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DESCRIPTION 

Motor Control Device and Vehicle Including the Same 

5 Technical Field 

The present invention relates to a motor control device and a vehicle including 

the same, and more particularly to a control technique for lowering vibration and sound 

noise of a motor.  

10 Background Art 

Current vector control for controlling a speed and torque of a motor to a desired 

value has conventionally been known. Various control methods have been proposed 

for current vector control, and for example, id=0 control, maximum torque control, 

field-weakening control, and the like have been known.  

15 Id=0 control refers to a control method for maintaining a d-axis current at 0, and 

it can readily realize linear control of torque. Maximum torque control refers to a 

control method for maximizing generated torque with respect to the same current, and it 

can efficiently generate torque. Field-weakening control refers to a control method for 

reducing magnetic flux in a d-axis direction by feeding a negative d-axis current, and it 

20 can broaden a speed control range.  

Japanese Patent Laying-Open No. 10-328952 discloses a control device for a 

permanent magnet synchronous motor utilizing such current vector control. The motor 

control device including a speed control unit and a torque control unit broadens a motor 

speed control range by utilizing equivalent field-weakening control and carries out speed 

25 control and torque control while independently maintaining speed control accuracy and 

torque control accuracy.  

Among characteristics required in the motor, quietness (low vibration 

characteristic and low sound noise characteristic) is also important in addition to speed 

-1-



controllability and torque controllability. In particular, when the motor is mounted on 

a vehicle, quietness of the motor is highly required in order not to impair comfortability 

in the vehicle. In the vehicle, however, due to restricted space for mounting the motor, 

weight reduction or the like, measures against vibration or sound noise supported by 

5 hardware cannot sufficiently be taken in many cases.  

Under the circumstances, motor control paying attention to quietness has been 

demanded. Japanese Patent Laying-Open No. 10-328952 above, however, does not 

particularly take into consideration quietness of the motor, and the control method 

disclosed in this publication cannot improve quietness of the motor.  

10 In addition, in motor control capable of improving quietness of the motor, motor 

control stability should not be impaired and approaches for ensuring control stability are 

also necessary.  

Disclosure of the Invention 

15 From the foregoing, the present invention was made to solve such problems, and 

an object of the present invention is to provide a motor control device capable of 

improving quietness of a motor and a vehicle including the same.  

In addition, another object of the present invention is to provide a motor control 

device achieving improved quietness of a motor while paying attention to control 

20 stability and a vehicle including the same.  

According to the present invention, a motor control device includes a current 

instruction generation unit and a control unit. The current instruction generation unit 

generates a current instruction based on a torque instruction for a motor. The control 

unit controls the motor based on the current instruction. The current instruction 

25 generation unit generates, based on the torque instruction, a current instruction having a 

current phase determined in advance for each torque of the motor so as to suppress 

vibration of the motor.  

Preferably, the current instruction generation unit generates the current 
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instruction so as to lower vibration of the motor, as compared with a case where the 

motor is controlled based on a current instruction having an optimal current phase 

determined so as to satisfy a prescribed condition. Here, the "prescribed condition" 

refers, for example, to a condition for maximizing generated torque with respect to the 

5 same current (maximum torque control).  

Preferably, the current instruction generation unit generates the current 

instruction based on the torque instruction, using a current map in which a current phase 

is determined in advance for each torque of the motor.  

Preferably, the motor includes a permanent magnet three-phase AC synchronous 

10 motor. The current instruction generation unit generates the current instruction so as 

to suppress a vibration component corresponding to a sixth-order component of a 

current frequency of the motor.  

Preferably, the current instruction generation unit generates the current 

instruction so as to restrict variation in a d-axis current with respect to variation in the 

15 torque instruction.  

More preferably, the current instruction generation unit generates the current 

instruction such that the d-axis current monotonously decreases with increase in the 

torque instruction.  

In addition, preferably, the current instruction generation unit generates the 

20 current instruction so as to restrict variation in a q-axis current with respect to variation 

in the torque instruction.  

More preferably, the current instruction generation unit generates the current 

instruction such that the q-axis current monotonously increases with increase in the 

torque instruction.  

25 In addition, preferably, the current instruction generation unit generates the 

current instruction so as to restrict variation in a control voltage of the motor with 

respect to variation in the torque instruction.  

More preferably, the current instruction generation unit generates the current 
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instruction such that the control voltage monotonously increases with increase in the 

torque instruction.  

In addition, according to the present invention, a motor control device includes a 

current instruction generation unit, a control unit, and a correction unit. The current 

5 instruction generation unit generates a current instruction for a motor. The control 

unit controls the motor based on the current instruction. The correction unit corrects 

the current instruction so as to suppress fluctuation in a radial direction component of 

magnetic force (magnetic attraction force or magnetic repulsion force) that acts between 

a rotor and a stator of the motor.  

10 Preferably, the correction unit corrects the current instruction in accordance with 

an angle of rotation of the motor, using a correction map in which a current correction 

amount is determined in advance for each angle of rotation of the motor.  

In addition, preferably, the motor control device further includes a sensor 

capable of detecting fluctuation in the radial direction component of the magnetic force 

15 that acts between the rotor and the stator of the motor. The correction unit corrects 

the current instruction based on a detection value from the sensor.  

Preferably, the correction unit corrects the current instruction only with regard 

to a component of a specific order of a rotation frequency of the motor.  

More preferably, the motor includes a permanent magnet three-phase AC 

20 synchronous motor. The component of the specific order is a sixth-order component.  

In addition, according to the present invention, a vehicle includes a motor and 

any motor control device controlling the motor described above.  

As described above, according to the present invention, the current instruction 

generation unit generates, based on the torque instruction, a current instruction having a 

25 current phase determined in advance for each torque of the motor so as to suppress 

vibration of the motor, and the control unit controls the motor based on the current 

instruction. Therefore, quietness of the motor can be improved, without increase in 

size and weight of the motor brought about by measures against vibration or sound 
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noise supported by hardware.  

