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(54) Motor driving apparatus

(57) A motor driving apparatus comprises an invert-
er circuit for converting an output voltage of a power sup-
ply into a three-phase AC and outputting the same to
the brushless motor; a rotor position estimation unit for
estimating a rotor position of the brushless motor; and
an inverter control unit for controlling the inverter circuit
so that the brushless motor is driven by a current based
on the estimated rotor position. The inverter control unit

determines an advance angle of the current supplied to
the brushless motor with respect to the estimated rotor
position so as to minimize a deviation between a com-
mand rpm and an actual rpm. Therefore, it is possible
to perform stable weak field control for the brushless
motor, independently from the input voltage of the in-
verter circuit, without using predetermined control vari-
ables such as table values.
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Description

FIELD OF THE INVENTION

[0001] The present invention relates to a motor driving apparatus and, more particularly, to a motor driving apparatus
for driving and controlling a brushless motor by an inverter circuit.

BACKGROUND OF THE INVENTION

[0002] A brushless motor generates an inverse electromotive force ωE (E: a magnetomotive force (main magnetic
flux) of a permanent magnet used as a field magnet, ω: an axial angular velocity of the motor) when it is driven. Ac-
cordingly, an equivalent circuit for one phase of the brushless motor can be represented as shown in figure 11(a).
[0003] In figure 11(a), R is a per-phase primary resistance of the brushless motor, L is a per-phase inductance of
the brushless motor, I is a primary current (phase current) of the brushless motor, and V is a terminal voltage applied
to the brushless motor.
[0004] When driving the brushless motor by an inverter circuit, a value obtained by multiplying an input voltage of
the inverter circuit by a voltage conversion ratio (output voltage/input voltage < 1) of the inverter circuit is the terminal
voltage V of the motor.
[0005] Further, when the terminal voltage V of the brushless motor is subjected to vector decomposition and ex-
pressed using a d axis voltage Vd and a q axis voltage Vq, the terminal voltage V is represented by following formulae
(1) and (2).

[0006] Further, figure 11(b) is a vector diagram which is drawn on the basis of formula (1) considering that the primary
resistance R is sufficiently small.
[0007] In figure 11(b), Ld is a d axis inductance, Lq is a q axis inductance, Id is a d axis current (field current), and
Iq is a q axis current (torque current). The field current Id and the torque current Iq are represented by formulae (3a)
and (3b) as follows.

wherein β is an angle of advance (advance angle) in the phase of the current that flows into the motor (motor current)
with respect to the rotor position of the brushless motor, and Ip is the amplitude of the motor current I.
[0008] The above-mentioned formulae (1) and (2) indicate that vector control for the brushless motor, i.e., motor
control using the field current Id and the torque current Iq, is possible. More specifically, the above-mentioned vector
control is to vary a command value of the torque current Iq on the basis of an output torque that is required of the
brushless motor, while controlling a command value of the field current Id so as to be a constant value (for example,
0). By controlling the inverter circuit for driving the brushless motor on the basis of these command values, an output
torque T represented by formula (4) can be obtained.

[0009] The first term of formula (4) indicates a torque component generated by a permanent magnet as a field magnet,
i.e., a magnet torque, and the second term indicates a reluctance torque caused by saliency of the brushless motor.

V = Vd2 + Vq2 (2)

Id= Ip · sin β (3a)

Iq = Ip · cos β (3b)

T = E · Iq + (Ld - Lq) · Id · Iq (4)
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Accordingly, when the brushless motor is a non-salient pole motor, Ld = Lq holds, and only the first term remains in
formula (4). When the brushless motor is a salient pole motor, Ld ≠ Lq holds, and the second term of formula (4) has
a value.
[0010] Further, the terminal voltage V of the motor is represented by formula (5) as follows.

[0011] As can be seen from formula (5), as the rpm of the brushless motor, i.e., the axial angular velocity ω of the
brushless motor, increases, the counter-electromotive voltage ωE increases in proportion to the axial angular velocity
ω. Accordingly, if the increase in the counter-electromotive voltage ωE is allowed as it is, the terminal voltage V of the
brushless motor becomes higher than the input voltage of the inverter circuit due to the increase in the counter-elec-
tromotive voltage ωE, resulting in a problem that the brushless motor cannot be driven at the higher rpm.
[0012] As a solution of the above-mentioned problem, there is a method called "weak field control" (for example,
refer to Japanese Patent No. 3146791 (Figures 1 and 10).
[0013] In this method, the motor terminal voltage V in the high rpm area can be reduced to no more than the input
voltage of the inverter circuit, by supplying a field current Id and performing control for generating a field magnetomotive
force that weakens the field magnetomotive force of the permanent magnet. The field current Id having such charac-
teristics is called a weak field current. The weak field current Id is predetermined from the motor rpm N and the torque
T. To be specific, the correspondences between the values of motor rpm N and torque T, and the values of weak field
current Id suited thereto are defined on a table (map) or the like. Under the actual control of the field current Id, the
weak field current Id is set at a value suited to the corresponding torque T and rpm N, using the above-mentioned table
(for example, refer to "No.74, Rpm Control System using Weak Magnetic Flux Control of PM Motor", International
Symposium of Industry Applications Society of the Institute of Electrical Engineers of Japan).
[0014] However, when controlling the weak field current Id using the table values as described above, the weak field
current Id becomes excessively large or small with variations in the input voltage of the inverter circuit. As a result, the
motor driving efficiency is reduced, or the required torque is not satisfied and thereby the maximum rpm cannot be
realized.
[0015] For example, when the inverter input voltage is high, a weak field current Id larger than required is supplied.
As is evident from the vector diagram shown in figure 11(b) and formula (5), although the terminal voltage is lowered
when the weak field current Id flows, a current Id that does not contribute to occurrence of torque is generated, leading
to a reduction in efficiency.
[0016] Conversely, when the inverter input voltage is low, a weak field current Id that is sufficient to reduce the motor
terminal voltage V to no more than the inverter input voltage cannot be supplied, and further, a torque current Iq that
is sufficient to obtain a required torque cannot be supplied.
[0017] In order to solve the above-mentioned problems, there has been proposed a method including detecting an
inverter input voltage, and calculating a weak field current on the basis of the detected voltage and a torque required
of a motor (for example, refer to Japanese Patent No. 3146791 (figures 1 and 10).
[0018] Further, as a method for determining a weak field current Id, there has been proposed a method including
detecting that an inverter output voltage becomes equal to or larger than an inverter input voltage, and controlling a
weak field current Id so as to resolve such state where the inverter output voltage is high (for example, refer to Japanese
Published Patent Application No. 2000-341991 (figure 1)).
[0019] However, in the conventional motor driving apparatus that controls the weak field current of the motor accord-
ing to the input voltage of the inverter circuit, when the input voltage of the inverter circuit varies steeply or periodically,
the command value of the weak field current varies according to variations in the input voltage. In other words, there
is a fear of extremely unstable behavior of the motor depending on the shapes of variations in the input voltage.
[0020] Further, since the conventional motor driving apparatus has a circuit for detecting the inverter input voltage,
detection accuracy and responsivity in this circuit may adversely affect determination of a weak field current that is a
control variable in weak field control.

SUMMARY OF THE INVENTION

[0021] The present invention is made to solve the above-described problems and has for its object to provide a motor
driving apparatus that can perform weak field control for a brushless motor with high stability, without using predeter-
mined control variables such as table values, even when an output voltage from a power supply varies steeply or
periodically, thereby increasing the maximum rpm of the brushless motor.
[0022] Other objects and advantages of the invention will become apparent from the detailed description that follows.
The detailed description and specific embodiments described are provided only for illustration since various additions

