristics when a
brushless D.Ct motor having an arrangement illustrated
in Fig. 6 is driven by voltage-fed inverters, and the
inverters are modulated in a constant pulse width manner

and variable pulse width manner, respectively by a

control circuitry. 1In Fig. 9(A), characteristics are -

obtained under a condition that load torque is

determined to be 20kg-cm and a conducting interval is
determined to be 180° by electrical angle. Also, in the

figures, a represents characteristics when variable
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pulse width modulation is performed, and b represents

characteristics when constant pulse width modulation is
, _

performed.

The variable pulse width modulation is a method
for obtaining a voltage waveform which is equivalent to
a sine wave and the like,'by varying pulse widtﬁes, as
is illustrated in Fig. 10(A) . The constant pulse width
modulation is a method which does not vary pulse widthes
at all, as is illustrated in Fig. iO(B).

As is apparent from these characteristics

figures, efficiency is improved, a maximum revolution

number is raised, and load torque in a high revolution
range is increased, by employing the constant pulse
width modulation.
Hereinafter, description islmade in more defail.

- A pulse width modulation method whicﬁ emplovs
variable pulse widthes such as sine wave modulation, is
generally employed as other driving and controiling
method of a motor and the like, beéause it is thought
that low order higher harmonics waves cause increase in
losses and vibration (refer to "Frequency Dependency of
Induction Motor Parameters and Their Meaéuring Method",
K.Kawagishi et. al., IPEC-Tokyo'83,pp.202?213,1983).
When the method is applied to a brushless D.C. motor, a

magnetic pole detection means with high accuracy is
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needed and control becomeé complicated so that a cost as
a whole iéj;QQreased because a modulation signal
waveform and a rotor should be synchronized to one
another. But, the constant pulse width modulation does
not have such disadvantages, and has an amplitude of a
fundamental wave which.is higher than that of a
fundamental ﬁave of variable pulse width modulation.
Further, as is apparent from Figs. 9 which represent the

inventors' knowledge, lowering in efficiency which is

generally concerned, was not recognized, instead

efficiency was improved. Furthermore, vibration was
vibration which was almost inconsiderable when the
method was taken in an éir conditioner and the like.

Next, a brushleés D.C. motor in which permanent
magnets are installed on a sﬁrface of a rotbr, and a
brﬁshless D.C. motor in which_perménent,magﬁéts are
installed interior of a rotor, are describéd‘
contradistincfionally in deteil (refer to.Figs. 5 and
6).

The brushless D.C. motor in which permanent
magnets are installed on a surface of a rotor, which
motor is illustrated in Fig. 5, includes permanent
magnets 3b which are disposed on a surface of silicon

steel plétes of the rotor 3a. Therefore, an air gap (a

distance between silicon steel plates of the rotor and
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silicon steel plates of a stator) is great so fhat
inductance of-stator #indings become comparatively
small; 6n the contrary, the brushless b.c. motor in
which permanent magnets are installed interior of the
rotor, which motor is illustrated in Fig. 6, includes
permanent magnets 3b which are disposed interior of
silicon steel plates of the rotor 3a. Therefore, an air
gap is small so that inductance of stator windings

become extremeiy great in comparison to that of the

brushless D.C. motor in which permanent magnets are

.installed on the surface of the rotor, because the

permanent magnets are installed interior of the rotor
3e. -
Figures 11 and 12 are diagrams illustrating a

voltage waveform and current waveform when a brushless

‘D.C. motor in which permanent magnets are installed on a

surface of a rotor and a brushless D.C. motor in which
pérmanent magneté are installed intrior of a rotor, is
driven, respectively} by voltage-fed inverters with a
conducting interval of 180° by electrical angle and
odtputting constant pulse width modulation waveform. In
both figures{ vo;tage waveforms are illustrated in upper
portipns, while current waveforms are illustrated in
lower portions.

As is apparent from both figures, due to effects
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of inductance of stator windings., a motor current
becomes similar to a sine wave when a brushless D.C.

. L4 .

motor in which permanent magnets are installed intrior

of a rotor, is employed, so that losses caused by higher

harmonic currents are reduced and efficiency is

improved. Further, torque ripple is reduced.

A brushless D.C. motor in which permanent
magnets are installed on a surface of a rotor, and a

brushless D.C. motor in which permanent magnets are

installed intrior of a rotor, are further described

contradisfipctionally in deteil.