In addition, in the present invention, as the current instruction generation unit 

generates the current instruction so as to restrict variation in the d-axis current or the q

axis current with respect to variation in the torque instruction, sudden change in the 

5 current instruction with respect to variation in the torque instruction is not likely.  

Therefore, according to the present invention, motor control stability can be ensured.  

Moreover, in the present invention, as the current instruction generation unit 

generates the current instruction so as to restrict variation in the control voltage of the 

motor with respect to variation in the torque instruction, sudden change in the control 

10 voltage of the motor with respect to variation in the torque instruction is not likely.  

Therefore, according to the present invention, where a control mode of the motor (a 

PWM (Pulse Width Modulation) control mode, an overmodulation control mode, a 

rectangular wave control mode, and the like) is switched depending on a control voltage, 

unstable control of the motor due to frequent switching between the control modes can 

15 be avoided.  

Further, though fluctuation in the radial direction component of the magnetic 

force that acts between the rotor and the stator of the motor considerably affects 

vibration and sound noise of the motor, according to the present invention, the 

correction unit corrects the current instruction so as to suppress fluctuation in the radial 

20 direction component of the magnetic force. Therefore, quietness of the motor can 

effectively be improved. In addition, increase in size and weight of the motor brought 

about by measures against vibration or sound noise supported by hardware is not caused.  

Brief Description of the Drawings 

25 Fig. I is a circuit diagram of a motor drive apparatus including a motor control 

device according to the present invention.  

Fig. 2 is a functional block diagram of the control device shown in Fig. 1.  

Fig. 3 is a detailed functional block diagram of an inverter control unit shown in 
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Fig. 2.  

Fig. 4 illustrates relation between a current phase and torque.  

Fig. 5 illustrates relation between a current phase and a vibration quantity.  

Fig. 6 illustrates a current vector in low-noise control and maximum torque 

5 control.  

Fig. 7 illustrates relation between a current phase and torque.  

Fig. 8 illustrates relation between an angle of rotation of a motor and a vibration 

quantity (electric sixth-order component).  

Fig. 9 illustrates relation between torque and a vibration quantity.  

10 Fig. 10 illustrates relation between a rotation speed of the motor and a sound 

pressure.  

Fig. 11 illustrates relation between a torque instruction and a d-axis current 

instruction.  

Fig. 12 illustrates relation between a torque instruction and a q-axis current 

15 instruction.  

Fig. 13 illustrates relation between a torque instruction and a motor voltage.  

Fig. 14 illustrates a d-axis current instruction and a q-axis current instruction.  

Fig. 15 is a cross-sectional view of an AC motor, schematically showing a cross

section perpendicular to a rotation axis of the motor.  

20 Fig. 16 illustrates a manner of fluctuation in a radial direction component 

(electric sixth-order component) of magnetic force.  

Fig. 17 is a detailed functional block diagram of an inverter control unit in a third 

embodiment.  

Fig. 18 illustrates relation between a motor current and a radial direction 

25 component (electric sixth-order component) of magnetic force.  

Fig. 19 illustrates arrangement of an acceleration sensor.  

Best Modes for Carrying Out the Invention 
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An embodiment of the present invention will be described hereinafter in detail 

with reference to the drawings. The same or corresponding elements have the same 

reference characters allotted, and description thereof will not be repeated.  

[First Embodiment] 

5 Fig. I is a circuit diagram of a motor drive apparatus including a motor control 

device according to the present invention. Referring to Fig. 1, a motor drive apparatus 

100 includes a DC power supply B, a boost converter 10, an inverter 20, a control 

device 30, capacitors Cl, C2, positive electrode lines PLI, PL2, a negative electrode 

line NL, voltage sensors 42, 44, a current sensor 46, and a rotation angle sensor 48.  

10 Motor drive apparatus 100 is mounted on a vehicle such as an electric vehicle, a 

hybrid vehicle, a fuel cell vehicle, and the like. An AC motor MI is mechanically 

linked to drive wheels (not shown) and generates torque for driving the vehicle.  

Alternatively, AC motor Ml may mechanically be linked to an engine (not shown) and 

may be incorporated in a hybrid vehicle as a generator that generates electric power 

15 using motive power of the engine and a motor starting the engine.  

Boost converter 10 includes a reactor L, npn-type transistors Q 1, Q2, and diodes 

Dl, D2. Npn-type transistors Q1, Q2 are connected in series between positive 

electrode line PL2 and negative electrode line NL. Reactor L has one end connected 

to positive electrode line PL1 and the other end connected to a connection node of npn

20 type transistors Q1, Q2. Diodes DI, D2 are connected in anti-parallel to npn-type 

transistors Q1, Q2, respectively.  

Inverter 20 includes a U-phase arm 22, a V-phase arm 24 and a W-phase arm 26.  

U-phase arm 22, V-phase arm 24 and W-phase arm 26 are connected in parallel between 

positive electrode line PL2 and negative electrode line NL. U-phase arm 22 includes 

25 npn-type transistors Q3, Q4 connected in series and diodes D3, D4 connected in anti

parallel to npn-type transistors Q3, Q4. V-phase arm 24 includes npn-type transistors 

Q5, Q6 connected in series and diodes D5, D6 connected in anti-parallel to npn-type 

transistors Q5, Q6. W-phase arm 26 includes npn-type transistors Q7, Q8 connected 
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in series and diodes D7, D8 connected in anti-parallel to npn-type transistors Q7, Q8.  

An intermediate point of U-phase arm 22 is connected to a U-phase coil of AC 

motor Ml , and similarly, an intermediate point of V-phase arm 24 and an intermediate 

point of W-phase arm 26 are connected to a V-phase coil and a W-phase coil of AC 

5 motor MI, respectively. It is noted that the other ends of coils of respective phases of 

AC motor MI are connected to one another to form a neutral point.  