V = ω · E + j · ω · Lq · Iq + j · ω · Ld · Id (5)
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and modifications within the scope of the invention will be apparent to those of skill in the art from the detailed descrip-
tion.
[0023] According to a first aspect of the present invention, a motor driving apparatus for driving a brushless motor
comprises an inverter circuit for converting an output voltage of a power supply into a driving voltage, and outputting
the driving voltage to the brushless motor; a rotor position estimation unit for estimating a rotor position of the brushless
motor; an inverter control unit for controlling the inverter circuit so that the brushless motor is driven by a current based
on the estimated rotor position; and the inverter control unit controls the rpm of the brushless motor by changing a
phase difference between the estimated rotor position and the current supplied to the brushless motor. Therefore, it is
possible to perform appropriate weak field control that is not affected by variations in the input voltage of the inverter
circuit, without using control variables such as predetermined table values.
[0024] To be specific, since complicated processing, such as detecting an input voltage of the inverter and calculating
a weak field control variable from the input voltage, is not carried out, weak field control is carried out with a very simple
circuit construction. Further, since there occurs no error in detecting the inverter input voltage or in calculating the weak
field control variables, stable weak field control is carried out even when the inverter input voltage varies excessively.
[0025] As a result, stable driving control for a brushless motor is realized with a simple circuit construction.
[0026] According to a second aspect of the present invention, in the motor driving apparatus according to the first
aspect, the inverter control unit controls the rpm of the brushless motor by increasing/decreasing the phase difference,
under the state where the amplitude of the current supplied to the brushless motor is fixed at a maximum value. There-
fore, rpm control is carried out under the state where variations in the current that flows in the brushless motor are
suppressed, resulting in further stable weak field control.
[0027] According to a third aspect of the present invention, in the motor driving apparatus according to the second
aspect, the maximum amplitude of the current supplied to the brushless motor is a maximum current value that is
allowed to be supplied to the brushless motor. Therefore, even when weak field control is carried out, a current that is
not allowed by the brushless motor, i.e., a current that demagnetizes the brushless motor, does not flow, resulting in
a stable driving apparatus.
[0028] Further, since the rpm is controlled by adjusting the phase difference under the state where the current am-
plitude is maintained at the maximum current value that is allowed to be supplied to the brushless motor, the required
rpm is achieved by the smallest weak field current. As a result, the brushless motor is driven with the current advance
angle of the highest efficiency.
[0029] According to a fourth aspect of the present invention, in the motor driving apparatus according to the first
aspect, the inverter control unit comprises a command current waveform generation unit for generating a waveform of
a command current on the basis of the estimated rotor position; and a pulse generation unit for generating a pulse
signal as a control signal for the inverter circuit so as to decrease a deviation between the waveform of the command
current generated by the command current waveform generation unit and the waveform of the current that actually
flows in the brushless motor; and the inverter control unit controls the rpm of the brushless motor by increasing/de-
creasing the phase difference under a state where the amplitude of the waveform of the command current is fixed at
a maximum value. Therefore, rpm control is carried out under the state where variations in the current that flows in the
brushless motor are suppressed, resulting in more stable weak field control.
[0030] According to a fifth aspect of the present invention, in the motor driving apparatus according to the fourth
aspect, the maximum amplitude of the waveform of the command current is a maximum current value that is allowed
to be supplied to the brushless motor. Therefore, even when weak field control is carried out, a current that is not
allowed by the brushless motor, i.e., a current that demagnetizes the brushless motor, does not flow, resulting in a
stable driving apparatus.
[0031] Further, since the rpm is controlled by adjusting the phase difference under the state where the current am-
plitude is maintained at the maximum current value that is allowed to be supplied to the brushless motor, the required
rpm is achieved by the smallest weak field current. As a result, the brushless motor is driven with the current advance
angle of the highest efficiency.
[0032] According to a sixth aspect of the present invention, in the motor driving apparatus according to the first
aspect, the inverter control unit comprises a current amplitude determination unit for determining an amplitude of the
current to be supplied to the brushless motor; a command current waveform generation unit for generating a waveform
of a command current on the basis of the current amplitude determined by the current amplitude determination unit;
and a pulse generation unit for generating a pulse signal as a control signal for the inverter circuit so as to decrease
a deviation between the waveform of the command current generated by the command current waveform generation
unit and the waveform of the current that actually flows in the brushless motor; and the inverter control unit obtains a
phase difference that maximizes the rpm of the brushless motor, by changing the phase difference between the esti-
mated rotor position and the current supplied to the brushless motor, under a state where the amplitude of the command
current is constant. Therefore, it is possible to set the current advance angle that an advance angle of the current
supplied to the brushless motor with respect to the estimated rotor position, to an optimum value by a simple circuit
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construction for only varying the phase difference. Since the optimum current advance angle is a value that allows
maximum utilization of the reluctance torque of the brushless motor, the brushless motor is driven with the minimum
current value that satisfies the required torque, thereby maximizing the motor driving efficiency.
[0033] Furthermore, since the phase difference at which the rpm of the brushless motor becomes maximum is ob-
tained by varying the phase difference between the estimated rotor position and the current supplied to the brushless
motor, even when there occurs an error between the estimated rotor position and the actual rotor position due to
variations in the various constants that constitute the brushless motor, the current advance angle becomes a value
that absorbs the error. Therefore, it is possible to achieve the maximum efficiency of the brushless motor and, moreover,
to avoid a phenomenon in which an error occurs in the estimated rotor position and thereby the brushless motor loses
synchronization, resulting in stable motor driving.
[0034] According to a seventh aspect of the present invention, in the motor driving apparatus according to the first
aspect, the inverter control unit comprises a rpm determination unit for determining a rpm of the brushless motor; a
current amplitude determination unit for determining an amplitude of the current to be supplied to the brushless motor
so as to decrease a deviation between the rpm determined by the rpm determination unit and an actual rpm; a command
current waveform generation unit for generating a waveform of a command current on the basis of the current amplitude;
and a pulse generation unit for generating a pulse signal as a control signal for the inverter circuit so that a deviation
between the waveform of the command current generated by the command current waveform generation unit and the
waveform of the current that actually flows in the brushless motor becomes zero; and the inverter control unit obtains
a phase difference that minimizes the amplitude of the command current, by changing the phase difference between
the estimated rotor position and the current supplied to the brushless motor, under a state where the command rpm
of the brushless motor is constant. Therefore, it is possible to set the current advance angle that an advance angle of
the current supplied to the brushless motor with respect to the estimated rotor position, to an optimum value by a simple
circuit construction for only varying the phase difference. Since the optimum current advance angle is a value that
allows maximum utilization of the reluctance torque of the brushless motor, the brushless motor is driven with the
minimum current value that satisfies the required torque, thereby maximizing the motor driving efficiency.
[0035] Furthermore, since the phase difference at which the rpm of the brushless motor becomes maximum is ob-
tained by varying the phase difference between the estimated rotor position and the current supplied to the brushless
motor, even when there occurs an error between the estimated rotor position and the actual rotor position due to
variations in the various constants that constitute the brushless motor, the current advance angle becomes a value
that absorbs the error. Therefore, it is possible to achieve the maximum efficiency of the brushless motor and, moreover,
to avoid a phenomenon in which an error occurs in the estimated rotor position and thereby the brushless motor loses
synchronization, resulting in stable motor driving.
[0036] According to an eighth aspect of the present invention, in the motor driving apparatus according to the first
aspect, the inverter circuit includes a capacitor for charging a regenerative current from the brushless motor. Therefore,
it is possible to suppress an increase in the inverter input voltage, which occurs when the motor is stopped or the
switching operation of the inverter circuit is stopped, thereby avoiding destruction of components and the like.
[0037] According to a ninth aspect of the present invention, in the motor driving apparatus according to the first
aspect, the inverter circuit has an inductor that is connected between the inverter circuit and the power supply, and
cuts off noise generated in the inverter circuit. Therefore, it is possible to reduce switching noise that occurs at the
input side of the inverter, thereby increasing the power factor of the input current to improve the current waveform.
[0038] According to a tenth aspect of the present invention, there is provided a compressor including a brushless
motor for generating a power, and a motor driving apparatus for driving the brushless motor, and the motor driving
apparatus is the motor driving apparatus according to the first aspect. Therefore, it is possible to drive the brushless
motor with stability until reaching a high rpm, by performing simple and stable weak field control for varying only the
current advance angle, even under the condition where the input voltage of the inverter varies. Thereby, a compressor
equipped with a brushless motor and a driving apparatus thereof is provided at a reduced cost and a high degree of
freedom in design.
[0039] According to an eleventh aspect of the present invention, there is provided an air conditioner including a
compressor having a brushless motor for generating a power, and a motor driving apparatus for driving the brushless
motor of the compressor, and the motor driving apparatus is the motor driving apparatus according to the first aspect.
Therefore, it is possible to drive the brushless motor with stability until reaching a high rpm, by performing simple and
stable weak field control for varying only the current advance angle, even under the condition where the input voltage
of the inverter varies. Thereby, an air conditioner equipped with a brushless motor and a driving apparatus thereof is
provided at a reduced cost and a high degree of freedom in design.
[0040] According to a twelfth aspect of the present invention, there is provided a refrigerator including a compressor
having a brushless motor for generating a power, and a motor driving apparatus for driving the brushless motor of the
compressor, and the motor driving apparatus is the motor driving apparatus according to the first aspect. Therefore, it
is possible to drive the brushless motor with stability until reaching a high rpm, by performing simple and stable weak
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field control for varying only the current advance angle, even under the condition where the input voltage of the inverter
varies. Thereby, a refrigerator equipped with a brushless motor and a driving apparatus thereof is provided at a reduced
cost and a high degree of freedom in design.
[0041] According to a thirteenth aspect of the present invention, there is provided an electric washing machine in-
cluding a brushless motor for generating a power, and a motor driving apparatus for driving the brushless motor, and
the motor driving apparatus is the motor driving apparatus according to the first aspect. Therefore, it is possible to drive
the brushless motor with stability until reaching a high-rpm, by performing simple and stable weak field control for
varying only the current advance angle, even under the condition where the input voltage of the inverter varies. Thereby,
a washing machine equipped with a brushless motor and a driving apparatus thereof is provided at a reduced cost and
a high degree of freedom in design.
[0042] According to a fourteenth aspect of the present invention, there is provided an air blower including a brushless
motor for generating a power, and a motor driving apparatus for driving the brushless motor, and the motor driving
apparatus is the motor driving apparatus according to the first aspect. Therefore, it is possible to drive the brushless
motor with stability until reaching a high-rpm, by performing simple and stable weak field control for varying only the
current advance angle, even under the condition where the input voltage of the inverter varies. Thereby, an air blower
equipped with a brushless motor and a driving apparatus thereof is provided at a reduced cost and a high degree of
freedom in design.
[0043] According to a fifteenth aspect of the present invention, there is provided an electric vacuum cleaner including
a brushless motor for generating a power, and a motor driving apparatus for driving the brushless motor, and the motor
driving apparatus is the motor driving apparatus according to the first aspect. Therefore, it is possible to drive the
brushless motor with stability until reaching a high-rpm, by performing simple and stable weak field control for varying
only the current advance angle, even under the condition where the input voltage of the inverter varies. Thereby, a
vacuum cleaner equipped with a brushless motor and a driving apparatus thereof is provided at a reduced cost and a
high degree of freedom in design.
[0044] According to a sixteenth aspect of the present invention, there is provided an electric dryer including a com-
pressor having a brushless motor for generating a power, and a motor driving apparatus for driving the brushless motor
of the compressor, and the motor driving apparatus is the motor driving apparatus according to the first aspect. There-
fore, it is possible to drive the brushless motor with stability until reaching a high-rpm, by performing simple and stable
weak field control for varying only the current advance angle, even under the condition where the input voltage of the
inverter varies. Thereby, a dryer equipped with a brushless motor and a driving apparatus thereof is provided at a
reduced cost and a high degree of freedom in design.
[0045] According to a seventeenth aspect of the present invention, there is provided a heat pump type hot-water
supply unit including a compressor having a brushless motor for generating a power, and a motor driving apparatus
for driving the brushless motor of the compressor, and the motor driving apparatus is a motor driving apparatus ac-
cording to the first aspect. Therefore, it is possible to drive the brushless motor with stability until reaching a high-rpm,
by performing simple and stable weak field control for varying only the current advance angle, even under the condition
where the input voltage of the inverter varies. Thereby, a hot-water supply unit equipped with a brushless motor and
a driving apparatus thereof is provided at a reduced cost and a high degree of freedom in design.
[0046] According to an eighteenth aspect of the present invention, there is provided a hybrid car including a brushless
motor for generating a power, and a motor driving apparatus for driving the brushless motor, and the motor driving
apparatus is the motor driving apparatus according to the first aspect. Therefore, it is possible to drive the brushless
motor with stability until reaching a high-rpm, by performing simple and stable weak field control for varying only the
current advance angle, even under the condition where the input voltage of the inverter varies. Thereby, a hybrid car
equipped with a brushless motor and a driving apparatus thereof is provided at a reduced cost and a high degree of
freedom in design.

BRIEF DESCRIPTION OF THE DRAWINGS

[0047]

Figure 1 is a block diagram for explaining a motor driving apparatus according to a first embodiment of the present
invention.
Figure 2 is a flowchart for explaining the operation of an advance angle determination unit included in the motor
driving apparatus according to the first embodiment, illustrating a process flow of a hill-climbing method as an
example of an advance angle determination method.
Figure 3 is a block diagram for explaining a motor driving apparatus according to a second embodiment of the
present invention.
Figure 4(a) is a waveform diagram for explaining the operation of the motor driving apparatus according to the
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second embodiment, illustrating a waveform of an input voltage.
Figure 4(b) is a waveform diagram for explaining the operation of the motor driving apparatus according to the
second embodiment, illustrating a waveform of an output current in the case where control of an advance angle
is not carried out.
Figure 4(c) is a waveform diagram for explaining the operation of the motor driving apparatus according to the
second embodiment, illustrating a waveform of an output current in the case where control of an advance angle
is carried out.
Figure 5 is a block diagram for explaining a motor driving apparatus according to a third embodiment of the present
invention.
Figure 6 is a flowchart for explaining the operation of an advance angle determination unit included in the motor
driving apparatus according to the third embodiment, illustrating a process flow of a hill-climbing method as an
example of an advance angle determination method.
Figure 7 is a block diagram for explaining a motor driving apparatus according to a fourth embodiment of the
present invention.
Figure 8 is a flowchart for explaining the operation of an advance angle determination unit included in the motor
driving apparatus according to the fourth embodiment, illustrating a process flow of a hill-climbing method as an
example of an advance angle determination method.
Figure 9 is a block diagram for explaining a motor driving apparatus according to a fifth embodiment of the present
invention.
Figure 10 is a block diagram for explaining a motor driving apparatus according to a sixth embodiment of the
present invention.
Figure 11(a) is a diagram illustrating a motor equivalent circuit for explaining weak field control of a motor, which
is a conventional technique.
Figure 11(b) is a graph for explaining a weak field control of a motor, as a conventional technique, illustrating a
field current and a torque current used in vector control of the motor.
Figure 12 is a schematic diagram for explaining an air conditioner according to a seventh embodiment of the
present invention.
Figure 13 is a schematic diagram for explaining a refrigerator according to an eighth embodiment of the present
invention.
Figure 14 is a schematic diagram for explaining an electric washing machine according to a ninth embodiment of
the present invention.
Figure 15 is a schematic diagram for explaining an air blower according to a tenth embodiment of the present
invention.
Figure 16 is a schematic diagram for explaining an electric vacuum cleaner according to an eleventh embodiment
of the present invention.
Figure 17 is a schematic diagram for explaining an electric dryer according to a twelfth embodiment of the present
invention.
Figure 18 is a schematic diagram for explaining a heat pump type hot-water supply unit according to a thirteenth
embodiment of the present invention.
Figure 19 is a schematic diagram for explaining a hybrid car according to a fourteenth embodiment of the present
invention.
Figure 20 is a schematic diagram for explaining a modification of the hybrid car according to the fourteenth em-
bodiment, illustrating a motor system of a series hybrid car.
Figure 21 is a schematic diagram for explaining another modification of a hybrid car according to the fourteenth
embodiment, illustrating a motor system of a parallel hybrid car.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[Embodiment 1]