The bfushless D.C. motor in which permanent
magnets are installed on a surface of a rotor, which
motor.is illustrated in Fig. 5, has cylindrical shaped
silicon steel plates which cohstitute a rotor 3a.
Therefore, inductance of stator windings ar& maintained
td be constant regar@less of rotational position of tﬁe
rotor 3a. On the contrary, the brushless D.C. motbf in
which permanent magnets are installed intrior of a rotor
3e, which motor is illustrated in Fig. 6, has silicon
steel plates which are magnetic bodies, and non-magnetic
bodies 3g, which silicon éteel'plates énd non-magnetic
bodies 3g are alternately disposed in a portion of the

rotor 3e which portion is close to an outer periphery of

the rotor 3e. Therefore, inductance of stator windings
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véry depending upon rotational position of the rotor 3e.
Specifibally, when: the brushless D.C. motor in which
permanen; ;agnets are installed on the surface of the
rotor, and the brushléss D.C. motor in which permanent
magnets are installéd intriof of the fotor, are operated

in nominal conditions, both d-axis inductance and g-axis

inductance of the former brushless D.C. motor are 3.2mH,

" while d-axis inductance and g-axis inductance of the

latter brushless D.C. motor are 7.7mH, 22.8mH,
réspectively.

A method for outputting.inVerter voltages in a
matching—tq-a-phase condition which phase maximize a d-
axis voltage (induced voltage of the motor), that is for
outp;tting inverter voltages so that a phase-of a motor
current and a phase of thé induced voltage of the motor
are the same to one another, is.generally emploved as a
driving and controlling method of a brusﬁléss D.C.
motor, because magnetic flux of permanent magnets are
intended to be available at its maximum. In Figs. 11, a
phase of inverter voltage is advanced by 29° with
respect to a phase of induced voltage of a motor which
motor is a brushless D.C. motor in which permanent
magnets are installed on a surface of a rqtbr. Figs. 11

are obtained under a condition that a number of

revolutions ¢ 2858 r.p.m., load torque is 20kg-cm, a
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motor voltage is 114.0V, and a motor current is 7.20A.
In Figs..ii, scales are 200V/div. for voltage, 10A/div.
for current, and 2msec/div. for horizontal axis.
Further, the advanced angle varies depending upon motor
constants.

But, a brushless D.C. motor in which permanent
magnets are installed.interiop of a rotor, has
inductance of stator windings which is slightly greater

than that of the former brushless D.C. motor.

Therefore, a current waveform becomes a waveform which

is_illustrated in Figs. 12. Figs. 1é are obtained under
a condition that a number of revolutions is 2858 r;p.m.,
load torque is 20kg-cm, a motor voltage is 126.5V, and a
motor 6urrent is 5.76A. In Figs. 12, scales are
200V/div. for voltage, 10A/div. for current, and
2msec/div. for horizontal axis. A phase of *inverter
voltage is advanced by 70° with respect t6 a'phasé of an
induced voltage of the motor in a case which is
illustrated in Fig. 12. The advanced angle varies
depending upoﬁ mqtor'constants. When a phase of
inverter voltage is further advanced with respect to the
above phase of inverter voltage (advanced angle is 73°),
and the inverter voltage is supplied to the brushless
D.C. motor, a current waveform illustrated in'lower

portion of Figs. 13 is obtained. Figs. 13 are obtained



5
10
15
—/
20

under a condition

that a number of revolutions is 2858

r.p.m., load torque is 20kg-cm, a motor voltage is

L4

89.6V, and a motor current is 6.92A. In Figs. 13,

scales are 200V/div. for voltage, 10A/div. for current,

and 2msec/div. for horizontal axis. A voltage waveform

is illustrated in

When Figs.

upper portion of Figs. 13.

12 and 13 are compared to one

another, it is understood that the current waveform is

quite similar to a sine wave due to effect of g-axis

inductance. Therefore, torque ripple reducing effect

and efficiency improving effect are further improved.

Further, "reluctance torque" and "field weakening

effect" which are

other characteristics of a brushless

D.C. motor in which permanent magnets are installed

interior of a rotor, are effectively utilized.

Figure 14

is a diagram schematically

illustrating a bfushless D.C. motor driving and

controlling apparatus which achieves a conducting

interval of 180° by electrical angle, while Figure 15 is

a diagram illustrating an inner arrangement of a

microprocessor which is illustrated in Fig. 14. Three

pairs of switching transistors 12ul, 12u2, 12vi, 12v2,

12wl, 12w2 are serially connected, respectively, between
terminals of a d.c. power source 11 so that inverters 12

are constituted. A voltage at each connecting point of
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each pair of switching transistors is supplied to each
of three §Fq§o£ windings 13u, lév, 13w of a brushless
D.C. motor 13, the stator windings 13u, 13v, 13w being Y-
connected and each of the stator windings 13u, 13v, 13w
corresponding to each phase. Also, a voltage at each
connecting point of each pair of switching tfansistors
is supplied to each-of three resistors 14u, 14v, 14w
which are Y-connected. Further, diodes 12uild, 12u2d,
12vid, 12§2d, 12wild, 12Q2d for protection are connected .
between colleptor—emitter terminals of the switching
transistors 12ul, 12u2, 12v1l, 12v2, 12wl, 12w2,
respectivély. Furthermore, 13e represents a rotor of
the brushless D.C. motor 13. Suffixes of u, v, w
correspond to u-phase, v-phase, w-phase of thé brushless
D.C. motqr 13, rgspectively. A second voltage of a
neutral point 13d of the Y—connegted stator windings
13u, 13v, 13w is supplied to a feversed inﬁut terminal
of an amplifier 15 through a resistor 15a. A first
voltage of a neut:al point 144 of the Y-connected
resistérs 14u, 14v,'14w is supplied as it is to a non-
réﬁersed input terminal of the amplifier 15. A resistor
15b is connected between an output terminal and the
reversed input terminal of the amplifier 15 so that the
amplifier 15 operates as an differential amplifier.