For example, an IGBT (Insulated Gate Bipolar Transistor) may be employed as 

npn-type transistors QI to Q8 above. Alternatively, a power switching element such as 

a power MOSFET (Metal Oxide Semiconductor Field-Effect Transistor) may be 

10 employed instead of the npn-type transistor.  

DC power supply B is implemented by a secondary battery such as a nickel

metal hydride battery or a lithium ion battery. DC power supply B supplies electric 

power to boost converter 10 through positive electrode line PL1 and negative electrode 

line NL, and during regeneration, it is charged by boost converter 10. It is noted that a 

15 large-capacity capacitor may be employed as DC power supply B.  

Capacitor Cl is connected between positive electrode line PL1 and negative 

electrode line NL and smoothes voltage fluctuation between positive electrode line PL1 

and negative electrode line NL. Voltage sensor 42 detects a voltage VL across 

opposing ends of capacitor Cl and outputs detected voltage VL to control device 30.  

20 Boost converter 10 boosts a voltage supplied from DC power supply B by using 

reactor L based on a signal PWC from control device 30. More specifically, boost 

converter 10 boosts a voltage from DC power supply B by accumulating a current that 

flows when npn-type transistor Q2 is turned on in reactor L as magnetic field energy, 

and outputting the accumulated energy to positive electrode line PL2 through diode Dl 1 

25 in synchronization with timing of turn-off of npn-type transistor Q2.  

Capacitor C2 is connected between positive electrode line PL2 and negative 

electrode line NL and smoothes voltage fluctuation between positive electrode line PL2 

and negative electrode line NL. Voltage sensor 44 detects a voltage VH across 
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opposing ends of capacitor C2 and outputs detected voltage VH to control device 30.  

Inverter 20 converts a DC voltage supplied from boost converter 10 to a three

phase AC voltage based on a signal PWI from control device 30, and outputs the 

resultant three-phase AC voltage to AC motor Ml. In addition, during regenerative 

5 braking of the vehicle, inverter 20 converts a three-phase AC voltage generated by AC 

motor MI to a DC voltage based on signal PWI, and outputs the resultant DC voltage 

to positive electrode line PL2.  

Current sensor 46 detects a motor current I that flows in AC motor MI and 

outputs detected motor current I to control device 30. Rotation angle sensor 48 

10 detects a rotation angle 0 of a rotor of AC motor MI and outputs detected rotation 

angle 0 to control device 30.  

Control device 30 generates signal PWC for driving boost converter 10 and 

signal PWI for driving inverter 20 based on a torque instruction TR received from a not

shown external ECU (Electronic Control Unit), voltages VL, VH from voltage sensors 

15 42, 44, motor current I from current sensor 46, and rotation angle 0 from rotation angle 

sensor 48, and outputs generated signal PWC and signal PWI to boost converter 10 and 

inverter 20 respectively. Here, torque instruction TR is calculated by the external ECU 

based on an accelerator pedal position and a brake pedal position, a running state of the 

vehicle, or the like.  

20 Fig. 2 is a functional block diagram of control device 30 shown in Fig. 1.  

Referring to Fig. 2, control device 30 includes a converter control unit 32 and an 

inverter control unit 34. Converter control unit 32 generates signal PWC for turning 

on/off npn-type transistors Q 1, Q2 of boost converter 10 based on voltage VL, VH, and 

outputs generated signal PWC to boost converter 10.  

25 Inverter control unit 34 generates signal PWI for turning on/off npn-type 

transistors Q3 to Q8 of inverter 20 based on torque instruction TR for AC motor Ml, 

motor current I and rotation angle 0 as well as on voltage VH, and outputs generated 

signal PWI to inverter 20.  
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Fig. 3 is a detailed functional block diagram of inverter control unit 34 shown in 

Fig. 2. Referring to Fig. 3, inverter control unit 34 includes a current instruction 

generation unit 102, coordinate conversion units 104, 110, PI control units 106, 108, a 

control mode setting unit 112, and a drive signal generation unit 114.  

5 Current instruction generation unit 102 generates a d-axis current instruction Id* 

and a q-axis current instruction Iq* based on torque instruction TR for AC motor Ml, 

using a map in which a current instruction capable of lowering noise (vibration and 

sound noise) (hereinafter, also referred to as a "low-noise current instruction," current 

control based on the low-noise current instruction being also referred to as "low-noise 

10 control") generated from AC motor M1 is determined in advance for each torque of AC 

motor Ml. A method of determining d-axis current instruction Id* and q-axis current 

instruction Iq* will be described in detail later.  

Coordinate conversion unit 104 converts motor current I detected by current 

sensor 46 to a d-axis current Id and a q-axis current Iq using rotation angle 0 from 

15 rotation angle sensor 48. PI control unit 106 receives difference between d-axis 

current instruction Id* from current instruction generation unit 102 and d-axis current Id 

from coordinate conversion unit 104 and performs a proportional integral operation 

using the difference as the input, and outputs the result of operation to coordinate 

conversion unit 110. PI control unit 108 receives difference between q-axis current 

20 instruction Iq* from current instruction generation unit 102 and q-axis current Iq from 

coordinate conversion unit 104 and performs a proportional integral operation using the 

difference as the input, and outputs the result of operation to coordinate conversion unit 

110.  

Coordinate conversion unit 110 converts voltage instructions on d and q axes 

25 received from respective PI control units 106 and 108 to a U-phase voltage instruction 

Vu*, a V-phase voltage instruction Vv*, and a W-phase voltage instruction Vw* by 

using rotation angle 0 from rotation angle sensor 48, and outputs resultant voltage 

instructions Vu*, Vv* and Vw* to drive signal generation unit 114 and control mode 
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setting unit 112.  

Control mode setting unit 112 calculates a modulation factor indicating a ratio of 

voltage instructions Vu*, Vv* and Vw* with respect to voltage VH. Then, control 

mode setting unit 112 sets a control mode of AC motor MI in inverter 20 based on a 

5 result of calculation of the modulation factor, and outputs a signal MD indicating the set 

control mode to drive signal generation unit 114.  