[0048] Figure 1 is a block diagram for explaining a motor driving apparatus according to a first embodiment of the
present invention.
[0049] A motor driving apparatus 100a according to the first embodiment has an input terminal connected to a power
supply 1, and drives a brushless motor 2 at a required arbitrary rpm. The motor driving apparatus 100a performs weak
field control for the brushless motor 2 by varying an advance angle β of phase of a motor current with respect to a rotor
position of the motor.
[0050] In this first embodiment, the advance angle β of the motor current is controlled so that a deviation between
the command rpm to the motor and the actual rpm becomes zero. While in the prior art the control target in the weak
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field control is the weak field current Id, the advance angle β of the motor current according to the first embodiment
and the weak field current Id according to the prior art are similar control targets in the weak field control.
[0051] Hereinafter, an inverter circuit 3 and an inverter control unit 4a which are constituents of the motor driving
apparatus 100a will be described in detail.
[0052] The inverter circuit 3 converts an output voltage of the power supply 1 into a three-phase AC on the basis of
a drive signal Sg outputted from the inverter control unit 4a, and supplies the three-phase AC to the brushless motor 2.
[0053] The inverter circuit 3 has first and second switching elements 31 and 32 connected in series, third and fourth
switching elements 33 and 34 connected in series, and fifth and sixth switching elements 35 and 36 connected in
series. One ends (higher-potential-side terminals) of the first, third, and fifth switching elements 31, 33, and 35 are
connected to each other, and the connection node (one input node) is connected to one output node 1a of the power
supply 1. One ends (lower-potential-side terminals) of the second, fourth, and sixth switching elements 32, 34, and 36
are connected to each other, and the connection node (the other input node) is connected to the other output node 1b
of the power supply 1. Further, first to sixth diodes 41 to 46 are connected in inverse parallel to the first to sixth switching
elements 31 to 36, respectively. A connection node 3a of the first and second switching elements 31 and 32 is a first
output node of the inverter circuit 3, a connection node 3b of the third and fourth switching elements 33 and 34 is a
second output node of the inverter circuit 3, and a connection node 3c of the fifth and sixth switching elements 35 and
36 is an output node of the inverter circuit 3. The first to third output nodes 3a to 3c of the inverter circuit 3 are the
respective input nodes of the three-phase input of the motor 2.
[0054] While in this first embodiment the inverter circuit 3 is of a three-phase full bridge structure, the inverter circuit
3 may be of any circuit structure so long as it can output a three-phase AC. For example, the inverter circuit 3 may be
constructed using a capacitor for a portion corresponding to one phase of the three-phase AC output. Further, the
inverter circuit 4 may include snubber circuits added to the respective switching elements.
[0055] Further, the power supply 1 has a variable output level. The power supply 1 may rectify an output voltage of
an AC power supply (not shown) using a rectifier circuit and output the obtained voltage as it is, or it may be provided
with a small-capacitance capacitor at the output end to smooth the output voltage. Alternatively, it may be a battery
having a small capacity.
[0056] That is, the power supply 1 is not restricted to one that constantly outputs a DC voltage of a specified level.
The power supply 1 may momentarily vary the level of the output voltage, for example, it may lower the level of the
output voltage to about half the specified level or to the zero level.
[0057] The inverter control unit 4a supplies the inverter circuit 3 with a drive signal (gate signal Sg) so that the
brushless motor 2 is driven at an rpm desired by the user. The inverter control unit 4a comprises a rotor position
estimation unit 5, an advance angle determination unit 6a, and a drive signal generation unit 7.
[0058] The rotor position estimation unit 5 estimates a rotor position from a current (motor current) I that is actually
supplied from the inverter circuit 3 to the brushless motor 2. However, the method of estimating the rotor position is
not restricted thereto. That is, estimation of the rotor position may be carried out by utilizing an induced voltage of the
brushless motor 2, or it may be carried out on the basis of an output from a position sensor that is fixed to the brushless
motor 2.
[0059] The advance angle determination unit 6a determines an advance angle β of a current to be supplied to the
brushless motor 2, on the basis of a command rpm fo indicated by a command signal from the outside, which is
generated by user operation or the like, and an actual rpm f of the brushless motor 2, which is obtained by differentiating
the rotor position θ estimated by the rotor position estimation unit 5. That is, the advance angle determination unit 6a
determines the advance angle β so that a deviation between the command rpm fo and the actual rpm f becomes zero.
Specific methods for determining the advance angle β in this way include the hill-climbing method, PI (proportional
integration) control, and the like.
[0060] The drive signal generation unit 7 receives the current (motor current) I outputted from the inverter circuit 3
to the brushless motor 2, the estimated phase (estimated position) θ of the rotor obtained by the rotor position estimation
unit 5, and the advance angle β obtained by the advance angle determination unit 6a, and outputs a drive signal Sg
to the inverter circuit 3 so that the phase of the motor current I advances by the advance angle β from the estimated
rotor phase θ.
[0061] Next, the operation will be described.
[0062] In the inverter circuit 3 having an input terminal connected to the power supply 1, the respective switching
elements 31 to 36 are turned on/off according to the drive signal Sg from the inverter control unit 4a, and the output
voltage of the power supply 1 is converted into a three-phase AC to be output to the motor 2, whereby the motor 2 is
driven.
[0063] At this time, the inverter control unit 4a generates a pulse signal as a drive signal Sg to be applied to the gates
of the switching elements 31 to 36, on the basis of the command rpm fo indicated by the command signal from the
outside, and the current (motor current) I supplied to the motor 2.
[0064] Hereinafter, the operations of the respective components 5, 6a, and 7 of the inverter control unit 4a will be
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described.
[0065] The rotor position estimation unit 5 estimates the rotor position (rotor phase) from the current (motor current)
I supplied from the inverter circuit 3 to the brushless motor 2.
[0066] The advance angle determination unit 6a determines the advance angle β of the motor current supplied to
the brushless motor 2, on the basis of the command rpm fo indicated by the command signal from the outside, and
the actual rpm f of the brushless motor 2 obtained by differentiating the estimated rotor phase θ from the rotor position
estimation unit 5.
[0067] The drive signal generation unit 7 generates a drive signal Sg to be output to the inverter circuit 3, on the
basis of the current (motor current) I that is actually outputted from the inverter circuit 3 to the brushless motor 2, the
estimated rotor phase θ obtained by the rotor position estimation unit 5, and the advance angle β determined by the
advance angle determination unit 6a. Then, in the inverter circuit 3, the respective switching elements are turned on/
off by the drive signal Sg, and the current I that is controlled so as to advance by the advance angle β from the estimated
rotor phase θ is output to the motor 2.
[0068] Hereinafter, an example of a method for determining the advance angle β using the hill-climbing method will
be described with reference to a flowchart shown in figure 2.
[0069] When there is a deviation between the command rpm fo and the actual rpm f, the advance angle determination
unit 6a starts a process for determining the advance angle β.
[0070] Initially, in step S1, the absolute value (|fo-f|) of the deviation between the command rpm fo and the actual
rpm f is calculated.
[0071] Next, in step S2, it is determined as to which of a process of increasing the advance angle β (step S3) and a
process of decreasing the advance angle β (step S4) should be carried out, on the basis of a β increment flag. That
is, the process of step S3 is carried out when the value of the β increment flag is [-1] while the process of step S4 is
carried out when the value of the increment flag is [1]. In the process of step S2, the value of the β increment flag is
either [1] or [-1] that is previously set as an initial value.
[0072] In step S3, a process of decreasing (delaying) the advance angle β that is currently outputted is carried out.
The amount of decrease in the advance angle β in step S3 may be a predetermined constant value, or it may be
determined on the basis of a deviation between the command rpm fo and the actual rpm f (rpm deviation) or a difference
between the previously calculated rpm deviation and the presently calculated rpm deviation. By determining the amount
of decrease in the advance angle β in step S3 on the basis of the rpm deviation as described above, the velocity of
hill-climbing (i.e., the velocity of the process for determining the advance angle by the hill-climbing method) increases,
whereby the advance angle β at which the rpm deviation becomes zero can be determined with high responsivity.
[0073] In step S4, a process of increasing (advancing) the advance angle β that is currently outputted is carried out.
The amount of increase in the advance angle β in step S4 may be a predetermined constant value, or it may be
determined on the basis of a deviation between the command rpm fo and the actual rpm f (rpm deviation) or a difference
between the previously calculated rpm deviation and the presently calculated rpm deviation. When the amount of
increase in the advance angle β in step S4 is determined on the basis of the rpm deviation as described above, the
velocity of hill-climbing increases, whereby the advance angle β at which the rpm deviation becomes zero can be
determined with high responsivity.
[0074] In step S5, the absolute value of a deviation between the command rpm fo and the actual rpm f is again
calculated under the state where the advance angle β of the motor current is updated to the advance angle β determined
in step S3 or S4.
[0075] In step S6, a difference between the absolute value of the previous rpm deviation that is obtained before the
updation of the advance angle β to the advance angle β determined in step S3 or S4, and the absolute value of the
rpm deviation obtained after the updation of the advance angle β, is calculated. When the value (the absolute value
of the rpm deviation) after the updation of the advance angle β is larger than the value before the updation of the
advance angle β, a process of step S7 is carried out. When the value after the updation of the advance angle β is equal
to or smaller than the value before the updation of the advance angle β, a process of step S8 is carried out.
[0076] In step S7, since the direction in which the advance angle β should be change is incorrect, a process of
inverting the sign of the β increment flag is carried out, followed by step S8.
[0077] In step S8, a deviation between the command rpm and the actual rpm f (rpm deviation) is calculated, and the
advance angle determination process (the process in the flow of figure 2) by the advance angle determination unit 6a
is completed when the rpm deviation is zero or within an allowable range, while the process of step S2 is carried out
again when the rpm deviation is out of the allowable range.
[0078] Even when the inverter input voltage is too low to increase the motor rpm up to the command rpm fo and
thereby the deviation between the command rpm fo and the actual rpm f cannot be brought to zero, the above-mentioned
control using the hill-climbing method enables the advance angle β of the motor current to converge to a value at which
the torque is generated at maximum, resulting in stable high-speed rotation of the motor.
[0079] The flow of the advance angle determination process shown in figure 2 is merely an example, and the process
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of step S8 in the flow may be carried out between the process of step S5 and the process of step S6. Also in this case,
the same effects as described above can be achieved. Thus, the flow of the process of determining the advance angle
varies in many ways.
[0080] Alternatively, PI (proportional integration) control for determining an advance angle β so that a deviation be-
tween the command rpm fo and the actual rpm f becomes zero may be employed instead of the hill-climbing method.
In this case, however, a limiter value must be provided because there is a possibility of divergence of the advance
angle β.
[0081] As described above, the motor driving apparatus according to the first embodiment is provided with the inverter
circuit 3 for converting the output voltage of the power supply 1 into a three-phase AC and outputting the three-phase
AC to the motor 2, and the inverter control unit 4a for controlling the advance angle β of the current (motor current)
supplied from the inverter circuit 3 to the motor 2. The inverter control unit 4a determines the advance angle β of the
motor current so that a deviation between the command rpm fo and the actual rpm f is minimized, whereby weak field
control for the brushless motor is carried out with stability, without using predetermined control variables such as table
values.
[0082] To be specific, in the motor current advance angle control according to the first embodiment, there occurs no
error in detecting or calculating the input voltage of the inverter circuit, whereby stable weak field control can be carried
out even when variations in the inverter input voltage are significant and steep or periodical.
[0083] Further, in this first embodiment, there is performed no complicated arithmetic processing, such as detecting
the input voltage of the inverter circuit 3 and then calculating the advance angle β from the detected value, whereby
the circuit structure of the motor driving apparatus is simplified.
[0084] While in this first embodiment the drive signal generation unit 7 does not restrict the amplitude value of the
motor current, the drive signal generation unit 7 may generate a drive signal Sg of the inverter circuit 3 so that the
maximum amplitude value of the current supplied to the brushless motor 2 is kept at a constant value. In this case, in
the advance angle determination unit 6a, excessive increase or decrease in the advance angle β of the motor current,
which is determined on the basis of the actual rpm of the motor, is suppressed, resulting in more stable weak field
control. Furthermore, when the maximum amplitude of the motor current maintained at the constant value is set at a
maximum current value that is allowed by the brushless motor 2, a current that is not allowed by the brushless motor,
i.e., a current that causes deterioration of the brushless motor due to demagnetization, does not flow even when weak
field control is carried out, thereby providing a safe motor driving apparatus.
[0085] Further, in this first embodiment, the advance angle determination unit 6a determines the advance angle of
the motor current so that a deviation between the command rpm fo and the actual rpm f is minimized, regardless of
the value of the current supplied to the brushless motor 2. However, the advance angle determination unit 6a may
output an optimum advance angle (an advance angle that utilizes the reluctance torque at maximum) or a constant
advance angle, when the current supplied to the brushless motor 2 is equal to or smaller than the allowable current.
In this case, the rpm of the brushless motor 2 is controlled by the amplitude of the current supplied to the motor 2.
[0086] In the above-mentioned construction, during low-rpm rotation in which driving at the command rpm is possible
without performing weak field control, the advance angle of the motor current can be the optimum advance angle. On
the other hand, during high-rpm rotation in which weak field control is required, the advance angle of the motor current
can be the minimum advance angle that realizes the command rpm. Therefore, the brushless motor 2 can be driven
with the advance angle that satisfies the maximum efficiency of the motor 2, over the whole rpm area.

[Embodiment 2]

[0087] Figure 3 is a block diagram for explaining a motor driving apparatus according to a second embodiment of
the present invention.
[0088] A motor driving apparatus 100b according to the second embodiment has an input terminal connected to a
power supply 1, drives a brushless motor 2 at an arbitrary rpm, and performs weak field control for the brushless motor
2 by adjusting an advance angle β of a motor current, like the motor driving apparatus 100a according to the first
embodiment. In this second embodiment, control of the advance angle β of the motor current is carried out so that a
deviation between a command rpm fo supplied to the motor and an actual rpm f becomes zero, under the state where
the amplitude of the current supplied to the motor is maintained at a constant value.
[0089] To be specific, the motor driving apparatus 100b comprises an inverter circuit 3 for converting an output
voltage of the power supply 1 into a three-phase AC and outputting the three-phase AC to the motor 2, and an inverter
control unit 4b for controlling the inverter circuit 3.
[0090] The inverter control unit 4b supplies the inverter circuit 3 with a drive signal Sg so that the brushless motor 2
is driven at a rpm required by the user. The inverter control unit 4b comprises a rotor position estimation unit 5, an
advance angle determination unit 6a, a command current waveform generation unit 8b, and a PWM generation unit 9.
[0091] Hereinafter, the motor driving apparatus 100b will be described in more detail.
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[0092] The power supply 1, the inverter circuit 3, the rotor position estimation unit 5, and the advance angle deter-
mination unit 6a are identical to those of the motor driving apparatus 100a according to the first embodiment.
[0093] The command current waveform generation unit 8b receives the estimated phase θ outputted from the rotor
position estimation unit 5, and the advance angle β determined by the advance angle determination unit 6a, and gen-
erates a waveform of a current command value (command current) Io to be supplied from the inverter circuit 3 to the
brushless motor 2. To be specific, the waveform of the command current Io, which is generated by the command current
waveform generation unit 8, is a sinusoidal wave having both of a command amplitude of the current supplied to the
motor (the amplitude of the command current), and a phase obtained by adding the advance angle β to the estimated
phase θ. The command amplitude is a fixed value, and it is a maximum amplitude allowed by the brushless motor 2.
[0094] The PWM generation unit 9 receives the actual current I outputted from the inverter circuit 3 to the brushless
motor 2, and the command current Io generated by the command current waveform generation unit 8b, and generates
a pulse signal as a drive signal Sg to be supplied to the inverter circuit 3 so that a deviation between the waveform of
the command current Io and the waveform of the actual current I becomes zero. To be specific, the PWM generation
unit 9 performs PI control for a difference between the command current Io and the actual current I to determine a
PWM (Pulse Width Modulation) width of the pulse signal so that a deviation between the waveform of the command
current Io and the waveform of the actual current I becomes zero.
[0095] Next, the operation will be described.
[0096] In the motor driving apparatus 100b according to the second embodiment, the inverter circuit 3 operates in
like manner as that of the motor driving apparatus 100a according to the first embodiment, and the motor 2 is driven
by the output from the inverter circuit 3.
[0097] At this time, in the inverter control unit 4b, a pulse signal as a drive signal Sg to be supplied to the gates of
the switching elements 31 to 36 is generated on the basis of the command rpm fo indicated by the command signal
supplied from the outside, and the current (motor current) I supplied to the motor 2.
[0098] Hereinafter, the operations of the respective components 5, 6a, 8b, and 9 of the inverter control unit 4b will
be described.
[0099] In this second embodiment, the operation of the rotor position estimation unit 5 for estimating the rotor position
θ from the motor current I, and the operation of the advance angle determination unit 6a for determining the advance
angle β of the motor current are identical to those described for the first embodiment.
[0100] Then, the command current waveform generation unit 8b generates a waveform of a command current Io
having an amplitude equal to the command amplitude and a phase equal to the sum of the estimated phase θ and the
advance angle β, on the basis of the estimated phase θ outputted from the rotor position estimation unit 5 and the
advance angle β determined by the advance angle determination unit 6a. The command amplitude is maintained at a
maximum value allowed by the brushless motor 2.
[0101] The PWM generation unit 9 determines the PWM width of the pulse signal (drive signal Sg) to be supplied to
the inverter circuit 3 so that a deviation between the waveform of the command current Io and the waveform of the
actual motor current I becomes zero. To be specific, the PWM width of the pulse signal is determined by performing
PI control for a difference between the command current Io and the actual current I.
[0102] Figures 4(a)-4(c) are conceptual diagrams for explaining the effects of the second embodiment. More spe-
cifically, figure 4(a) shows variations in the input voltage of the inverter circuit, figure 4(b) shows variations in the motor
current in the case where control of the advance angle β is not carried out, and figure 4(c) shows variations in the
motor current in the case where control of the advance angle β is carried out. In these figures, Io is the command
current to be supplied to the motor, I is the actual current that actually flows in the motor, and Am is the maximum
amplitude of the command current.
[0103] When control of the advance angle β is not carried out, the command current cannot be supplied to the motor
as required in the operation section where the input voltage Vpn of the inverter circuit 3 is low. On the other hand, when
control of the advance value β is carried out, the amount of current supplied to the motor is increased by controlling
the advance angle β in the operation section where the input voltage Vpn of the inverter circuit 3 is low. As a result,
even when the output voltage of the power supply is reduced, required motor torque can be secured to realized the
command rpm by controlling the advance angle of the motor current.
[0104] As described above, the motor driving apparatus 100b according to the second embodiment is provided with
the inverter circuit 3 for converting the output voltage of the power supply 1 into three-phase AC and outputting the
same to the motor 2, and the inverter control unit 4b for controlling the advance angle β of the current (motor current)
supplied from the inverter circuit 3 to the motor 2. The inverter control unit 4b determines the advance angle β so that
a deviation between the command rpm fo and the actual rpm f is minimized, under the state where the amplitude of
the command value (command current) Io of the motor current is fixed to the maximum value. Therefore, as in the first
embodiment, weak field control for the brushless motor can be carried out with stability, without using control variables
such as predetermined table values or the like.
[0105] Further, in this second embodiment, since the maximum amplitude of the motor current that is maintained at
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a constant value is equal to the maximum current value that is allowed by the brushless motor 2, even when weak field
control is carried out, a current that is not allowed by the brushless motor 2, i.e., a motor current that deteriorates the
brushless motor 2 due to demagnetization, does not flow, thereby providing a safe motor driving apparatus.