An output signal output from the output terminal
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of the ampliﬁiéf 15 is supplied to gnﬁintegrator 16

which iS'conétituted Ey serially connecting a resistor
16a and ; capacitor 16b.

An output signal from the integrator 16 {a
voltage at a connecting point of the resistor 16a and
the capacitor 16b) is supplied to a non-reversed input
terminal of a zero-cross cémparator 17 which is supplied
the second voltage of the neutral point 13d to its
reversed input terminal.

Therefore, a magnetic pole position detection
signal is output from an output terminal of the zero-
cross comparator 17. In pther wordé, a position

detector is constituted by the differential amplifier,

integrator 16 and zero-cross comparator 17. A position

- detector which is constituted by a rotary encoder and

the like may be employed instead of the position

detector having the above arrangemént.

The magnetip pole position detection signal
outpﬁt from the position detector is supplied to an
external interruption terminal of a microprocessor 18.
In the microprocessor 18, an interrupt handling (refer
to interrupt handling i in Fig. 15) for a phase
correction timer 18a and a period measurement timer 18b;
is cafried out based upon the magnetic pole position

detection signal which is supplied to the extérnal
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interruption terminal. The phase corpection timer 18a
is detenmiqeg ifs timer value by a timer value operating
section '19a which is described later. The period
measurement timer 18b supplies its timer value to a
position signal period operating section 19b which is
included in a CPﬁ 19. The position signal period
operating section 19b calculates a timer value per 1
cyclé by electfical angle based upon a timer value

corresponding to 60° by electrical angle, for example.

' The phase correction timer 18a supplies a count over

signal to inverter mode selection section 19c for a
coﬁducting interval of 180° by electrical angle solthat
an interrupt handling (refer to an interrupt handling 2
in Fig. 2) is carried out. The inverter mode selection
section 19c¢c for a conducting interval éf 180° by
eleotricai angle, reads out correéponding voltage

pattern from a memory 18c and outputs therefrom. 1In the

CPU 19, the position signal period operating section léb

performs operation based upon fhe timer value and
outputs a positidn signal period signal which is
supplied to a timer value operating section 19a and a
velocity operating section 19e. The timer value
operating section 19a is also supplied a phase angle
command. The timer value operating section 19a

calculates a timer value which is determined in the
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phase correction tiher 18a, based upon the phase angle
command ana_the posifion signal period signal from the
position'signai period operating section 19b.' The
velocity operating section 193 calculates a velocity at
the present time based upon the position signal period
signal from the position signal period operating section
19b, and supplies the calculated velocity to a velocity
controlling section 19f. The velocity controlling

section 19f is also supplied a velocity command. The

'velocity controlling section 19f outputs a voltage

éommand based upon the velocity comménd and the velocity
at the present time from the-velocity operating'section'
19e. And, the voltage pattern output from the inverter
mode selection section 19¢ for a conducting inferval of
180° by electrical angle, and the voltage command output
from the velocity controlling section 19f are supplied
to a PWM (Pulse Width Modulation) modulatibn‘section
18d. ' The PWM modulation section 184 outputs PWM
modulation signals for three phases. The PWM modulation
signals are sup?lied to a base driving circuitry 20.

The base driving circuitry 20 outputs control signals
for supblying base terminals of the switching
transistors 12ul, 12u2, 12v1, 12v2, 12wl, 12w2. Each
sectidn included in the CPU 19 represents a functional

portion for performing corresponding function. These
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sections do not exist in the CPU 19 in a recognizable

_ cohdition.

The Voltage patterns corresponding to inverter
modes are represented in table 1. The voltage patterns

are represented with ON-OFF conditions of the switching

5 " transistors 12ul, 12u2, 12v1, 12v2, 12wl, 12w2. "1"
corresponds to ON,condition, while "0" corresponds to
OFF condition;
v.-
- 10 : Table 1
;nverter Voltage-Fed inverters
| mode 120l | 12u2 | 12v1 | 12v2 | 12v1 | 12v2
0 1] o of 1] 1| ©
1 1 0 0 1 0 1
| 2 1 0 11 O o 1
1§ 3 0 1 1 0 o] .1
4 0 1 1 0 1 0
- 5 ol 1| of 1| 1| o
b.‘
20

Next, referring to waveform diagrams illustrated
in Figs. 18, operation of the brushless D.C. motor
driving and controlling apparatus which is illustrated

in Fig. 14, is described.