It is noted that the control mode of AC motor MI includes a PWM control 

mode, an overmodulation control mode, and a rectangular wave control mode. These 

control modes are different from each other in a basic frequency for turning on/off npn

10 type transistors Q3 to Q8 in inverter 20 (referred to as "carrier frequency").  

Specifically, the PWM control mode is highest in the carrier frequency, the 

overmodulation control mode is second highest in the carrier frequency, and the 

rectangular wave control mode is lowest in the carrier frequency.  

When the modulation factor is low, control mode setting unit 112 sets the 

15 control mode to the PWM control mode. In addition, when the modulation factor is 

increased, control mode setting unit 112 sets the control mode to the overmodulation 

control mode. Moreover, when the modulation factor is further increased, control 

mode setting unit 112 sets the control mode to the rectangular wave control mode.  

Drive signal generation unit 114 generates drive signals Du, Dv and Dw based 

20 on voltage instructions Vu*, Vv*, and Vw* received from coordinate conversion unit 

110, based on the control mode indicated by signal MD. More specifically, drive signal 

generation unit 114 generates drive signals Du, Dv and Dw for actually turning on/off 

each of npn-type transistors Q3 to Q8 in inverter 20 based on voltage instructions Vu*, 

Vv* and Vw* and voltage VH, and outputs generated drive signals Du, Dv and Dw to 

25 inverter 20 as signal PWI.  

Thus, switching of each of npn-type transistors Q3 to Q8 in inverter 20 is 

controlled in accordance with drive signals Du, Dv and Dw, so that a current fed to the 

coil of each phase in AC motor Ml is controlled. Motor current I is thus controlled 
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and motor torque in accordance with torque instruction TR is generated.  

The method of determining d-axis current instruction Id* and q-axis current 

instruction Iq* in current instruction generation unit 102 will now be described.  

Fig. 4 illustrates relation between a current phase and torque. Referring to Fig.  

5 4, the abscissa represents a phase (advance angle) of a current fed to AC motor MI, 

while the ordinate represents torque of AC motor Ml. Curves kl to k3 represent 

variations in the torque when the currents fed to AC motor Ml are set to II to 13 

respectively, and relation among currents I1I to 13 in magnitude is 11<I2<I3.  

A curve k4 represents a maximum torque curve, and represents locus of the 

10 maximum torque when the current fed to AC motor M1 is varied. For example, when 

a current phase (advance angle) is set to 132 while the current fed to AC motor Ml is set 

to I1I, maximum torque TS at current I1 is obtained (point P1). Such control for 

determining the current phase such that the generated torque is maximized with respect 

to the same current is generally referred to as "maximum torque control." 

15 Meanwhile, conditions of magnitude and phase of the current for generating 

torque TS also exist other than current II and current phase 132 (point P1). Specifically, 

as shown in the drawing, identical torque TS can be generated also when the current is 

set to 12 and the current phase is set to 131P (point P2), when the current is set to 12 and 

the current phase is set to 033 (point P3), when the current is set to 13 and the current 

20 phase is set to 134 (point P4), and the like.  

Fig. 5 illustrates relation between a current phase and a vibration quantity.  

Referring to Fig. 5, the abscissa represents a phase (advance angle) of a current fed to 

AC motor Ml, while the ordinate represents a vibration quantity of AC motor Ml.  

The vibration quantity should only indicate a quantity of state capable of representing 

25 magnitude of vibration of AC motor Ml. For example, as AC motor MI is a three

phase motor, an electric sixth-order component dominant over vibration or sound noise 

generated by AC motor M1 (a vibration component or a sound noise component 

corresponding to a sixth-order component of a current frequency of AC motor MI) can 
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serve as the vibration quantity.  

Curves k5 to k7 represent variations in the vibration quantities when the currents 

fed to AC motor Ml are set to I1 to 13 (11<I2<I3), respectively. The vibration 

quantity of AC motor M I significantly depends on magnetic force (magnetic attraction 

5 force or magnetic repulsion force) that acts between the rotor and the stator, and as can 

be seen from comparison with Fig. 4, the vibration quantity of AC motor MI does not 

correspond to variation in the torque.  

Here, turning to the vibration quantity when AC motor Ml generates torque TS 

shown in Fig. 4, the vibration quantity when the current is set to 12 and the current 

10 phase is set to 31 (corresponding to point P2 in Fig. 4) is shown with a point P5, and 

the vibration quantity when the current is set to II and the current phase is set to 32 

(corresponding to point P1 in Fig. 4) is shown with a point P6. In addition, the 

vibration quantity when the current is set to 12 and the current phase is set to 33 

(corresponding to point P3 in Fig. 4) is shown with a point P7, and the vibration 

15 quantity when the current is set to 13 and the current phase is set to 34 (corresponding 

to point P4 in Fig. 4) is shown with a point P8.  

Therefore, where AC motor MI is caused to generate torque TS, vibration of 

AC motor M1 can be lowest when the current is set to 12 and the current phase is set to 

33 (point P7), considering control of AC motor M1 in terms of the vibration quantity.  

20 Thus, in the present first embodiment, the current and the phase minimizing the vibration 

quantity of AC motor MI are found in advance through experiments or calculation for 

each torque, and the current instruction (low-noise current instruction) is generated 

based on provided torque instruction TR.  

Fig. 6 illustrates a current vector in low-noise control and maximum torque 

25 control. Referring to Fig. 6, the abscissa represents a d-axis current, while the ordinate 

represents a q-axis current. A curve k1 I represents a constant torque curve for 

generating torque TS shown in Fig. 4. Curves kl2 and k13 represent constant current 

curves corresponding to currents II and 12 shown in Fig. 4, respectively.  
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A point P11 is a point of tangency of curve kl 1 and curve k12, and a vector 

extending from the origin to point P11 represents a current vector in maximum torque 

control. Specifically, the d-axis current and the q-axis current when the current is set 

to 11 and the current phase is set to 32 are Id (P6) and Iq (P6), respectively ("P6" in 

5 parentheses indicates correspondence with point P6 in Fig. 5).  