[Embodiment 3]

[0106] Figure 5 is a block diagram for explaining a motor driving apparatus according to a third embodiment of the
present invention.
[0107] A motor driving apparatus 100c according to the third embodiment has an input connected to the power supply
1, and drives the brushless motor 2 at an arbitrary rpm, like the motor driving apparatus 100b according to the second
embodiment. Further, the motor driving apparatus 100c performs weak field control of the brushless motor 2 by adjusting
the advance angle β of the motor current so that the actual motor rpm f becomes maximum.
[0108] To be specific, the motor driving apparatus 100c comprises an inverter circuit 3 for converting an output voltage
of the power supply 1 into a three-phase AC and outputting the three-phase AC to the motor 2, and an inverter control
unit 4c for controlling the inverter circuit 3.
[0109] The inverter control unit 4c supplies the inverter circuit 3 with a drive signal Sg so that the brushless motor 2
is driven at an rpm required by the user. The inverter control unit 4c comprises a rotor position estimation unit 5, an
advance angle determination unit 6c, a command current waveform generation unit 8b, and a PWM generation unit 9.
[0110] The power supply 1, the inverter circuit 3, the rotor position estimation unit 5, the command current waveform
generation unit 8b, and the PWM generation unit 9 are identical to those of the motor driving apparatus 100b according
to the second embodiment.
[0111] The advance angle determination unit 6c receives the estimated phase θ outputted from the rotor position
estimation unit 5, and determines the advance angle β of the motor current so that the rpm f of the brushless motor 2,
which is obtained by differentiating the estimated phase θ, becomes maximum under the condition that the amplitude
of the command current waveform is constant. As a specific method for determining the advance angle β, the hill-
climbing method may be employed.
[0112] Next, the operation will be described.
[0113] In the motor driving apparatus 100c according to the third embodiment, the rotor position estimation unit 5,
the command current waveform generation unit 8b, and the PWM generation unit 9 operate in like manners as those
described for the second embodiment, and therefore, only the operation of the advance angle determination unit 6c
will be described hereinafter.
[0114] Figure 6 is a flowchart of a process of determining the advance angle β by the advance angle determination
unit 6c using the hill-climbing method.
[0115] In this third embodiment, the advance angle determination unit 6c repeats process steps S11 to S18 shown
in figure 6. However, when the amplitude of the command current changes, the advance angle determination unit 6c
stops the operation of performing the process steps S11 to S18 until the adverse effect of the amplitude change in the
command current subsides, so as to prevent the advance angle β from diverging.
[0116] Initially, in step S11, the actual rpm f of the motor 2 is obtained on the basis of the estimated rotor phase from
the rotor position estimation unit 5.
[0117] Next, in step S12, it is determined as to which of the process in step S13 and the process in step S14 should
be carried out, on the basis of a predetermined value of a β increment flag. That is, when the value of the β increment
flag is [-1], the process in step S13 is carried out. When the value of the β increment flag is [1], the process in step
S14 is carried out. When the flow shown in figure 6 is started, i.e., in step S12, the value of the β increment flag is
either [1] or [-1] that is previously set as an initial value.
[0118] In step S13, a process of decreasing (delaying) the advance angle β that is currently outputted is carried out.
The amount of decrease in the advance angle β in step S13 may be a predetermined constant value, or it may be
determined on the basis of a difference between the previously obtained rpm f and the presently obtained rpm f. When
the amount of decrease in the advance angle β is determined on the basis of the rpm deviation as described above,
the velocity of hill-climbing (i.e., the velocity of the process for determining the advance angle by the hill-climbing
method) increases, whereby the advance angle β at which the actual rpm becomes maximum can be determined with
high responsivity.
[0119] In step S14, a process of increasing (advancing) the advance angle β that is currently outputted is carried
out. The amount of increase in the advance angle β in step S14 may be a predetermined constant value, or it may be
determined on the basis of a difference between the previously obtained rpm f and the presently obtained rpm f. When
the amount of increase in the advance angle β is determined on the basis of the rpm deviation as described above,
the velocity of hill-climbing increases, whereby the advance angle β at which the actual rpm f becomes maximum can
be determined with high responsivity.
[0120] Thereafter, in step S15, a process of obtaining the actual rpm f is carried out again under the state where the
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advance angle β of the motor current is updated to the advance angle β that is determined in step S13 or S14.
[0121] Further, in step S16, a difference between the previous actual rpm f that is obtained before the updation of
the advance angle β to the advance angle β determined in step S13 or S14, and the actual rpm f after the updation of
the advance angle β, is calculated, and then it is judged as to whether the actual rpm f after the updation of the advance
angle β is decreased or not. When the actual rpm f after the updation of the advance angle β is decreased as compared
with the actual rpm f before the updation, a process of step S17 is carried out. When the actual rpm f after the updation
of the advance angle β is increased as compared with the actual rpm f before the updation, a process of step S18 is
carried out.
[0122] In step S17, since the direction in which the advance angle β should be changed is incorrect, a process of
inverting the sign of the β increment flag is carried out, followed by step S18.
[0123] In step S18, it is judged as to whether the motor is stopped or not. When the motor is stopped, the advance
angle determination process by the advance angle determination unit 6c is ended. When the motor is not stopped, the
process in step S12 is performed again.
[0124] Through the above-mentioned steps S11 to S18, an optimum advance angle with which the reluctance torque
of the brushless motor can be utilized at maximum is obtained by a relatively simple construction.
[0125] As described above, the motor driving apparatus according to the third embodiment is provided with the
inverter circuit 3 for converting the output voltage of the power supply 1 into a three-phase AC and outputting the three-
phase AC to the motor 2, and the inverter control unit 4c for controlling the advance angle β of the current (motor
current) supplied from the inverter circuit 3 to the motor 2. The inverter control unit 4c determines the advance angle
β so that the actual motor rpm becomes maximum under the state where the amplitude of the command current is kept
constant, and generates a pulse signal to be supplied to the inverter circuit 3 on the basis of the determined advance
angle β. Therefore, the advance angle of the motor current, which is a control variable used in weak field control for
the brushless motor, can be optimized by a relatively simple construction. Since the optimum advance angle enables
maximum utilization of the reluctance torque of the brushless motor in which the motor rpm becomes maximum, the
brushless motor can be driven at a minimum current value that satisfies the required torque, resulting in maximum
motor driving efficiency.
[0126] Further, since the advance angle is controlled so that the motor rpm becomes maximum, even when an error
occurs between the estimated rotor position and the actual rotor position due to variations in the various constants that
constitute the brushless motor, the advance angle is adjusted so as to absorb the error. Thereby, it is possible to achieve
the maximum efficiency of the brushless motor and, furthermore, avoid a phenomenon in which an error occurs in the
estimated rotor position and thereby the brushless motor loses synchronization, resulting in stable motor driving.

[Embodiment 4]