25
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The u-phase, v-phase ana w-phase induced
voltagesusy, Ev, Ew of the brushless D.C. motor vary
under a condifion that three induced voltages are
sequentially shifted their phase by 120°, as are
illustrated in Figs. 18(A), 18(B) and 18(C). The signal
Vnm output from the amplifier 15 varies, as is
illustrated in Fig. 18(D). An integration waveform

{formula (1)} which is obtained by perfbrming

integration of the signal Vam by the integrator 16,

‘varies , as is illustrated in Fig. 18(E).

fVnmdt ... (1)

The integration waveform is supplied to the zero-
cross comparator 17, and the zero-cross comparator 17
ouéputs a exitation change-over signal which rises or
falls at zero-cross points of the integration signal, as
is illustrated in Fig. 18(F). The interrupt handling 1
is performed due to the rising aﬂd falling of the
excitation change-over signal so that the phase
correction timer 18a starts {refer to start points of
arrows illﬁstrated in Fig. 18(G)}. The phase correction
timer 18a performs time counting operation for the

determined timer value and count-over is generated



10

15

20

25

{refer to end points of arrows illustrated in Fig.
18(G)}, because the phase correction timer 18a is
determined its timer value by the timer value operating
section 19b. The interrupt handling 2 js carried out at
every generation of count-overlof the phase correction
timer 18a, and the inverter mode selection section 19c

for a conducting interval of 180° by electrical angle,

~advances the inverter mode by 1 step. That is, the

inverter mode is selected in the order of "1%, "2",6 3%,

‘ngn uwgu wqgm wqn waw ., as is illustrated in Fig.

18(N). The inverter mode is édvanced by 1 step due to
the count-over.of the phase-correction timer iBa, SO
that t@e switching transistors 12ul, 12u2, 12v1, 12v2,
12wl, 12w2 are controlled their ON-OFF conditions in
correspondence to each inverter mode, as are illustrated
in Figs. 18(H) through 18(M). As a result,.ariving of
the brushless D.C. motor 13 is performed uﬁdér a
condition that the conducting term is determined to be
180° by electrical angle, and the phase of the inverter
voltage is determined to be an advanced phase with
reépectlto the indﬁced voltagé of the motor. Wherein,
an advancing angle of the phase of the ﬁnverter voltage
is controlled by the phase correction timer 18a.

Figure 16 is a flowchart which explains the

contents of processing of the interrupt handling 1 in
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detail. An external interruption request is accepted at
a rising_édggﬁand.falling edge, respectively, of a
magnetic pole position detection signal (which signal
corresponds to the exitation change-over signal) of the
position detector. In.step SP1, a timer value of the
phase correction timer 18a is calculated based upon an
externally supplied phase angle {(phase correction angle)
command and the position signal period signal obtained
by the position signal period operating sectidn 19b. In
step SP2, the phase correction timer 18a is set with a
correction timer value (timer value for correction). In
step SP3, the phase correction timer 18a is started. In

step SP4, the period measurement timer 18b is stopped

~ which was started in the previous interrupt handling 1.

In step SP5, The timer value of the period measurement
timer 18b is read into (is stored). These.processings
in steps SP4 and SP5 are processings for detecting a
period of an edge of the exitation change-over signal.
Therefore, the périod measurement timer 18b is reset and
started immediately after the reading of the timer value
of the period measurement timer 18b, for the next period
measurement. In step SP6, an operation of the stored
position signal period (for example, caléulation of a
counting number per 1° by electrical angle). In step

SP7, the revolution number at the present time of the
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brushless D.C. motor 13 is calculated based upon the
stitiqnfgignal period operation result. In step SP8,
velocif? controlling is performed so aé to foilow the
externally supplied velocity comménd, and the voltage
command is output. Thereafter, processing is returned
to prior processing.

Specifically, when the count value co?responding
to the interval of the magnetic pole position detection
signél, is 360 which is obtained by the actual
measurement by the period measurement timer 18b, the
count value per 1 period of the inQerter output voltage
becomes 360 x 6 = 2160 because a number of inverter -
modes is 6. Aand, the count value for 1° becomes
2160/360 =6 because the count value of 2160 corresponds
to 360°. When the phase angle command is 60°, the count
value (timer value) corresponding to the phase angle

command becomes 6 x 60 =360. Therefore, tﬁe value Qf

360 is set in the phase correction timer 18a as the

“timer value for correction, and the phase correction

timer 18a is.started.

Figure i? is a flowchart which explains contents
lllprocessing of the interrupt handling 2 in detail.
The interrupt handling 2 is accepted when the phase
éorrection timer.lsa becomes count-over condition which

timer was started in the interrupt handling 1. 1In step
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SP1, the inverter mode is advanced by 1 step which
inverter mode is previously determined in the memory

18c. In step SP2, the voltage pattern corresponding to

-the advanced inverter mode is output. Thereafter,

processing is returned to prior processing.