On the other hand, a point P12 is a point of tangency of curve k 1 and curve 

kl 3, and a vector extending from the origin to point P 12 represents a current vector in 

low-noise control that minimizes vibration of AC motor M1 when AC motor MI is 

caused to generate torque TS. Specifically, the d-axis current and the q-axis current 

10 when the current is set to 12 and the current phase is set to 33 are Id (P7) and Iq (P7), 

respectively ("P7" in parentheses indicates correspondence with point P7 in Fig. 5).  

In the first embodiment, actually, a map is prepared in advance by finding a 

current vector (d-axis current and q-axis current) minimizing the vibration quantity of 

AC motor MI in advance through experiments or calculation for each torque, and 

15 current instruction generation unit 102 generates d-axis current instruction Id* and q

axis current instruction Iq* using the map, based on provided torque instruction TR.  

Fig. 7 illustrates relation between a current phase and torque. Referring to Fig.  

7, curves k14 to k 16 represent variations in the torque when the currents fed to AC 

motor MI are set to 14 to 16 respectively, and relation among currents 14 to 16 in 

20 magnitude is 14<15<I6.  

A curve k17 represents locus of the current phase minimizing the vibration 

quantity of AC motor Ml. Specifically, where the torque instruction of AC motor Ml 

is set to TRI, when current 14 is fed to AC motor Ml with the current phase being set 

to 35 (point P21), vibration of AC motor Ml is minimized. Alternatively, where the 

25 torque instruction is set to TR2, when current 15 is fed to AC motor MI with the 

current phase being set to 036, vibration of AC motor Ml is minimized (point P22), and 

where the torque instruction is set to TR3, when current 16 is fed to AC motor MI with 

the current phase being set to 037, vibration of AC motor MI is minimized (point P23).  
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Namely, curve kl 7 represents locus of the current phase in low-noise control.  

Though the current phase in low-noise control is advanced relative to the current 

phase in maximum torque control shown with curve k4 in Fig. 7, depending on relation 

between the current phase and the vibration quantity, the current phase in low-noise 

5 control may be delayed relative to the current phase in maximum torque control.  

Fig. 8 illustrates relation between an angle of rotation of the motor and a 

vibration quantity (electric sixth-order component). Referring to Fig. 8, the abscissa 

represents an angle of rotation of the rotor of AC motor Ml, while the ordinate 

represents the vibration quantity of AC motor M1. Each of curves k21 to k23 

10 represents an electric sixth-order component of a vibration waveform of AC motor M1 

under each current condition when AC motor Ml generates torque TS.  

Specifically, curve k21 represents a vibration waveform when current 12 is fed to 

AC motor Ml while the current phase is set to 131P in order to generate torque TS 

(corresponding to point P5 in Fig. 5), curve k22 represents a vibration waveform when 

15 current II is fed to AC motor M1 while the current phase is set to 32 in order to 

generate torque TS (corresponding to point P6 in Fig. 5), and curve k23 represents a 

vibration waveform when current 12 is fed to AC motor M1 while the current phase is 

set to J33 in order to generate torque TS (corresponding to point P7 in Fig. 5).  

As shown in the drawing, curve k23 corresponding to an example where AC 

20 motor M1 is under low-noise control in the present first embodiment is smaller in 

amplitude than curve k22 corresponding to an example where AC motor MI is under 

maximum torque control, and the vibration quantity of AC motor M I can be decreased 

by adopting low-noise control.  

Fig. 9 illustrates relation between the torque and the vibration quantity.  

25 Referring to Fig. 9, a curve 24 represents variation in the vibration quantity when AC 

motor MI is under maximum torque control, while a curve 25 represents variation in the 

vibration quantity when AC motor Ml is under low-noise control in the present first 

embodiment.  
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In addition, Fig. 10 illustrates relation between a rotation speed of the motor and 

a sound pressure. It is noted that a sound pressure corresponds to a sound noise level 

of AC motor MI. Referring to Fig. 10, a curve 26 represents variation in the sound 

pressure when AC motor MI is under maximum torque control, while a curve 27 

5 represents variation in the sound pressure when AC motor Ml is under low-noise 

control in the present first embodiment.  

As shown in Figs. 9 and 10, by subjecting AC motor M1 to low-noise control 

according to the present first embodiment, the vibration quantity and the sound pressure 

of AC motor MI are significantly lower than in an example where AC motor M I is 

10 subjected to conventional maximum torque control.  

As described above, according to the present first embodiment, current 

instruction generation unit 102 generates the low-noise current instruction based on 

torque instruction TR and AC motor Ml is controlled based on the low-noise current 

instruction, so that quietness of AC motor MI can be improved without increase in size 

15 and weight of the motor brought about by measures against vibration or sound noise 

supported by hardware.  

[Second Embodiment] 

Referring again to Fig. 7 where the current phase in low-noise control is shown 

with curve k 17, variation in the current phase with respect to variation in the torque 

20 instruction is greater in low-noise control than in maximum torque control shown with 

curve k4. Here, as shown in Fig. 3, the current fed to AC motor Ml is subjected to PI 

control (feedback control) based on the difference between the current instruction and 

an actual current for each d-axis current and q-axis current. Therefore, when the 

current phase suddenly changes, d-axis current instruction Id* and q-axis current 

25 instruction Iq* suddenly change and control stability may be impaired. In the present 

second embodiment, measures for ensuring control stability while lowering noise of AC 

motor MI are taken.  

Referring again to Fig. 3, inverter control unit 34 in the present second 
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embodiment includes a current instruction generation unit 102A instead of current 

instruction generation unit 102 in the configuration of inverter control unit 34 in the first 

embodiment.  