[0127] Figure 7 is a block diagram for explaining a motor driving apparatus according to a fourth embodiment of the
present invention.
[0128] A motor driving apparatus 100d according to the fourth embodiment has an input connected to the power
supply 1, and drives the brushless motor 2 at an arbitrary rpm, like the motor driving apparatus 100b according to the
second embodiment. Further, the motor driving apparatus 100d performs weak field control of the brushless motor 2
by adjusting the advance angle β of the motor current so that the amplitude of the command current Io becomes
maximum.
[0129] To be specific, the motor driving apparatus 100d comprises an inverter circuit 3 for converting the output
voltage of the power supply 1 into three-phase AC and outputting the same to the motor 2, and an inverter control unit
4d for controlling the inverter circuit 3.
[0130] The inverter control unit 4d supplies the inverter circuit 3 with a drive signal Sg so that the brushless motor 2
is driven at a rpm required by the user. The inverter control unit 4d comprises a rotor position estimation unit 5, an
advance angle determination unit 6d, a command current waveform generation unit 8d, and a PWM generation unit 9.
[0131] The power supply 1, the inverter circuit 3, the rotor position estimation unit 5, and the PWM generation unit
9 are identical to those of the motor driving apparatus 100b according to the second embodiment.
[0132] The command current waveform generation unit 8d receives the command rpm fo indicated by the command
signal from the outside, the estimated rotor phase θ outputted from the rotor position estimation unit 5, and the advance
angle β of the motor current outputted from the advance angle determination unit 6d, and generates a waveform of
the command current Io to be supplied from the inverter circuit 3 to the brushless motor 2. To be specific, the command
current waveform generation unit 8d generates, as a waveform of the command current Io, a sinusoidal wave having
both of a command amplitude of the motor current and a phase obtained by adding the advance angle β to the estimated
phase θ. The command amplitude of the motor current is determined so that a deviation between the command rpm
fo indicated by the external command signal and the actual rpm f obtained by differentiating the estimated phase θ
outputted from the rotor position estimation unit 5 becomes zero. For example, the command amplitude is obtained
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by performing PI control for the command rpm fo and the actual rpm f.
[0133] The advance angle determination unit 6d receives the command current Io generated by the command current
waveform generation unit 8d, and controls the advance value β so that the amplitude of the command current Io is
minimized, under the condition that the command rpm fo is constant. As a specific control method by the advance
angle determination unit 6d, the hill-climbing method may be employed.
[0134] While in this fourth embodiment the advance angle determination unit 6d receives the command current Io
generated by the command current waveform generation unit 8d, it may receive only the amplitude of the command
current Io.
[0135] Next, the operation will be described.
[0136] In this fourth embodiment, the output voltage of the power supply 1 is converted into three-phase AC by the
inverter circuit 3 to be supplied to the motor 2, whereby the motor 2 is driven.
[0137] At this time, the inverter control unit 4d generates a pulse signal to be applied as a drive signal Sg to the gates
of the switching elements 31 to 36, on the basis of the command rpm fo indicated by the external command signal,
and the current (motor current) I supplied to the motor 2.
[0138] To be specific, in the rotor position estimation unit 5, the rotor position is estimated from the current (motor
current) I supplied from the inverter circuit 3 to the brushless motor 2.
[0139] The command current waveform generation unit 8d generates a waveform of the command current Io to be
supplied from the inverter circuit 3 to the brushless motor 2, on the basis of the command rpm fo indicated by the
external command signal, the estimated rotor phase θ outputted from the rotor position estimation unit 5, and the
advance angle β of the motor current outputted from the advance angle determination unit 6d. To be specific, the
command current waveform generation unit 8d determines the amplitude of the command current Io so that a deviation
between the command rpm fo indicated by the external command signal and the actual rpm f obtained by differentiating
the estimated phase θ outputted from the rotor position estimation unit 5 becomes zero. For example, the amplitude
of the command current Io is obtained by performing PI control for the command rpm fo and the actual rpm f. Further,
the phase of the command current is obtained by adding the advance angle β to the estimated rotor phase θ .
[0140] The advance angle determination unit 6d receives the command current Io generated by the command current
waveform generation unit 8d, and determines the advance angle β so that the amplitude of the command current Io
becomes minimum, under the condition that the command rpm fo is constant. As a specific method for controlling the
advance angle by the advance angle determination unit 6d, the hill-climbing method may be employed.
[0141] The PWM generation unit 9 determines the PWM width of the pulse signal (drive signal Sg) to be supplied to
the inverter circuit 3 so that the deviation between the command current Io and the actual motor current I becomes
zero. To be specific, the PWM width of the pulse signal is determined by performing PI control for the difference between
the command current Io and the actual current I.
[0142] Figure 8 is a flowchart illustrating a process of determining the advance angle β by the advance angle deter-
mination unit 6d using the hill-climbing method.
[0143] In this fourth embodiment, the advance angle determination unit 6d repeats process steps S21 to S28 shown
in figure 8. However, when the command rpm fo changes, the advance angle determination unit 6d stops the operation
of performing the process steps S21 to S28 until the adverse effect of the change in the command rpm fo subsides,
thereby to prevent the advance angle β from diverging.
[0144] Initially, in step S21, the amplitude of the command current Io is obtained on the basis of the command rotation
fo and the actual rpm f obtained by differentiating the estimated rotor
[0145] Next, in step S22, it is determined as to which of the process in step S23 and the process in step S24 should
be carried out, on the basis of a predetermined value of a β increment flag. That is, when the value of the β increment
flag is [-1], the process in step S23 is carried out. When the value of the β increment flag is [1], the process in step
S24 is carried out. When the flow shown in figure 8 is started, i.e., in step S22, the value of the β increment flag is
either [1] or [-1] that is previously set as an initial value.
[0146] In step S23, a process of decreasing (delaying) the advance angle β that is currently outputted is carried out.
The amount of decrease in the advance angle β in step S23 may be a predetermined constant value, or it may be
determined on the basis of a difference between the amplitude of the previously obtained command current Io and the
amplitude of the presently obtained command current Io. When the amount of decrease in the advance angle β is
determined on the basis of the deviation as described above, the velocity of hill-climbing (i.e., the velocity of the process
for determining the advance angle by the hill-climbing method) increases, whereby the advance angle β at which the
amplitude of the command current Io becomes minimum can be determined with high responsivity.
[0147] In step S24, a process of increasing (advancing) the advance angle β that is currently outputted is carried
out. The amount of increase in the advance angle β in step S24 may be a predetermined constant value, or it may be
determined on the basis of a difference between the amplitude of the previously obtained command current Io and the
amplitude of the presently obtained command current Io. When the amount of increase in the advance angle β is
determined on the basis of the deviation as described above, the velocity of hill-climbing increases, whereby the ad-
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vance angle β at which the amplitude of the command current Io becomes minimum can be determined with high
responsivity.
[0148] Thereafter, in step S25, the brushless motor is driven under the state where the advance angle β of the motor
current is updated to the advance angle β that is determined in step S23 or S24, and then the process of obtaining the
amplitude of the command current I is carried out again.
[0149] Further, in step S26, a difference between the amplitude of the command current that is obtained before the
advance angle β of the motor current is updated to the advance angle β determined in step S23 or S24, and the
amplitude of the command current after the updation, is calculated, and then it is judged as to whether the amplitude
of the command current after the updation of the advance angle β is increased or not as compared with the amplitude
of the command current before the updation. When the amplitude of the command current after the updation of the
advance angle β is increased as compared with the amplitude before the updation, a process of step S27 is carried
out. When the amplitude of the command current after the updation of the advance angle β is decreased or equal to
the amplitude of the command current before the updation, a process of step S28 is carried out.
[0150] In step S27, since the direction in which the advance angle β should be changed is incorrect, a process of
inverting the sign of the β increment flag is carried out, followed by step S28.
[0151] In step S28, it is judged as to whether the motor is stopped or not. When the motor is stopped, the advance
angle determination process by the advance angle determination unit 6c is ended. When the motor is not stopped, the
process in step S22 is performed again.
[0152] Through the above-mentioned steps S21 to S28, an optimum advance angle, i.e., an advance angle with
which the reluctance torque of the brushless motor can be utilized at maximum, can be obtained from the current
supplied to the brushless motor and he estimated rotor position, by the relatively simple construction.
[0153] As described above, the motor driving apparatus according to the fourth embodiment is provided with the
inverter circuit 3 for converting the output voltage of the power supply 1 into a three-phase AC and outputting the three-
phase AC to the motor 2, and the inverter control unit 4d for controlling the advance angle β of the current (motor
current) supplied from the inverter circuit 3 to the motor 2. The inverter control unit 4d determines the advance angle
β so that the amplitude of the command current becomes minimum under the state where the command rpm fo is kept
constant, and generates a pulse signal to be supplied to the inverter circuit 3 on the basis of the determined advance
angle β. Therefore, an optimum advance angle can be obtained by the relatively simple construction. Since the optimum
advance angle enables maximum utilization of the reluctance torque of the brushless motor, in which the motor rpm
attains the maximum value, the brushless motor can be driven with the minimum current value that satisfies the required
torque, whereby the motor driving efficiency can be maximized.
[0154] Further, since the advance angle is controlled so that the amplitude of the command current becomes mini-
mum, even when an error occurs between the estimated rotor position and the actual rotor position due to variations
in the various constants that constitute the brushless motor, the advance angle is adjusted to absorb the error. Thereby,
it is possible to achieve the maximum efficiency of the brushless motor and, furthermore, avoid a phenomenon in which
an error occurs in the estimated rotor position and thereby the brushless motor loses synchronization, resulting in
stable motor driving.

[Embodiment 5]

[0155] Figure 9 is a block diagram for explaining a motor driving apparatus according to a fifth embodiment of the
present invention.
[0156] A motor driving apparatus 100e according to the fifth embodiment is obtained by adding a small-capacitance
capacitor 12 for charging a regenerative current from the motor, to the input end of the inverter circuit 3 of the motor
driving apparatus 100a according to the first embodiment. The capacitor 12 is connected between an output terminal
1a and the other output terminal 1b of the power supply 1.
[0157] The other constituents of the motor driving apparatus 100e according to the fifth embodiment are identical to
those of the motor driving apparatus 100a according to the first embodiment.
[0158] The capacitance of the capacitor 12 may be set to such extent that prevents damages on the apparatus due
to the motor regenerative current. For example, when the motor control apparatus controls a motor of a compressor
used in a home-use air conditioner, the capacitance of the capacitor 12 is about 0.1µF, 50µF. This value is the minimum
threshold value that is obtained from the capacitance of the inductance of the motor, the maximum amount of variation
that is allowed for the inverter input voltage, and the maximum value of the current that flows into the motor.
[0159] To be specific, the energy that is held by the motor when the maximum current flows in the motor is obtained
from the capacitance of the inductance. The capacitance of the capacitor is determined on the basis of the extent to
which an increase in the terminal voltage of the capacitor is allowed, which occurs when the energy is given to the
capacitor as a motor regenerative current.
[0160] To be specific, assuming that the maximum current supplied into the motor is Im, the inductance in the motor
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is Lm, and the allowable increase in the capacitor terminal voltage is Vm, the capacitance Cm of the capacitor is
determined by Cm>Lm· Im· Im/Vm/Vm.
[0161] Next, the operation will be described.
[0162] In the motor driving apparatus 100e according to the fifth embodiment, the inverter circuit 3 and the inverter
control unit 4a operate in like manners as those of the first embodiment, and therefore, repeated description is not
necessary.
[0163] When the motor 2 is stopped or the switching operation of the inverter circuit 4 is stopped, the current that
flows in the motor 2 is regenerated at the input side of the inverter circuit 3. When the regenerative current is large,
the voltage at the input end of the inverter circuit 4 becomes excessively large, resulting in damages in the motor driving
apparatus.
[0164] In the motor driving apparatus 100e according to the fifth embodiment, since the capacitor 12 is added at the
input end of the inverter circuit 3 as shown in figure 9, the regenerative current from the motor 2 is charged by the
capacitor 12 when the motor 2 is stopped, thereby suppressing an increase in the voltage at the input end of the inverter
circuit 3 due to the regenerative current.
[0165] Thereby, the motor driving apparatus is prevented from being damaged by the motor regenerative current
that occurs when the motor is stopped, resulting in a motor control apparatus with a higher level of safety.
[0166] As described above, according to the fifth embodiment, the inverter circuit 3 of the motor driving apparatus
100a according to the first embodiment is provided with the capacitor for charging the regenerative current from the
motor. Therefore, in addition to the effects of the first embodiment, it is possible to suppress an increase in the inverter
input voltage that occurs when the motor is stopped or the switching operation of the inverter circuit is stopped, thereby
avoiding destruction of components or the like.
[0167] In this fifth embodiment, the capacitor for charging the regenerative current from the motor is added at the
input end of the inverter circuit 3 of the motor driving apparatus 100a of the first embodiment. However, the motor
driving apparatus according to any of the second to fourth embodiments may be provided with such capacitor.

[Embodiment 6]

[0168] Figure 10 is a block diagram for explaining a motor driving apparatus according to a sixth embodiment of the
present invention.
[0169] A motor driving apparatus 100f according to the sixth embodiment is obtained by inserting an inductor 13
between the inverter circuit 3 and the power supply 1 of the motor driving apparatus 100a according to the first em-
bodiment, and the inductor 13 is connected in series between the power supply 1 and the inverter circuit 3.
[0170] The other constituents of the motor driving apparatus 100f are identical to those of the motor driving apparatus
100a according to the first embodiment.
[0171] The capacitance of the inductor 13 may be set to such extent that eliminates switching current noise caused
by switching operation of the inverter circuit, and prevents distortion of the waveform of the power supply current. For
example, when the motor driving apparatus drives a motor of a compressor used in a home-use air conditioner, the
value of the inductor 13 is about 0.01mH to 4.0mH. This value is in proportion to the inverse of the carrier frequency
in the inverter circuit 3, and it is determined so as to suppress the harmonics of the carrier components.
[0172] To be specific, assuming that the amount to be attenuated is -X[dB], the circular constant is π, and the carrier
frequency is f[Hz], the inductor value Lr is determined as a value that satisfies 103log(23π3f3L)>X.
[0173] Next, the operation will be described.
[0174] In the motor driving apparatus 100f according to the sixth embodiment, the inverter circuit 3 and the inverter
control unit 4a operate in like manners as those of the first embodiment, and therefore, repeated description is not
necessary.
[0175] The output current of the power supply 1 is affected by the switching operation of the inverter circuit 3, and
the switching current is superposed as noise.
[0176] In the motor driving apparatus 100f according to the sixth embodiment, as shown in figure 10, the noise that
occurs in the inverter circuit 3 is cut by the inductor 13 inserted between the power supply 1 and the inverter circuit 3,
whereby the power supply switching noise superposed on the output current of the power supply is reduced. Thereby,
the waveform of the output current of the power supply 1 is prevented from being distorted, resulting in improved power
factor of the input current.
[0177] As described above, according to the sixth embodiment of the present invention, the inductor 13 for cutting
the noise that occurs in the inverter circuit 3 is inserted between the input terminal of the inverter circuit 3 and the
power supply 1 of the motor driving apparatus 100a of the first embodiment. Therefore, in addition to the effects of the
first embodiment, the switching noise superposed on the output of the power supply 1 is reduced, whereby the power
factor of the input current is increased, resulting in improved current waveform.
[0178] While in this sixth embodiment the inductor 13 for cutting the noise that occurs in the inverter circuit 3 is
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inserted between the inverter circuit 3 and the power supply 1 of the motor driving apparatus 100a of the first embod-
iment, the motor driving apparatus according to any of the second to fourth embodiments may be provided with such
inductor.
[0179] Further, the motor driving apparatus according to the fifth embodiment is provided with the capacitor at the
input end of the inverter circuit, and the motor driving apparatus according to the sixth embodiment is provided with
the capacitor between the inverter circuit and the power supply. However, the motor driving apparatus may be provided
with both of the capacitor and the inductor.
[0180] In this case, since a circuit comprising an inductor and a capacitor connected in series is created, a resonance
phenomenon might occur. This resonance frequency is 1/2 π√(LC) as generally known, and it depends on the capac-
itances of the inductor and capacitor. Accordingly, a motor control apparatus of less noise can be provided by deter-
mining the capacitances of the inductor and capacitor so that the resonance frequency becomes higher than the fre-
quency to be a target of harmonics regulation to the power supply.
[0181] Furthermore, the motor driving apparatus according to the present invention is not restricted to that for con-
trolling a motor of a compressor used in an air conditioner, it may control a motor of any equipment so long as it controls
the motor using an inverter circuit.
[0182] For example, equipment to which the motor driving apparatus according to the present invention is applicable
includes a refrigerator, an electric washing machine, an electric dryer, an electric vacuum cleaner, an air blower, a heat
pump type hot-water supply unit, and the like, in which a motor and an inverter circuit for generating a motor driving
current are mounted. In any equipment, a reduction in cost and a high degree of freedom in design can be realized by
reducing the size and weight of the inverter circuit.
[0183] Hereinafter, a description will be given of specific examples of an air conditioner, a refrigerator, an electric
washing machine, an air blower, a vacuum cleaner, a dryer, and a heat pump type hot-water supplier, using the motor
and motor driving apparatus of the first embodiment.