Therefore, a number of timers is decreased by 1
and interrupt handlingé are decreased by 1 when the
above controlling is realized using a microcomputer,
which advantages will be apparent by comparing the above
embodiment to a comparative example which is described
below. Further, when the above contolling is realized

using a hardware, a number of counters is decreased by

1.
Comparative Example

Figure 19 is a diagram illuStratiﬁg an inner
arrangemeht of the microprocessor 18 which is
incorporated in a brushless D.C. motor driving and
controlling apparatus for realizing a cohducting
interval of 150° by eiectriéal angle. The
microprocessor 18 realizes the conducting interval of

150° by electrical angle. The inner arrangement differs

_ from the inner arrangement which is illustrated in Fig.

156 in that an inverter mode selection section 19¢!' for a
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-conducting interval of 150° by elgctrical angle, is

employedfip§;ead of the inverter mode selection section
19c for' a conducting interval of 180° by electrical
angle, a second phase correction timer 18e is further
provided, and contents of the interrupt handling 2' and
a number of inverter modés are increased. The second
phase correction timer 18e is started in the interrupt
héndling 2' which is caused by the phase correction
timer 18a', and supplies its count-over signal to the
inverter mode sélection section 19¢' for a conducting
interval of 150° by electrical angle which section is
included in the CPU 19' so that an interrupt handling
(refer to the interrupt handling 3 in Fig. 19) is

carried out. In this comparative example, component

'~ sections corresponding to the component sections

illustrated in Fig.'ls, are applied reference codes

which are added "'". Further, arrangemehté and

interconnections of the inverter circuitry, brushless

D.C. motor, Y-connected resistors, position detector,
base driving circuitry are the séme to the arrangements
and interconnections illustrated in Fig. 14, therefore
illustration and description are omitted.

The second‘phase correction-timer 18e is
determined its timer value by the timer value operating

section 19a'.
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Voltage patterns corresponding to inverter modes

are represénted in table 2. The voltage patterns are

represented with ON-OFF conditions of the switching

rransistors 12ul, 12u2, 12v1, 12v2, 12wl, 12w2. And,

u1v corresponds to ON condition, while "0" corresponds

to OFF condition.

- Table 2
Inverter Voltage-Fed inverters
mode 12ul | 12u2 | 12v1 | 12v2 | 12w1 | 12v2
0 1 0 0 1 1 0
1 1 0| O 1 0 0
2 1 0 0 1 0 1.
3 1 0 8 0 0 1
4 1 0 1 0| O 1
5 ol o] 1| o] o}f.- 1
6 o] 1{ 1| o] o] 1
7 0 1 1 0 0 0
8 o 1 1 0 1 0
9 0 1 0 0o 1 0
10 0 1 0 1 1 0
11 0 O 0 1 1 0

Figs. 22 are waveform diagrams. of component

sections which waveforms represent the operation of this

comparative example. Waveforms illustrated in Figs.

22(A) through 22(G) are the same to those of Figs. 18(A)
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through 18(G).. And, voltage patterns corfesponding to
inverter‘ﬁodgs which correspond to even numbers, are
output Yy the interrupt handling 2' and voltage patterhs
corresponding to inverter modes which correspond to odd
numbers, are outpﬁt by the interrupt handling 3, due to
the addition of Fig. 22(G'), so that driving of a
brughless D.C. motor under a condition that the
conducting term is determined to be 150° by electrical
angle, is performed.

'Fig. 20 is a flowchart which explains contents
of proéessing of the interrupt handling 2' in detail.
The interrupt handling 2' is accepted when the phase
correction timer 18a' becomes count-over condition which
timer is started in the interrupt haﬁdling 1'." In step
SP1, an inverter mode is advanced by 1 step, which
inverter mode is previously determined in the memor§
18¢c!'. In step SP2, a voltage pattern corfeéponding to
the advanced inverter mode is output. In step SP3, a
timer value (a value corresponding to 30°) for the
second phase correction timer 18e is calculated based
upon the phase correction value. 1In step SP4, the timer
value for correction is set to the second phaée
corrgction timer 18e. In step SP5, the second phase
correction timer 18e is started. Thereafter,-processing

is returned to prior processing.
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Fig. 21 is a flowéhart which ékplains contents
of procesé}ng of the interrupt handling 3 in detail.
The intefrupt handling 3 is accepted when the second
phase correction timer 18e becomes count;over condition,
which timer_is started in the interrupt handling 2'. 1In

step SP1, an inverter mode is advanced by 1 step, which

inverter mode is previously determined in the memory

18c'. In step SP2, a'voltage'pattern corresponding to

the advanced inverter mode is output. Thereafter,
processing is returned to prior processing.

The magnetic pole position detection by the
amplifier 15, integrator 16 and zero-cross comparator 17
which are illustrated in Fig. 14, is described in more
detail.