Current instruction generation unit 102A generates d-axis current instruction Id* 

5 and q-axis current instruction Iq* based on torque instruction TR for AC motor MI, 

using a map in which a d-axis current instruction obtained by modifying the d-axis 

current instruction for low-noise control such that it monotonously decreases with the 

increase in the torque instruction and a q-axis current instruction determined based on 

that d-axis current instruction are determined in advance for each torque.  

10 The configuration of inverter control unit 34 in the second embodiment is 

otherwise the same as in the first embodiment. In addition, the overall configuration of 

a motor drive apparatus in the present second embodiment is the same as that of motor 

drive apparatus 100 shown in Fig. 1.  

Fig. 11 illustrates relation between torque instruction TR and d-axis current 

15 instruction Id*. Referring to Fig. 11, a curve k31 represents d-axis current instruction 

Id* for low-noise control in the first embodiment, and a curve k32 represents d-axis 

current instruction Id* in the present second embodiment. In addition, a curve k33 

represents d-axis current instruction Id* for maximum torque control.  

D-axis current instruction Id* for low-noise control shown with curve k31 

20 largely fluctuates with respect to variation in torque instruction TR and the fluctuation is 

not monotonous. In the present second embodiment, d-axis current instruction Id* is 

determined based on curve k32 obtained by modifying curve k31 such that d-axis 

current instruction Id* monotonously decreases with the increase in torque instruction 

TR, with curve k31 still serving as the basis. Thus, variation in the current instruction 

25 with respect to variation in the torque instruction is suppressed and control stability is 

ensured.  

Curve k32 may be determined in such a manner that compromise is found 

between curve k31 representing the d-axis current instruction for low-noise control and 
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curve k33 representing the d-axis current instruction for maximum torque control.  

Thus, significant lowering in efficiency can be prevented, while achieving lower noise of 

AC motor M1. Alternatively, curve k32 may be determined by combining the d-axis 

current instruction in control using other control methods (power factor 1 control and 

5 the like) with the d-axis current instruction for low-noise control.  

As described above, according to the present second embodiment, as AC motor 

MI is controlled by using d-axis current instruction Id* modified such that it 

monotonously decreases with the increase in torque instruction TR with the d-axis 

current instruction for low-noise control still serving as the basis, control stability can be 

10 ensured while achieving lower noise of AC motor Ml.  

In addition, by generating d-axis current instruction Id* by finding compromise 

between the d-axis current instruction for low-noise control and the d-axis current 

instruction for maximum torque control, significant lowering in efficiency can be 

prevented.  

15 [First Variation of Second Embodiment] 

In the embodiment above, the d-axis current instruction for low-noise control is 

modified such that it monotonously decreases with the increase in the torque instruction, 

however, the q-axis current instruction for low-noise control may be modified such that 

it monotonously increases with the increase in the torque instruction.  

20 Specifically, current instruction generation unit 102A in a first variation of the 

present second embodiment generates d-axis current instruction Id* and q-axis current 

instruction Iq* based on torque instruction TR for AC motor MI, using a map in which 

a q-axis current instruction obtained by modifying the q-axis current instruction for low

noise control such that it monotonously increases with the increase in the torque 

25 instruction and a d-axis current instruction determined based on that q-axis current 

instruction are determined in advance for each torque.  

Fig. 12 illustrates relation between torque instruction TR and q-axis current 

instruction Iq*. Referring to Fig. 12, a curve k41 represents q-axis current instruction 
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Iq* for low-noise control in the first embodiment, and a curve k42 represents q-axis 

current instruction Iq* in the first variation of the present second embodiment. In 

addition, a curve k43 represents q-axis current instruction Iq* for maximum torque 

control.  

5 Q-axis current instruction Iq* for low-noise control shown with curve k41 

largely fluctuates with respect to variation in torque instruction TR and the fluctuation is 

not monotonous. In the first variation of the present second embodiment, q-axis 

current instruction Iq* is determined based on curve k42 obtained by modifying curve 

k41 such that q-axis current instruction Iq* monotonously increases with the increase in 

10 torque instruction TR, with curve k41 still serving as the basis. Thus, variation in the 

current instruction with respect to variation in the torque instruction is suppressed and 

control stability is ensured.  

Curve k42 may be determined in such a manner that compromise is found 

between curve k41 representing the q-axis current instruction for low-noise control and 

15 curve k43 representing the q-axis current instruction for maximum torque control.  

Thus, significant lowering in efficiency can be prevented, while achieving lower noise of 

AC motor M1. Alternatively, curve k42 may be determined by combining the q-axis 

current instruction in control using other control methods and the q-axis current 

instruction for low-noise control.  

20 As described above, an effect the same as in the second embodiment can be 

obtained also in the first variation of the present second embodiment.  

[Second Variation of Second Embodiment] 

When d-axis current instruction Id* and q-axis current instruction Iq* are 

generated under low-noise control in the first embodiment and AC motor MI is 

25 controlled based on that generated current instruction, a motor voltage (inverter output 

voltage) may suddenly change with respect to variation in torque instruction TR, or 

variation in the motor voltage with respect to variation in torque instruction TR may not 

be monotonous.  
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Here, as the control mode of AC motor MI varies in accordance with the 

modulation factor in inverter 20 as described above, under low-noise control in the first 

embodiment, lowering in control stability or increase in control load may also be caused 

due to frequent switching between the control modes. In a second variation of the 

5 second embodiment, d-axis current instruction Id* and q-axis current instruction Iq* are 

generated such that the motor voltage monotonously increases with the increase in 

torque instruction TR, with low-noise control stilling serving as the basis.  

Fig. 13 illustrates relation between torque instruction TR and the motor voltage.  

Referring to Fig. 13, a curve k51 represents a motor voltage in low-noise control in the 

10 first embodiment, and a curve k52 represents the motor voltage in the second variation 

of the present second embodiment. In addition, a curve k53 represents the motor 

voltage in maximum torque control.  

The motor voltage in low-noise control shown with curve k51 largely fluctuates 

with respect to variation in torque instruction TR and the fluctuation is not monotonous.  