[Embodiment 7]

[0184] Figure 12 is a block diagram for explaining an air conditioner according to a seventh embodiment of the
present invention.
[0185] An air conditioner 250 according to the seventh embodiment has an indoor unit 255 and an outdoor unit 256,
and performs cooling and heating.
[0186] The air conditioner 250 is provided with a compressor 250a for circulating a refrigerant between the indoor
unit 255 and the outdoor unit 256, and a motor driving unit 250b for driving a motor of the compressor 250a with a
voltage supplied from a power supply 1. In figure 12, the power supply 1, the motor of the compressor 250a, and a
motor driving apparatus 250b are identical to the power supply 1, the brushless motor 2, and the motor driving apparatus
100a according to the first embodiment, respectively.
[0187] Further, the air conditioner 250 has a four-way valve 254, a throttle 253, an indoor heat exchanger 251, and
an outdoor heat exchanger 252. The indoor heat exchanger 251 is a component of the indoor unit 255, while the throttle
253, the outdoor heat exchanger 252, the compressor 250a, the four-way valve 254, and the motor driving apparatus
250b are components of the outdoor unit 256.
[0188] The indoor heat exchanger 251 has an air blower 251a for increasing the efficiency of heat exchange, and a
temperature sensor 251b for measuring the temperature of the heat exchanger 251 or the ambient temperature thereof.
The outdoor heat exchanger 252 has an air blower 252a for increasing the efficiency of heat exchange, and a temper-
ature sensor 252b for measuring the temperature of the heat exchanger 252 or the ambient temperature thereof.
[0189] In this seventh embodiment, the compressor 250a and the four-way valve 254 are placed in the refrigerant
path between the indoor heat exchanger 251 and the outdoor heat exchanger 252. That is, in this air conditioner 250,
the four-way valve 254 selects either of two states as follows: the state where the refrigerant flows in the direction of
arrow A, the refrigerant that has passed through the outdoor heat exchanger 252 is sucked into the linear compressor
250a, and the refrigerant discharged from the linear compressor 250a is supplied to the indoor heat exchanger 251,
and the state where the refrigerant flows in the direction of arrow B, the refrigerant that has passed through the indoor
heat exchanger 251 is sucked into the linear compressor 250a, and the refrigerant discharged from the linear com-
pressor 250a is supplied to the outdoor heat exchanger 252.
[0190] Further, the throttle 253 has both the function of reducing the flow rate of the circulating refrigerant, and the
function as a valve for automatically controlling the flow rate of the refrigerant. That is, under the state where the
refrigerant is circulating in the refrigerant circulation path, the throttle 253 reduces the flow rate of the fluid refrigerant
outputted from the condenser to the evaporator to expand the fluid refrigerant, and supplies a proper amount of refrig-
erant that is required for the evaporator.
[0191] The indoor heat exchanger 251 operates as the condenser during heating and as the evaporator during cool-
ing. The outdoor heat exchanger 252 operates as the evaporator during heating and as the condenser during cooling.
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In the condenser, the high-temperature and high-pressure refrigerant gradually liquefies while losing heat to the air
that is blown into the condenser, resulting in a high-pressure fluid refrigerant in the vicinity of the outlet of the condenser.
This is equivalent to that the refrigerant liquefies while radiating heat into the air. Further, the fluid refrigerant whose
temperature and pressure are reduced by the throttle 253 flows into the evaporator. When the indoor air is blown into
the evaporator under this state, the fluid refrigerant takes a great amount of heat from the air and evaporates, resulting
in a low-temperature and low-pressure gas refrigerant. The air which has lost a great amount of heat in the evaporator
is discharged as cool air from the blowoff port of the air conditioner.
[0192] Then, in the air conditioner 250, a command rpm of the brushless motor is set on the basis of the operation
state of the air conditioner, i.e., the target temperature set on the air conditioner and the actual indoor and outdoor
temperatures, and the motor driving apparatus 250b controls the rpm of the brushless motor of the compressor 250a
on the basis of the set command rpm, as in the first embodiment.
[0193] Next, the operation will be described.
[0194] When a driving voltage is supplied from the motor drive control unit 250b to the compressor 250a, the refrig-
erant circulates in the refrigerant circulation path, and heat exchange is carried out in the heat exchanger 251 of the
indoor unit 255 and the heat exchanger 252 of the outdoor unit 256. That is, in the air conditioner 250, a well-known
heat pump cycle is formed in the refrigerant circulation path by circulating the refrigerant sealed in the circulation path,
using the compressor 250a. Thereby heating or cooling for a room is carried out.
[0195] For example, when the air conditioner 250 performs heating, the four-way valve 254 is set by user operation
so that the refrigerant flows in the direction of arrow A. In this case, the indoor heat exchanger 251 operates as a
condenser, and discharges heat by circulation of the refrigerant in the refrigerant circulation path. Thereby, the room
is heated.
[0196] Conversely, when the air conditioner 250 performs cooling, the four-way valve 254 is set by user operation
so that the refrigerant flows in the direction of arrow B. In this case, the indoor heat exchanger 251 operates as an
evaporator, and absorbs heat from the ambient air by circulation of the refrigerant in the refrigerant circulation path.
Thereby the room is cooled.
[0197] In the air conditioner 250, the command rpm is determined on the basis of the target temperature set on the
air conditioner, and the actual room temperature and outdoor temperature, and the motor driving apparatus 250b
controls the rpm of the brushless motor of the compressor 250a on the basis of the command rpm as in the first
embodiment. Thereby, comfortable cooling or heating is carried out by the air conditioner 250.
[0198] As described above, in the air conditioner 250 according to the seventh embodiment, the brushless motor is
employed as a power source of the compressor 250a, and the advance angle β of the current supplied to the brushless
motor is determined so that the deviation between the command rpm fo and the actual rpm f becomes minimum as in
the first embodiment. Therefore, it is possible to drive the brushless motor with stability until reaching high-speed
rotation, by performing simple and stable weak field control in which only the advance angle of the current should be
varied, even in the state where the input voltage of the inverter varies. Thereby, the air conditioner 250 equipped with
the brushless motor and the driving apparatus thereof can be provided at a low cost and a high degree of freedom in
design.

[Embodiment 8]

[0199] Figure 13 is a block diagram for explaining a refrigerator according to an eighth embodiment of the present
invention.
[0200] A refrigerator 260 according to this tenth embodiment comprises a compressor 260a, a motor driving appa-
ratus 260b, a condenser 261, an evaporator 262, and a throttle 263.
[0201] The compressor 260a, the condenser 261, the throttle 263, and the evaporator 262 form a refrigerant circu-
lation path, and the motor driving apparatus 260b has an input connected to the power supply 1, and drives a brushless
motor as a drive source of the compressor 260a. The power supply 1, the brushless motor of the compressor 160a,
and the motor driving apparatus 260b are identical to the power supply 1, the brushless motor 2, and the motor driving
apparatus 100a according to the first embodiment, respectively.
[0202] The throttle 263 reduces the flow rate of the fluid refrigerant outputted from the condenser 261 to expand the
fluid refrigerant under the state where the refrigerant is circulating in the refrigerant circulation path, and supplies a
proper amount of refrigerant that is required for the evaporator 262.
[0203] The condenser 261 condenses the high-temperature and high-pressure refrigerant gas flowing therein, and
discharges the heat of the refrigerant to the outside air. The refrigerant gas sent into the condenser 261 gradually
liquefies while losing heat to the outside air, resulting in a high-pressure fluid refrigerant in the vicinity of the outlet of
the condenser.
[0204] The evaporator 262 evaporates the low-temperature fluid refrigerant to cool the inside of the refrigerator. The
evaporator 262 has an air blower 262a for increasing efficiency of heat exchange, and a temperature sensor 262b for
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detecting the temperature inside the refrigerator.
[0205] Then, in the refrigerator 260, a command rpm is set on the basis of the operation state of the refrigerator, i.
e., the target temperature set on the refrigerator and the temperature inside the refrigerator, and the motor driving
apparatus 260b controls the rpm of the brushless motor of the compressor 260a on the basis of the set command rpm,
as in the first embodiment.
[0206] Next, the operation will be described.
[0207] In the refrigerator 260, when a driving voltage Vd is supplied from the motor driving apparatus 260b to the
brushless motor of the compressor 260a, the compressor 260a is driven and the refrigerant circulates in the direction
of arrow C in the refrigerant circulation path, whereby heat exchange is carried out between the condenser 261 and
the evaporator 262. Thereby, the inside of the refrigerator is cooled.
[0208] That is, the flow rate of the refrigerant, which is liquefied in the condenser 261, is reduced by the throttle 263,
and thereby the refrigerant expands, resulting in a low-temperature fluid refrigerant. When the low-temperature fluid
refrigerant is sent into the evaporator 262, it is evaporated in the evaporator 262, whereby the inside of the refrigerator
is cooled. At this time, the air in the refrigerator is compulsory sent into the evaporator 262 by the air blower 262a, and
thereby heat exchange is efficiently carried out in the evaporator 262.
[0209] Further, in the refrigerator 260, the command rpm is set according to the target temperature set on the refrig-
erator 260, and the temperature in the refrigerator, and the motor driving apparatus 260b controls the rpm of the brush-
less motor of the compressor 260a on the basis of the set command rpm, as in the first embodiment. Thereby, in the
refrigerator 260, the temperature in the refrigerator is maintained at the target temperature.
[0210] As described above, in the refrigerator 260 according to the eighth embodiment, the brushless motor is em-
ployed as a power source of the compressor 260a, and the advance angle β of the current supplied to the brushless
motor is determined so that the deviation between the command rpm fo and the actual rpm f becomes minimum as in
the first embodiment. Therefore, it is possible to drive the brushless motor with stability until reaching high-speed
rotation, by performing simple and stable weak field control in which only the advance angle of the current should be
varied, even in the state where the input voltage of the inverter varies. Thereby, the refrigerator 260 equipped with the
brushless motor and the driving apparatus thereof can be provided at a low cost and a high degree of freedom in design.

[Embodiment 9]

[0211] Figure 14 is a block diagram for explaining an electric washing machine according to a ninth embodiment of
the present invention.
[0212] A washing machine 270 according to the ninth embodiment has a washing machine outer frame 271, and an
outer bath 273 is hung by a bar 272 in the outer frame 271. A washing/dewatering bath 274 is rotatably placed in the
outer frame 273, and an agitation blade 275 is rotatably attached to the bottom of the washing/dewatering bath 274.
[0213] A brushless motor 276 for rotating the washing/dewatering bath 274 and the agitation blade 275 are placed
in a space beneath the outer bath 273 in the outer frame 271, and a motor driving apparatus 277 that is connected to
an external power supply 1 and drives the brushless motor 276 is attached to the outer frame 271.
[0214] The power supply 1, the brushless motor 276, and the motor driving apparatus 277 are identical to the power
supply 1, the brushless motor 2, and the motor driving apparatus 100a according to the first embodiment, respectively.
A command signal indicating a command rpm according to user operation is input to the motor driving apparatus 277
from a microcomputer (not shown) that controls the operation of the washing machine 270.
[0215] Next, the operation will be described.
[0216] In the washing machine 270, when the user performs a predetermined operation, a command signal is output
from the microcomputer to the motor driving apparatus 277, and a driving voltage is supplied from the motor driving
apparatus 277 to the brushless motor 276. Then, the agitation blade 275 or the washing/dewatering bath 274 is rotated
by the brushless motor 276, and washing or dewatering of laundry such as clothes in the bath 274 is carried out.
[0217] At this time, the rpm of the brushless motor 276 is controlled by the motor driving apparatus 277 on the basis
of the command rpm indicated by the command signal from the microcomputer, as in the first embodiment. Thereby,
the washing machine 270 is operated according to the amount or stains of laundry.
[0218] As described above, in the washing machine 270 according to the ninth embodiment, the brushless motor
276 is employed as a power source, and the advance angle β of the current supplied to the brushless motor is deter-
mined so that the deviation between the command rpm fo and the actual rpm f becomes minimum as in the first
embodiment. Therefore, it is possible to drive the brushless motor with stability until reaching high-speed rotation, by
performing simple and stable weak field control in which only the advance angle of the current should be varied, even
in the state where the input voltage of the inverter varies. Thereby, the washing machine 270 equipped with the brush-
less motor and the driving apparatus thereof can be provided at a low cost and a high degree of freedom in design.



EP 1 473 823 A2

5

10

15

20

25

30

35

40

45

50

55

20

[Embodiment 10]

[0219] Figure 15 is a block diagram for explaining an air blower according to a tenth embodiment of the present
invention.
[0220] An air blower 280 according to the twelfth embodiment is provided with a fan 281, a brushless motor 282 for
rotating the fan 281, and a motor driving apparatus 283 that is connected to a power supply 1 and drives the brushless
motor 282.
[0221] The power supply 1, the brushless motor 282, and the motor driving apparatus 283 are identical to the power
supply 1, brushless the motor 2, and the motor driving apparatus 100a according to the first embodiment, respectively,
and a command signal indicating a command rpm according to user operation is input to the motor driving apparatus
283 from a microcomputer that controls the operation of the air blower 280.
[0222] Next, the operation will be described.
[0223] In the air blower 280, when the user performs a predetermined operation, a command signal is output from
the microcomputer to the motor driving apparatus 283, and a driving voltage is supplied from the motor driving apparatus
283 to the motor 282. Then, the fan 281 is rotated by the brushless motor 282, and air blowing is carried out.
[0224] At this time, the output of the brushless motor 282 is controlled by the motor driving apparatus 283 on the
basis of the command signal from the microcomputer, as in the first embodiment. Thereby, the amount or strength of
wind is controlled.
[0225] As described above, in the air blower 280 according to the tenth embodiment, the brushless motor 282 is
employed as a power source, and the advance angle β of the current supplied to the brushless motor is determined
so that the deviation between the command rpm fo and the actual rpm f becomes minimum as in the first embodiment.
Therefore, it is possible to drive the brushless motor with stability until reaching high-speed rotation, by performing
simple and stable weak field control in which only the advance angle of the current should be varied, even in the state
where the input voltage of the inverter varies. Thereby, the air blower 280 equipped with the brushless motor and the
driving apparatus thereof can be provided at a low cost and a high degree of freedom in design.