In the magnetic pole position detection which is
achieved by detecting motor voltages, a magnétic pole
position detection method is employed in ah electric
equipment such as an air conditioner or the like, which

method uses induced voltages which appear in both upper

'and lower arms' OFF térm of the conducting interval of

120° by electrical angle. The mgthod becomes impossible
to detect the induced voltages when high load is
employed and currénfs are increased so that the magnetic
pole position detection becomes impossible to be

achieved.
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When it is assumed that time period until ‘the
flowing ¢current flowing in stator windings being cut

[ 4 : .
off, is t, conducting angle of inverters in the term of

180° by electrical angle is determined to be g (rad),

and output frequency is f, a condition formula for

 determining possibility and impossibility of induced

voltage detectioﬁ, is as follows.
t < (m -a) / (47f)

As is apparent from the condition formula, it is
understood.that detection of induced voltage is
principally impossible when a conducting interval of
180° by electrical angle is employed. When a greater
torque is.required, an amplitude of a current should be
increased. When an amplitude of a current ig increased,

a residual current due to motor inductance becomes

‘greater.' In the worst case, a current flowing in a

stator winding is not cut off during_a 180° term (a term
corresponding to 180° by electrical angle). Therefore,
an amplitude of a current should bé limited so that a
current flowing in a stator winding is securely cut off
during the 180° term. Consequently,'an amplitude of a
currént cannot be increased too much when high speed
revolution is pefformed and/or when conducting périod is
lengthened.

When the arrangement illustrated in Fig. 14 is
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employed, the voltage Ey_, at the neutral point 13d of
the Y-connected stator windings 13u, 13v, 13w becomes
the foll&wing equation:

E -0 =(1/3){(Vu_o -_Eu_o) + (vv_o - Ev—o)

N
+ Vg " Eyo))

In other wbrds, the voltage Ey . becomes a sum {refer to
Fig. 23(G)} of 3n order higher harmonic components
(wherein, n is an integer) which are included in the
inverter output waveforms {refer to_Figs. 23(A), 23(B)
and 23(C)} and the induced voltage waveforms {refer to
Figs. 23(D), 23(E} and 23(F)} of a motor.

Further, the voltage VM;O at the neutral point
144 of. the Y-conneéted resistors 14u, 1l4v, 14w becomes
the following equation {refer to Fig. 23(H)}}:
V-0 (/3 Vy_g * Vyo * Vu-0

Therefore, the 3n order higher harmonic
component is taken out by obtaining a différ;nca EN—O -
Vy-o {(refer to Fig. 23(I)} between the both.voltages Ey-

v The arrangement illustrated in Fig. 14 is not

0’ "M-0°

limited by the condifion formula and is applicable to
conducting term having an arbitrary angle, because the
both equations are independent of a current. Thaf is,
magnetic pole position detection is achieved without .
using a ﬁagnetic pole position sensor especially when

high speed revolution is performed and/or when
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conducting period is lengthened and when an amplitude of

. a current is.increased. Also, magnetic pole position

L4

detection is achieved without using a magnetic pole
position sensor especially when a conducting interval of
180° by electrical angle is employed.

In the foregoing, driving and controlling of a
brushless D.C. motor is described under oniy a condition
that the brushless D.C. motor is under steady operation.
But, the above driving and controlling cannot be
achieved when the brushless D.C. motor is stopped,
because no induced voltages are generated. Therefore,
when driving of the brushless D.C. motor is started,
three-phase alternating voltage is externally and
forcibly supplied to the brushless D.C. motor so that
the roﬁor is_rotated by synchronized operation. When
the rotor begins its revolution, an induced.}olatge is
generated so that the above driving and controlling of
the brushless D.C. motor is achieved.

Further, when the‘condﬁcting interval of 180° by
electfical angle is employed, and when a brushless D.C.
motor in which permanent magnets are installed interior
of a rotor which motor has a special aﬁplication, is
driven under a condition of high revolution and great
load, the motor current and the integration signal of

the position detector are varied as are illustrated in



10

15

20

25

-59-

Figs. 24(A) and 24(B). It is understood that the
integration signal is. greatly disorder when the
conducting interval of 180° by electrical angle is
employed, by comparing the motor current and the
integration signal to the motdér current and the
integration signal {refer to Figs. 25(A) and 25(B)}
which are obtained when the conducting interval of 120°

by electrical angle is employed. Of course, a

difference signal between voltages is disorder.

"Therefore, when a slight varying in load, resonance and

the like in the driving system of the inverters and the
brushless D.C. motor are generated, alpoint is appeared
at which the integration signal is not zero-crossed due
to the disorder so fhat the position signal is bot
obtained and the brushless D.C. motor may step out. The
motor current illustrated in Fig. 24(A) is different
from the current waveforms illustrated in in Figs. 2(A),
12(B) and 13(8); The difference is caused by difference
in motor application. Provided that such disadvantage
are rarely generated.

To dissolve such disadvantage which is generated
under a special condition, so that reliability of the
apparatus for driving and controlling the brushless D.C.
motor is improved, the cohducting interval should be

determined to be more than 120° and less than 180° by
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~electrical angle. Figs. 26 through 30 illustrate motor

currents'énd integration signals which correspond to
cases that the conducting interval is determined to be
130°, 140°, 150°, 160°, and 170° by electrical angle,
respectively. As is apparent from those figures,

disorder in integration signals are eliminated.