15 In the second variation of the present second embodiment, d-axis current instruction Id* 

and q-axis current instruction Iq* are generated such that the motor voltage varies in 

accordance with curve k52 obtained by modifying curve k51 such that the motor voltage 

monotonously increases with the increase in torque instruction TR, with curve k51 still 

serving as the basis.  

20 Specifically, a motor voltage V is determined using curve k52 based on torque 

instruction TR, and d-axis current instruction Id* and q-axis current instruction Iq* can 

be calculated to satisfy the following voltage expressions, based on determined motor 

voltage V.  

Vd=(Id*)xR-exLqx(Iq*) ... (1) 

25 Vq=(Iq*)xR+cxLdx(Id*)+cx ... (2) 

V=9(Vd2+Vq2)/93 ... (3) 

In the expressions, R represents a resistance of an armature winding of AC 

motor M1, and co represents an electrical angular velocity. In addition, Lq and Ld 
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represent a q-axis inductance and a d-axis inductance respectively, and 4 represents a 

flux linkage of an armature.  

Then, a map is prepared by finding d-axis current instruction Id* and q-axis 

current instruction Iq* for each torque instruction TR using the method above, and 

5 using this map, current instruction generation unit 102A generates d-axis current 

instruction Id* and q-axis current instruction Iq* based on provided torque instruction 

TR.  

Curve k52 may be determined in such a manner that compromise is found 

between curve k51 representing the motor voltage in low-noise control and curve k53 

10 representing the motor voltage in maximum torque control. Thus, significant lowering 

in efficiency can be prevented, while achieving lower noise of AC motor M1.  

Alternatively, curve k52 may be determined by combining a motor voltage curve in 

control using other control methods and a motor voltage curve in low-noise control.  

Fig. 14 illustrates d-axis current instruction Id* and q-axis current instruction Iq*.  

15 Referring to Fig. 14, a curve k61 represents d-axis current instruction Id* and q-axis 

current instruction Iq* in low-noise control in the first embodiment, and a curve k62 

represents d-axis current instruction Id* and q-axis current instruction Iq* in the second 

variation of the present second embodiment. In addition, a curve k63 represents d-axis 

current instruction Id* and q-axis current instruction Iq* in maximum torque control.  

20 As described above, according to the second variation of the present second 

embodiment, as AC motor M1 is controlled by using d-axis current instruction Id* and 

q-axis current instruction Iq* generated such that the motor voltage monotonously 

increases with the increase in torque instruction TR, with the motor voltage in low-noise 

control still serving as the basis, unstable control of AC motor MI due to frequent 

25 switching between the control modes (the PWM control mode, the overmodulation 

control mode, and the rectangular wave control mode) of AC motor MI can be avoided.  

[Third Embodiment] 

Fig. 15 is a cross-sectional view of AC motor Ml , schematically showing a 
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cross-section perpendicular to a rotation axis of the motor. Referring to Fig. 15, a gap 

206 is provided between a rotor 202 and a stator 204 of AC motor MI, and magnetic 

force F (magnetic attraction force or magnetic repulsion force) acts between rotor 202 

and stator 204.  

5 As described above, the vibration quantity of AC motor M1 is significantly 

dependent on magnetic force F. Here, magnetic force F that acts between rotor 202 

and stator 204 can be divided into a rotation direction component Fc generating torque 

and a radial direction component Fr acting perpendicularly to the rotation axis. Here, 

fluctuation in radial direction component Fr considerably affects the vibration of AC 

10 motor MI.  

Fig. 16 illustrates a manner of fluctuation of radial direction component Fr 

(electric sixth-order component) of magnetic force F. Referring to Fig. 16, the abscissa 

represents an angle of rotation of the rotor of AC motor Ml, and curves S 1 to S3 

represent electric sixth-order components of radial direction components Fr of magnetic 

15 force F when motor currents IA to IC (IA<IB<IC) are supplied to AC motor Ml, 

respectively.  

As shown in the drawing, radial direction component Fr of magnetic force F 

periodically fluctuates depending on the angle of rotation of the rotor but regardless of 

magnitude of the motor current, in accordance with relative positional relation between 

20 the rotor and the stator that is structurally determined.  

In the present third embodiment, the current instruction is corrected in order to 

suppress fluctuation in radial direction component Fr of magnetic force F that acts 

between the rotor and the stator of AC motor MI.  

Fig. 17 is a detailed functional block diagram of an inverter control unit in the 

25 third embodiment. Referring to Fig. 17, an inverter control unit 34A includes a current 

instruction generation unit 102B instead of current instruction generation unit 102 and 

further includes a correction unit 103, in the configuration of inverter control unit 34 in 

the first embodiment shown in Fig. 3.  
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Current instruction generation unit 102B generates d-axis current instruction Id* 

and q-axis current instruction Iq* satisfying a prescribed condition, based on torque 

instruction TR. For example, current instruction generation unit 102B can generate d

axis current instruction Id* and q-axis current instruction Iq* based on known maximum 

5 torque control.  

Correction unit 103 receives d-axis current instruction Id* and q-axis current 

instruction Iq* from current instruction generation unit 102B and receives rotation angle 

0 of AC motor MI from not-shown rotation angle sensor 48. Then, correction unit 

103 corrects d-axis current instruction Id* and q-axis current instruction Iq* in 

10 accordance with rotation angle 0 of AC motor Ml so as to suppress the electric sixth

order component in fluctuation in radial direction component Fr of magnetic force F.  

More specifically, correction unit 103 corrects d-axis current instruction Id* and 

q-axis current instruction Iq* such that the motor current decreases in the vicinity of a 

relative maximum point of radial direction component Fr of magnetic force F, and 

15 corrects d-axis current instruction Id* and q-axis current instruction Iq* such that the 

motor current increases in the vicinity of a relative minimum point of radial direction 

component Fr of magnetic force F.  