[Embodiment 11]

[0226] Figure 16 is a block diagram for explaining an electric vacuum cleaner according to an eleventh embodiment
of the present invention.
[0227] A vacuum cleaner 290 according to the eleventh embodiment is provided with a floor suction head 297 having
an inlet at its bottom, a vacuum cleaner body 290a for sucking air, and a dust suction hose having an end connected
to the floor suction head 297 and the other end connected to the cleaner body 290a.
[0228] The cleaner body 290a comprises a dust collection chamber 295 having a front surface at which the other
end of the dust suction hose 296 is opened, and an electric air blower 291 placed at the rear surface of the dust
collecting chamber 295.
[0229] The electric air blower 291 comprises a fan 292 placed opposite to the rear surface of the dust collection
chamber 295, a brushless motor 293 for rotating the fan, and a motor driving apparatus 294 that is connected to a
power supply 1 and drives the brushless motor 293. The air blower 291 performs air blowing so that suction of air is
carried out by rotation of the fan 292.
[0230] The power supply 1, the brushless motor 293, and the motor driving apparatus 294 are identical to the power
supply 1, the brushless motor 2, and the motor driving apparatus 100a according to the first embodiment, respectively,
and a command signal indicating a command rpm according to user operation is input to the motor driving apparatus
294 from a microcomputer that controls the operation of the air blower 290.
[0231] Next, the operation will be described.
[0232] In the vacuum cleaner 290, when the user performs a predetermined operation, a command signal is output
from the microcomputer to the motor driving apparatus 294, and a driving voltage is supplied from the motor driving
apparatus 294 to the brushless motor 293. Then, the fan 292 is rotated by the brushless motor 293, and a suction force
is generated in the cleaner body 290a. The suction force generated in the cleaner body 290a acts on the inlet (not
shown) at the bottom of the floor suction head 297 through the hose 296, and dust on the floor is sucked from the inlet
of the floor suction head 297 to be collected into the dust collection chamber of the cleaner body 290a.
[0233] At this time, in the vacuum cleaner 290, the rpm of the brushless motor 293 is controlled by the motor driving
apparatus 294 on the basis of the command signal from the microcomputer, as in the first embodiment. Thereby, the
strength of the suction force is controlled.
[0234] As described above, in the vacuum cleaner 290 according to the eleventh embodiment, the brushless motor
293 is employed as a power source, and the advance angle β of the current supplied to the brushless motor is deter-
mined so that the deviation between the command rpm fo and the actual rpm f becomes minimum as in the first
embodiment. Therefore, it is possible to drive the brushless motor with stability until reaching high-speed rotation, by
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performing simple and stable weak field control in which only the advance angle of the current should be varied, even
in the state where the input voltage of the inverter varies. Thereby, the vacuum cleaner 290 equipped with the brushless
motor and the driving apparatus thereof can be provided at a low cost and a high degree of freedom in design.

[Embodiment 12]

[0235] Figure 17 is a block diagram for explaining an electric dryer according to a twelfth embodiment of the present
invention.
[0236] An electric dryer 360 according to the twelfth embodiment comprises a compressor 360a, a motor driving
apparatus 360b, a condenser 361, an evaporator 362, and a throttle 363.
[0237] The compressor 360a, the condenser 361, the throttle 363, and the evaporator 362 form a refrigerant circu-
lation path. The motor driving apparatus 360b has an input connected to a power supply 1, and drives the brushless
motor as a driving source for the compressor 360a. The power supply 1, the brushless motor of the compressor 360a,
and the motor driving apparatus 360b are identical to the power supply 1, the brushless motor 2, and the motor driving
apparatus 100a according to the first embodiment, respectively.
[0238] The throttle 363 reduces the flow rate of the fluid refrigerant outputted from the condenser 361 to expand the
fluid refrigerant under the state where the refrigerant is circulating in the refrigerant circulation path, and supplies a
proper amount of refrigerant that is required for the evaporator 362.
[0239] The condenser 361 condenses the high-temperature and high-pressure refrigerant gas that flows therein,
and discharges the heat of the refrigerant to the outside air. The refrigerant gas sent into the condenser 361 gradually
liquefies while losing heat to the outside air, resulting in a high-pressure fluid refrigerant in the vicinity of the outlet of
the condenser.
[0240] The evaporator 362 evaporates the low-temperature fluid refrigerant to dehumidify the inside of the dryer.
The evaporator 362 has an air blower 362a for increasing efficiency of dehumidification.
[0241] In the dryer 362, the motor driving apparatus 360b controls the output of the motor of the compressor 360a
on the basis of the operating state of the dryer, i.e., the degree of dehumidification set on the dryer, and the humidity
in the dryer.
[0242] Next, the operation will be described.
[0243] In the electric dryer 360 according to the twelfth embodiment, when a driving voltage Vd is applied to the
brushless motor of the compressor 360a from the motor driving apparatus 360b, the compressor 360a is driven and
the refrigerant is circulated in the direction of arrow E in the refrigerant circulation path, whereby heat exchange is
carried out in the condenser 361 and in the evaporator 362. Thereby, dehumidification is carried out in the dryer.
[0244] That is, in the dryer 360, the flow rate of the refrigerant, which is liquefied in the condenser 361, is reduced
by the throttle 363, and thereby the refrigerant expands, resulting in a low-temperature fluid refrigerant. When the low-
temperature fluid refrigerant is sent into the evaporator 362, it is evaporated in the evaporator 362, whereby the inside
of the dryer is dehumidified. To be specific, the moist air in the dryer is cooled down to its dew-point humidity or lower,
and the air from which moisture is removed as condensed water is heated again. At this time, the air in the dryer is
compulsory sent into the evaporator by the air blower, and thereby heat exchange is efficiently carried out in the evap-
orator.
[0245] As described above, in the electric dryer 360 according to the twelfth embodiment, the brushless motor is
employed as a power source of the compressor 360a, and the advance angle β of the current supplied to the brushless
motor is determined so that the deviation between the command rpm fo and the actual rpm f becomes minimum as in
the first embodiment. Therefore, it is possible to drive the brushless motor with stability until reaching high-speed
rotation, by performing simple and stable weak field control in which only the advance angle of the current should be
varied, even in the state where the input voltage of the inverter varies. Thereby, the electric dryer 360 equipped with
the brushless motor and the driving apparatus thereof can be provided at a low cost and a high degree of freedom in
design.

[Embodiment 13]

[0246] Figure 18 is a block diagram for explaining a heat pump type hot-water supply unit according to a thirteenth
embodiment of the present invention.
[0247] A heat pump type hot-water supply unit 380 according to the thirteenth embodiment includes a refrigeration
cycle unit 381a for heating supplied water to discharge hot water, a hot-water storage 381b in which the hot water
discharged from the refrigeration cycle unit 381a is stored, and pipes 386a, 386b, 387a, and 387b connecting the
refrigeration cycle unit 381a and the hot-water storage 381b.
[0248] The refrigeration cycle unit 381a includes a compressor 380a, an air-refrigerant heat exchanger 382, a throttle
383, and a water-refrigerant heat exchanger 385, which constitute a refrigerant circulation path, and a motor driving
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apparatus 380b that has an input connected to a power supply 1, and drives the motor of the compressor 380a.
[0249] The power supply 1, the motor of the compressor 380a, and the motor driving apparatus 380b are identical
to the power supply 1, the brushless motor 2, and the motor driving apparatus 100a according to the first embodiment,
respectively.
[0250] The throttle 383 reduces the flow rate of the fluid refrigerant that is sent from the water-refrigerant heat ex-
changer 385 to the air-refrigerant heat exchanger 382 to expand the fluid refrigerant, like the throttle 253 of the air
conditioner 250 of the ninth embodiment.
[0251] The water-refrigerant heat exchanger 385 is a condenser that heats up the water supplied to the refrigeration
cycle unit 381a, and has a temperature sensor 385a for detecting the temperature of the heated water. The air-refrig-
erant heat exchanger 382 is an evaporator that absorbs heat from the ambient atmosphere, and has an air blower
382a for increasing the efficiency of heat exchange, and a temperature sensor 382b for detecting the ambient temper-
ature.
[0252] In figure 18, reference numeral 384 denotes a refrigerant pipe for circulating the refrigerant along the refrig-
erant circulation path that is formed by the compressor 380a, the water-refrigerant heat exchanger 385, the throttle
383, and the air-refrigerant heat exchanger 382. The refrigerant pipe 284 is connected to a defrost bypass pipe 384a
for supplying the refrigerant discharged from the linear compressor 380a to the air-refrigerant heat exchanger 382,
bypassing the water-refrigerant heat exchanger 385 and the throttle 383, and a defrost bypass valve 384b is provided
in a portion of the bypass pipe 384a.
[0253] The hot-water storage 381b has a hot-water storage tank 388 for keeping water or hot water. A water supply
pipe 388c for supplying water from the outside to the storage tank 388 is connected to a water intake port 388c1 of
the storage tank 388, and a hot-water supply pipe 388d for supplying hot-water from the storage tank 388 to a bathtub
is connected to a hot-water discharge port 388d1 of the storage tank 388. Further, a hot-water supply pipe 389 for
supplying the hot water stored in the storage tank 388 to the outside is connected to a water intake/discharge port
388a of the storage tank 388.
[0254] The storage tank 388 and the water-refrigerant heat exchanger 385 of the refrigeration cycle unit 381a are
connected through pipes 386a, 386b, 387a, and 387b, and a water circulation path is formed between the storage tank
388 and the water-refrigerant heat exchanger 385.
[0255] The water supply pipe 386b is a pipe for supplying water from the storage tank 388 to the water-refrigerant
heat exchanger 385, and an end of this pipe is connected to a water discharge port 388b of the storage tank 388 while
the other end is connected to a water intake side pipe 387b of the water-refrigerant heat exchanger 385 through a joint
387b1. Further, a discharge valve 388b1 for discharging the water or hot water stored in the storage tank 388 is fixed
to an end of the water supply pipe 386b. The water supply pipe 386a is a pipe for returning the water from the water-
refrigerant heat exchanger 385 to the storage tank 388, and an end of this pipe is connected to the water intake/
discharge port 388a of the storage tank 388 while the other end is connected to a discharge side pipe 387a of the
water-refrigerant heat exchanger 385 through a joint 387a1.
[0256] A pump 387 for circulating the water in the water circulation path is provided in a portion of the water intake
side pipe 387b of the water-refrigerant heat exchanger 385.
[0257] Further, in the hot-water supply unit 380, a command rpm of the brushless motor is determined on the basis
of the operating state of the hot-water supply unit, that is, the target temperature of hot water which is set on the supply
unit, the temperature of the water that is supplied from the hot-water storage 381b to the water-refrigerant heat ex-
changer 385a of refrigeration cycle unit 381a, and the outdoor temperature. The motor driving apparatus 380b deter-
mines a motor output required for the brushless motor of the compressor 380a on the basis of the command rpm.
[0258] Next, the operation will be described.
[0259] When a driving voltage Vd is supplied from the motor drive control unit 380b to the brushless motor of the
compressor 380 to drive the compressor 380a, the high-temperature refrigerant compressed by the compressor 380a
circulates in the direction of arrow F, that is, the refrigerant passes through the refrigerant pipe 384 and supplied to the
water-refrigerant heat exchanger 385. Further, when the pump 387 in the water circulation path is driven, water is
supplied from the storage tank 388 to the water-refrigerant heat exchanger 385.
[0260] In the water-refrigerant heat exchanger 385, heat exchange is carried out between the refrigerant and the
water that is supplied from the storage tank 388, whereby heat moves from the refrigerant to the water. That is, the
supplied water is heated, and the heated water (hot water) is supplied to the storage tank 388. At this time, the tem-
perature of the heated water is observed by the condensation temperature sensor 385a.
[0261] Further, in the water-refrigerant heat exchanger 385, the refrigerant is condensed by the above-mentioned
heat exchange, and the flow rate of the condensed fluid refrigerant is reduced by the throttle 383 to expand the refrig-
erant, and the refrigerant is sent to the air-refrigerant heat exchanger 382. In the hot-water supply unit 380, the air-
refrigerant heat exchanger 382 serves as an evaporator. That is, the air-refrigerant heat exchanger 382 absorbs heat
from the outside air that is sent by the air blower 382b to evaporate the low-temperature fluid refrigerant. At this time,
the temperature of the ambient atmosphere of the air-refrigerant heat exchanger 382 is observed by the temperature
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sensor 382b.
[0262] Further, in the refrigeration cycle unit 381a, when the air-refrigerant heat exchanger 382 is frosted, the defrost
bypass valve 384b is opened, and the high-temperature refrigerant is supplied to the air-refrigerant heat exchanger
382 through the defrost bypass line 384a. Thereby, the air-refrigerant heat exchanger 382 is defrosted.
[0263] On the other hand, the hot water is supplied from the water-refrigerant heat exchanger 385 of the refrigeration
cycle unit 381a to the hot-water storage 81b through the pipes 87a and 86a, and the supplied hot water is stored in
the storage tank 388. The hot water in the storage tank 388 is supplied to the outside through the hot-water supply
pipe 389 as required. Especially when the hot water is supplied to a bathtub, the hot water in the storage tank 388 is
supplied to the bathtub through a hot-water supply pipe 388d for the bathtub.
[0264] Further, when the amount of water or hot water stored in the storage tank 388 becomes lower than a prede-
termined amount, water is supplied from the outside through the water supply pipe 388c.
[0265] In the hot-water supply unit 380, the motor driving apparatus 380b determines a command rpm of the brushless
motor, on the basis of the target temperature of the hot water, which is set on the hot-water supply unit 380, the
temperature of the water supplied to the water-refrigerant heat exchanger 385a, and the outside temperature, and the
motor driving apparatus 380b controls the rpm of the brushless motor of the compressor 380a on the basis of the
command rpm. Thereby, hot water of the target temperature is supplied by the hot-water supply unit 380.
[0266] As described above, in the heat pump type hot-water supply unit 380 according to the thirteenth embodiment,
the brushless motor is employed as a power source of the compressor 380a, and the advance angle β of the current
supplied to the brushless motor is determined so that the deviation between the command rpm fo and the actual rpm
f becomes minimum as in the first embodiment. Therefore, it is possible to drive the brushless motor with stability until
reaching high-speed rotation, by performing simple and stable weak field control in which only the advance angle of
the current should be varied, even in the state where the input voltage of the inverter varies. Thereby, the heat pump
type hot-water supply unit 380 equipped with the brushless motor and the driving apparatus thereof can be provided
at a low cost and a high degree of freedom in design.