Further, operating ranges of a compressor ( a compressor

which employs a brushless D.C. motor as a driving

source), and motor efficiencies of the brushless D.C.
motor are illustrated in Figs. 31 and 32 which
correspond to cases that thé conducfing interval is
determined to be 130°, 140°, 150°, and 180° by
electricai angle, respectively, and that the input
currents are determined to be the same to pné‘another.
As is apparent from Fig. 31, the operating ranges
scarcely vary when the conducting interval .is determined
to be 140°-170° by electrical angle. Also,'és is
apparent from Fig. 32, lowering in the motor efficiency
is less than 1% when the conducting interval is
determined to be 140°-170° by electrical angle.
Therefore, it is preferable that the conducting interval
is determined to be 140°-170° by electrical angle. 1In
this case, the above.disadvantagé is securely prevented
from occurrence with scarcely reducing of the operating

range and with scarcely lowering the motor efficiency,
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so that the reliability is remarkably improved.
Further, an arrangement may be employed instead

of the pobsition detection circuitry which includes the

amplifier 15, integrator 16 and zero—cross comparator

17.  The arrangement is illustrated in Fig. 33(A), and

has an amplifier 115 which is supplied the voltage at
the neutral point 13d (refer to Fig. 14) to a non-
reversed inpgt terminal through a resistor 115a, is
supplied the voltage at the neutral point 144 (refer to
Fig. 14) to a reversed input terminal. And, a resistor
115b and a capacitor 116b are connected in pérallel
between an output terminal and the reversed input
terminal of the amplifier 115. Furthermore, an
arrangement which is illustrated in Fig. 33(B) ‘may be
employed. The arrangement is obtained by adéing an
amplifier 117 to the arrangement illustrated in Fig.
33(A), which amplifier 117 has a resistor which is
connected between an output terminal and a reversed
input terminal. 1In th;s arrangement, an output signal
from the amplifier 115 is supplied to the reversed input
terminal of the amplifier 117 through a resistor.
Further, an arrangement which is illustrafed in Fig.
33(C) may be employed. Thé arrangement is obtained by
replacing the_amplifiers 115 and 117 to one another,

which amplifiers appear in Fig. 33(B). When the
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arrangement illustrated in Fig. 33(C) is employed, the
voltage é%_{@e neutral point'13d may be supplied to the
reversefl inbut terminal of the amplifier 117 through a
resistor and the voltage at a neutral point 144 may
directly be supplied to a non-reversed input terminal of
the amplifier 117. When one of those arrangements is
employed, operation which is similar to that of a
corfesponding portion which is illustrated in Fig. 14 is
achieved.

Further, reducing in power consumption is
required for an electrical equipment such as air
conditioner, vacuum cleaner, electrical washer and the
like, and a brushleés D.C. motor and an inverter which
are drawn attention in recent years, are going to be
emploved. When the apparatus for driving and
controlling a brushless D.C. motor accordind to the
present invention is applied to those electfical
equipments, power consumption is further reduced in
comparison to conventional electfical equipmenats which

employ a brushless D.C. motor and inverters.
Possibility in Industrial Utilization

The present invention performs imprbvement in

efficiency and enlargement in operating range of a
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brushless D.C. motor which is employed as a driving

source in various applications.

4
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What is claimed is:

;1. -A brushless D.C. motor driving and
controlling method which drives a brushless D.C. motor
(3)(13) using voltage-fed inverters (2)(5)(12)(20), said
method is characterized in that a conducting interval of
voltage—fed'inverters is determined to be a
predetermined intervai which is more than 120° and equal
or less than 180° by electrical angle.

2. A brushless D.C. mbtor driving and
controlling method as set forth in claim 1, wherein
outputs of said voltage~fed inverters (2)(5)(12)(20) are-
modulated so as to output pulse signals, each pulse
signai having constant pulse widthes within an entire
conducting intérval.

3. A brushless D.C. motor driving and
controlling method as set forth in claim 1 or claim 2,
wherein a rotor (3e) is employed wpich includes
permanent magnets (3f} in the interior of said rotor
(3e), as séid rotor (3e) of said brushless D.C. motor
(3)(13i-

4. A brushless D.C. motor driving and
controlling method as set forth in claim 3, wherein said
vpltage—fed inverters (2)(5)(12)(20) are controlléd so

that a phase of inverter output voltage is advanced from

—_

Iy
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a phase of the inverter output voltage with respect to
an induced voltage of said brushless D.C. motor
(2)(5)(12){20), the latter phase being a phase which
makes a brushless D.C. motor current and the induced
voltage of the brushless D.C. motor (2)(5)(12)(20) to be
the same phase to one another. |
5. A brushless D.C. motor driving and

controlling method as set forth in one of claims 1
through 4, wherein said conducting interval of voltage-
fed inverters (2)(5)(12)(20) is determined to be 180° by
electrical angle.

| 6. A brushless D.C. motor driving and
controlling method as set forth in one of claims 1
through 5, said method obtains a first voltagé at a
neutral point (14d) by connecting one ends of resistors
(14u) (14v) (14w), the other end of each resi;tor
(14u) (14v) (14w) is connected to each output terminal of
said voltage-fed inverters (2)(5)({12){20), obtains a
second voltage at a neutral poiht (13d) by connecting
one ends of stator windings {13u) (13v) {(13w) of said
brushless D.C. motor (3)(13), and detects a magnetic
pole.position_of said rotor (3e) of said bruéhless D.C.
motor (3)(13) based upon a difference between the first

voltage and the second voltage.