[Embodiment 14]

[0267] Figure 19 is a schematic diagram for explaining a hybrid car according to a fourteenth aspect of the present
invention.
[0268] A hybrid car 400 according to the fourteenth aspect is a motor vehicle obtained by combining two power
sources, an internal combustion engine and a motor, and it is driven by activating the power sources simultaneously
or individually according to the circumstances.
[0269] To be specific, the hybrid car 400 includes an internal combustion engine 410 for generating a power Ep; a
generator-motor 402 for generating a power according to an inputted voltage, and generating an electrical power ac-
cording to a power supplied from the outside; and a driving mechanism 440 for generating a driving power for the car
by the power generated in the internal combustion engine 410 or the generator-motor 402. Further, the hybrid car 400
includes a battery 401; a generator 430; a power division mechanism 420 for dividing the power Ep generated in the
internal combustion engine 410 into two lines of powers Ep1 and Ep2, and supplying the power Ep1 to the generator
430 and the power Ep2 to the generator-motor 402; and a motor driving apparatus 400a for receiving an output Bc of
the battery 401 and an output Gc of the generator 403, and driving the generator-motor 402.
[0270] The generator-motor 402 has the same construction as the brushless motor 2 according to the first embodi-
ment, and operates as a motor or a generator according to the driving condition of the car. To be specific, the generator-
motor 402 is rotary-driven by the power Ep2 from the motor division mechanism 420 or a braking force Bp from the
driving mechanism 440, and generates a driving force according to a driving current Dc from the motor driving apparatus
400a. Further, the driving mechanism 440 includes a pair of driving loops 441; a driving shaft 442 connected to the
driving loops 441; and a gear mechanism 443 for transmitting the power Dp supplied from the generator-motor 402
through the driving shaft 442 to the driving loops 441 as a driving force, and transmitting the braking force Bp from the
driving loops 441 through the driving shaft 442 to the generator-motor 402 as a driving force. Further, the motor driving
apparatus 400a has the same circuit construction as that of the motor driving apparatus 100a according to the first
embodiment. In this fourteenth embodiment, an output terminal of the battery 401 and an output terminal of the gen-
erator 403 are connected to the input nodes 1a and 1b of the motor driving apparatus 400a, respectively.
[0271] Next, the operation will be described.
[0272] In the hybrid car 400, the battery 401 is charged with a power that is generated by rotating the generator 430
with the internal-combustion engine 410, and the output of the battery 401 or the output of the generator 430 is utilized
as a driving energy.
[0273] For example, during low-speed driving where the driving efficiency by the internal-combustion engine 410 is
low, the output Bc of the battery 401 is supplied to the generator-motor 402 by the motor driving apparatus 400a, and
the driving force Dp generated in the generator-motor 402 is transmitted to the driving loops 441. Thereby, the hybrid
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car 400 is driven by the motor.
[0274] Further, when the driving speed exceeds a predetermined value, the internal-combustion engine 410 starts
to operate, and the power Ep generated in the internal-combustion engine 410 is supplied to the generator-motor 402
through the power division mechanism 420 as the power Ep2. Further, in the generator-motor 402, a power is generated
by the driving current Dc from the motor driving apparatus 400a, and the power Ep2 supplied from the internal-com-
bustion engine 410 and the power generated by the driving current are supplied to the driving mechanism 440 as a
driving power Dp. Thereby, in the driving mechanism 440, the driving power Dp is transmitted to the driving loops 441
through the gear mechanism 443 and the driving shaft 442.
[0275] Furthermore, in the hybrid car 400, when the driving load on the driving loops 441 is reduced, the power
division mechanism 420 distributes part of the power Ep generated in the internal-combustion engine 410 to the gen-
erator 430 as the power Ep1 of the power generation system. Then, a power Gc generated in the generator 430 is
supplied through the motor driving apparatus 400a to the battery 401 as a charging power Cc, whereby charging of
the battery 401 is started. In this state, the hybrid car 400 drives while charging the battery 401.
[0276] Furthermore, in the hybrid car 400, when braking is carried out for deceleration or stopping, the braking force
Bp of the driving loops 441 is transmitted through the driving shaft 442 and the gear mechanism 443 to the generator-
motor 402 as a driving force. At this time, the generator-motor 402 operates as a generator, and a regenerative power
Rc generated by the braking force Bp is applied to the battery 401 through the motor driving apparatus 400a, whereby
charging of the battery 401 is started.
[0277] As described above, in the hybrid car 400 according to the fourteenth embodiment, the brushless motor 402
is employed as a power source, and the advance angle β of the current supplied to the brushless motor is determined
so that the deviation between the command rpm fo and the actual rpm f becomes minimum as in the first embodiment.
Therefore, it is possible to drive the brushless motor with stability until reaching high-speed rotation, by performing
simple and stable weak field control in which only the advance angle of the current should be varied, even in the state
where the input voltage of the inverter varies. Thereby, the hybrid car 400 equipped with the brushless motor and the
driving apparatus thereof can be provided at a low cost and a high degree of freedom in design.
[0278] In this fourteenth embodiment, the most popular series-parallel hybrid car is described as an example of an
electric car. However, a series hybrid car 500 shown in figure 20 and a parallel hybrid car 600 shown in figure 21 are
also within the scope of the present invention.
[0279] For example, a series hybrid car 500 shown in figure 20 is provided with a motor 402a instead of the generator-
motor 402 of the hybrid car 400 shown in figure 10, drives the generator 430 with the power Ep from the internal-
combustion engine 410, and charges the battery 401 or drives the motor 402a with the generated power Gc. Accord-
ingly, the hybrid car 500 does not have the power division mechanism 420, in contrast to the hybrid car 400 shown in
figure 19. That is, the hybrid car 400a does not drive the driving loops 411 directly by the internal-combustion engine,
but drives the loops 411 by the motor alone. The hybrid car 500 is called as a series hybrid car because the two power
sources, i.e., the internal-combustion engine and the motor are connected in series.
[0280] On the other hand, the parallel hybrid car 600 shown in figure 21 is provided with a gear box 450 instead of
the power division mechanism 420 of the hybrid car 400 shown in figure 19, and transmits the power Ep of the internal-
combustion engine 410 through the gear box 450 to the generator-motor 402. Accordingly, the hybrid car 600 does
not have the generator 430 shown in figure 19.
[0281] In the parallel hybrid car 600, the internal-combustion engine 410 is mainly used for driving, and there are
cases where the internal-combustion engine 410 is used as a power source for charging the battery 401.
[0282] For example, during starting or acceleration where the internal-combustion engine 410 is under a load, the
generator-motor 402 is operated as a motor by the power Dc supplied from the motor driving apparatus 400a, and the
generator-motor 402 outputs the power Ep generated in the internal-combustion engine 410 and the power generated
in the generator-motor 402 to the driving mechanism as a driving force Dp. Thereby, driving of the driving loops 441
is assisted by the motor power. Further, when the internal-combustion engine 410 is under a light load where the
operation efficiency of the internal-combustion engine 410 is low, the generator-motor 402 operates as a generator,
and charging of the battery 401 and driving of the loops 441 are carried out by the power of the internal-combustion
engine 410, whereby variations in the load on the internal-combustion engine 410 are reduced. Further, in the hybrid
car 600, during braking or downhill driving, the energy utilization efficiency is enhanced by collecting the power by
performing regenerative braking, or engine stop while the car is stopped. The hybrid car 600 is called a parallel hybrid
car because driving by the internal-combustion engine and driving by the generator-motor are carried out in parallel.
[0283] Furthermore, an electric car that has no internal-combustion engine, and is driven by a power from the battery
is also within the scope of the present invention. Also in this case, the same effects as described for the fourteenth
embodiment can be achieved.
[0284] In the seventh to fourteenth embodiments, the motor driving apparatus for driving the brushless motor as a
power source is identical to the motor driving apparatus according to the first embodiment. However, the motor driving
apparatus according to the seventh to fourteenth embodiments may be identical to any of the motor driving apparatus
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according to the second to sixth embodiments.
[0285] The motor driving apparatus according to the present invention can perform weak-field control for a brushless
motor with stability without using predetermined control variables such as table tables, even when an output voltage
of a power supply varies steeply or periodically. Therefore, the motor driving apparatus can increase the maximum
rpm of the brushless motor.

Claims

1. A motor driving apparatus for driving a brushless motor, comprising:

an inverter circuit for converting an output voltage of a power supply into a driving voltage, and outputting the
driving voltage to the brushless motor;
a rotor position estimation unit for estimating a rotor position of the brushless motor;
an inverter control unit for controlling the inverter circuit so that the brushless motor is driven by a current
based on the estimated rotor position; and

said inverter control unit controlling the rpm of the brushless motor by changing a phase difference between
the estimated rotor position and the current supplied to the brushless motor.

2. A motor driving apparatus as defined in Claim 1, wherein said inverter control unit controls the rpm of the brushless
motor by increasing/decreasing the phase difference, under the state where the amplitude of the current supplied
to the brushless motor is fixed at a maximum value.

3. A motor driving apparatus as defined in Claim 2, wherein the maximum amplitude of the current supplied to the
brushless motor is a maximum current value that is allowed to be supplied to the brushless motor.

4. A motor driving apparatus as defined in Claim 1, wherein
said inverter control unit comprises:

a command current waveform generation unit for generating a waveform of a command current on the basis
of the estimated rotor position; and
a pulse generation unit for generating a pulse signal as a control signal for the inverter circuit so as to decrease
a deviation between the waveform of the command current generated by the command current waveform
generation unit and a waveform of the current that actually flows in the brushless motor; and

said inverter control unit controls the rpm of the brushless motor by increasing/decreasing the phase differ-
ence under a state where the amplitude of the waveform of the command current is fixed at a maximum value.

5. A motor driving apparatus as defined in Claim 4, wherein the maximum amplitude of the waveform of the command
current is a maximum current value that is allowed to be supplied to the brushless motor.

6. A motor driving apparatus as defined in Claim 1, wherein
said inverter control unit comprises:

a current amplitude determination unit for determining an amplitude of the current to be supplied to the brush-
less motor;
a command current waveform generation unit for generating a waveform of a command current on the basis
of the current amplitude determined by the current amplitude determination unit; and
a pulse generation unit for generating a pulse signal as a control signal for the inverter circuit so as to decrease
a deviation between the waveform of the command current generated by the command current waveform
generation unit and a waveform of the current that actually flows in the brushless motor; and

said inverter control unit obtains a phase difference that maximizes the rpm of the brushless motor, by chang-
ing the phase difference between the estimated rotor position and the current supplied to the brushless motor,
under a state where the amplitude of the command current is constant.

7. A motor driving apparatus as defined in Claim 1, wherein
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said inverter control unit comprises:

a rpm determination unit for determining a rpm of the brushless motor;
a current amplitude determination unit for determining an amplitude of the current to be supplied to the brush-
less motor so as to decrease a deviation between the rpm determined by the rpm determination unit and an
actual rpm;
a command current waveform generation unit for generating a waveform of a command current on the basis
of the current amplitude; and
a pulse generation unit for generating a pulse signal as a control signal for the inverter circuit so that a deviation
between the waveform of the command current generated by the command current waveform generation unit
and a waveform of the current that actually flows in the brushless motor becomes zero; and

said inverter control unit obtains a phase difference that minimizes the amplitude of the command current,
by changing the phase difference between the estimated rotor position and the current supplied to the brushless
motor, under a state where the command rpm of the brushless motor is constant.

8. A motor driving apparatus as defined in Claim 1, wherein said inverter circuit includes a capacitor for charging a
regenerative current from the brushless motor.

9. A motor driving apparatus as defined in Claim 1, wherein said inverter circuit has an inductor that is connected
between the inverter circuit and the power supply, and cuts off noise generated in the inverter circuit.

10. A compressor including a brushless motor for generating a power, and a motor driving apparatus for driving the
brushless motor,

said motor driving apparatus being a motor driving apparatus as defined in Claim 1.

11. An air conditioner including a compressor having a brushless motor for generating a power, and a motor driving
apparatus for driving the brushless motor of the compressor,

said motor driving apparatus being a motor driving apparatus as defined in Claim 1.

12. A refrigerator including a compressor having a brushless motor for generating a power, and a motor driving appa-
ratus for driving the brushless motor of the compressor,

said motor driving apparatus being a motor driving apparatus as defined in Claim 1.

13. An electric washing machine including a brushless motor for generating a power, and a motor driving apparatus
for driving the brushless motor,

said motor driving apparatus being a motor driving apparatus as defined in Claim 1.

14. An air blower including a brushless motor for generating a power, and a motor driving apparatus for driving the
brushless motor,

said motor driving apparatus being a motor driving apparatus as defined in Claim 1.

15. An electric vacuum cleaner including a brushless motor for generating a power, and a motor driving apparatus for
driving the brushless motor,

said motor driving apparatus being a motor driving apparatus as defined in Claim 1.

16. An electric dryer including a compressor having a brushless motor for generating a power, and a motor driving
apparatus for driving the brushless motor of the compressor,

said motor driving apparatus being a motor driving apparatus as defined in Claim 1.

17. A heat pump type hot-water supply unit including a compressor having a brushless motor for generating a power,
and a motor driving apparatus for driving the brushless motor of the compressor,

said motor driving apparatus being a motor driving apparatus as defined in Claim 1.

18. A hybrid car including a brushless motor for generating a power, and a motor driving apparatus for driving the
brushless motor,

said motor driving apparatus being a motor driving apparatus as defined in Claim 1.
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