7. A brushless D.C. motor driving and

R 0 RO

.
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cont;olling method as set forth in claim.G, wherein said -
conducti;g'interval bf said voltage—-fed inverters
(é)(S)(lZ)(ZO) to be a predetermined interval which is
more than 120° and less than 180° by electrical angle.
8. A brushless D.C. motor dfiving and

controlling method as set forth in claim 6, wherein said
conducting interval of said voltage-fed inverters
(2)(5)(12)(20) to be a predetermined interval which is
equal or more than 140° and equal or less than 170° by
electricai angle.

| 9. A brushless D.C. motor driving and
controlling apparatus which drives a brushless D.C!

motor (3)(13) using voltage~fed inverters

. {2)(5)(12){20), said apparatus comprsing;

a conducting interval determining megns (18)(19)
for determining a conducting interval of vd&tage-fed
invertersl(Z)(S)(lz)(ZO) to be a predetermined interval
which is more than 120° and eqgual or less than 180° by
electrical angle. | .

10. A Brushléss D.C. motor driving and
controlling apparatus as sét forth in claim 9, further
comprises a modulating means (18d)(18d') for ﬁodulating
outputs of said voltage—-fed inverters (2)(5’(12)(20) SO’
as to output pulse signals, each pulse signal having

constant pulse widthes within an entire conducting

|
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interval.

;1-“ A brushless D.C. motor driving.and
contro&ling apparatus as set forth in claim 9 or clgim
10, wherein said apparatus employs a rotor (3e) which
includes permanenf magnets (3f) in the interiof of said
rofor (3e), as said rotor (3e) of said brushless D.C.
motor (3)(13).

12. A brushless D.C. motor driving and
controlling apparatus as set forth in claim 10, further
comprises a phase controlling means (18a)(18a')(18e) for
controlling said voltage-fed inyerters (2)(5)(12)(20) so
that a phase of inverter output voltage  is advanced from
a phase of the inverter output voltage with respect to
aﬁ induced voltage of said brushless D.C. motor (3)(13),
the latter phase being a phase which makes a brushless
D.C. motor current and the induced voltageiof said
brushless D.C. motor (3)(13) to be the same phase to one
another.

13. A brushless D.C. motor driving and
cqntrolling apparatus as set forth in one of claims 9
through 12, whérein said conducting interval determining
means'(ls)(lg) determins a conducting interval of said
voltage-fed inverters (2)(5)&12)(20) to be 180° by
electrical angle.

14. A brushless D.C. motor driving and

_

LT

LY
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controlling apparatus as set forth in one of claims 9
thrbugh_ib,_further comprises

rresistors (14u)(14v)(14w) each of which is
connectéd its one end to éach output terminal
corresponding to each phase of said voltage-fed
inverters (2)(5)(12)(20) and which resistors
(14u) (14v) (14w) are connected their other ends to one
another,

a difference volfage outputing means (15) for
receiving a first voltage at a neutral point (144) which
voltage is obtained by connecting the other ends of said
resistors (14u)(14v)(14w), for receiving a second
voltage at a neutral point (13d) which voltage is
obtainéd at the neutral point {(13d) point at which
stator windings (13u){13v)(13w) of said brushless D.C.

motor (3)(13) are connected to one another, and for

outputing a difference voltage between the first voltage

and the secondlvoltage, and

a rotor position detecting means (16)(17) for
détecting a magnetic pole position of said rotor
(3a) (3e) of said brushless D.C. motor (3)(13) based upon
the difference voltage. -

15. A brushless D.G. motor driving and
controlling apparatus as set forth in claim 14, wherein

said conducting interval determining means (18)(19)

* [ L M s *
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-determins a conducting interval of said voltage-fed

inverters (2)(5)(12)Y(20) to be a predetermined interval
Which is more than 120° and less than 180° by electrical
angle.

16. A brushless D.C. motor driving and
controlling apparatus as set forth in claim 14, wherein
said conducting interval determining means (18)(19)
determinS a conducting intervél of said voltage—-fed
inverters (2)(5)(12)(20) to be a predetermined interval
which is equal or more than 140° and equal or less than
170° by electrical angle.

17. An electrical equipment is charcferized in
that said equipment employs a brushless D.C. motor
(3)(13) as a driving source which motor is driven and
controlled by said brushless D.C. motor driving and
controlling apparatus according to one of claims 9

through 16.

[