It is noted that correction unit 103 can correct d-axis current instruction Id* and 

q-axis current instruction Iq* based on rotation angle 0 from rotation angle sensor 48, 

20 for example, by using a correction map in which a current correction amount is 

determined in advance in accordance with an angle of rotation of the rotor of AC motor 

Ml.  

It is noted that the configuration of inverter control unit 34A is otherwise the 

same as that of inverter control unit 34 in the first embodiment.  

25 Fig. 18 illustrates relation between a motor current and radial direction 

component Fr (electric sixth-order component) of magnetic force F. Referring to Fig.  

18, curve S2 shown with a dotted line corresponds to curve S2 shown in Fig. 16, and a 

curve S4 represents an electric sixth-order component of radial direction component Fr 
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of magnetic force F in an example where correction unit 103 corrects the current 

instruction.  

As a result of correction of the current instruction by correction unit 103, the 

motor current decreases in the vicinity of the relative maximum point of radial direction 

5 component Fr of magnetic force F, and the motor current increases in the vicinity of the 

relative minimum point of radial direction component Fr. Thus, as compared with an 

example where correction is not made (curve S2), fluctuation in radial direction 

component Fr of magnetic force F is suppressed (curve S4).  

In the description above, as AC motor MI is implemented by the three-phase 

10 motor, the current instruction is corrected so as to suppress fluctuation in the electric 

sixth-order component dominant in fluctuation in radial direction component Fr, 

however, correction of the current instruction is not limited to correction for 

suppressing only electric sixth-order component fluctuation.  

In addition, in the description above, though the current instruction is corrected 

15 based on rotation angle 0 of AC motor M1 by using the correction map in which the 

current correction amount is determined in advance in accordance with the angle of 

rotation of the rotor in AC motor Ml, fluctuation in radial direction component Fr of 

magnetic force F may be detected with an acceleration sensor 210 securely provided on 

stator 204 or a motor case (not shown) where AC motor M1 is stored as shown in Fig.  

20 19, so that correction unit 103 may correct the current instruction using the detection 

value.  

As described above, according to the present third embodiment, as the current 

instruction is corrected so as to suppress fluctuation in radial direction component Fr of 

magnetic force F, quietness of AC motor M l can effectively be improved. In addition, 

25 increase in size and weight of AC motor MI brought about by measures against 

vibration or sound noise supported by hardware is not likely.  

In addition, as the current instruction is generated with a known current control 

method and correction unit 103 corrects the generated current instruction, quietness of 
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AC motor MI can be improved while also achieving an effect obtained by the known 

current control method.  

In the description above, AC motor MI corresponds to the "motor" in the 

present invention, and PI control units 106 and 108, coordinate conversion unit 110, 

5 control mode setting unit 112, and drive signal generation unit 114 in inverter control 

unit 34, 34A form the "control unit" in the present invention.  

It should be understood that the embodiments disclosed herein are illustrative 

and non-restrictive in every respect. The scope of the present invention is defined by 

the terms of the claims, rather than the description above, and is intended to include any 

10 modifications within the scope and meaning equivalent to the terms of the claims.  
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CLAIMS 

1. A motor control device, comprising: 

a current instruction generation unit generating a current instruction based on a 

5 torque instruction for a motor; and 

a control unit controlling said motor based on said current instruction; 

said current instruction generation unit generating, based on said torque 

instruction, a current instruction having a current phase determined in advance for each 

torque of said motor so as to suppress vibration of said motor.  

10 

2. The motor control device according to claim 1, wherein 

said current instruction generation unit generates said current instruction so as to 

lower vibration of said motor, as compared with a case where said motor is controlled 

based on a current instruction having an optimal current phase determined so as to 

15 satisfy a prescribed condition.  

3. The motor control device according to claim 1, wherein 

said current instruction generation unit generates said current instruction based 

on said torque instruction, using a current map in which a current phase is determined in 

20 advance for each torque of said motor.  

4. The motor control device according to claim 1, wherein 

said motor includes a permanent magnet three-phase AC synchronous motor, 

and 

25 said current instruction generation unit generates said current instruction so as to 

suppress a vibration component corresponding to a sixth-order component of a current 

frequency of said motor.  
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5. The motor control device according to claim 1, wherein 

said current instruction generation unit generates said current instruction so as to 

restrict variation in a d-axis current with respect to variation in said torque instruction.  

5 6. The motor control device according to claim 5, wherein 

said current instruction generation unit generates said current instruction such 

that said d-axis current monotonously decreases with increase in said torque instruction.  

7. The motor control device according to claim 1, wherein 

10 said current instruction generation unit generates said current instruction so as to 

restrict variation in a q-axis current with respect to variation in said torque instruction.  

8. The motor control device according to claim 7, wherein 

said current instruction generation unit generates said current instruction such 

15 that said q-axis current monotonously increases with increase in said torque instruction.  

9. The motor control device according to claim 1, wherein 

said current instruction generation unit generates said current instruction so as to 

restrict variation in a control voltage of said motor with respect to variation in said 

20 torque instruction.  

10. The motor control device according to claim 9, wherein 

said current instruction generation unit generates said current instruction such 

that said control voltage monotonously increases with increase in said torque instruction.  

25 

11. A motor control device, comprising: 

a current instruction generation unit generating a current instruction for a motor; 

a control unit controlling said motor based on said current instruction; and 

- 27 -



a correction unit correcting said current instruction so as to suppress fluctuation 

in a radial direction component of magnetic force that acts between a rotor and a stator 

of said motor.  

5 12. The motor control device according to claim 11, wherein 

said correction unit corrects said current instruction in accordance with an angle 

of rotation of said motor, using a correction map in which a current correction amount 

is determined in advance for each angle of rotation of said motor.  

10 13. The motor control device according to claim 11, further comprising a 

sensor capable of detecting fluctuation in the radial direction component of said 

magnetic force, wherein 

said correction unit corrects said current instruction based on a detection value 

from said sensor.  

15 

14. The motor control device according to claim 11, wherein 

said correction unit corrects said current instruction only with regard to a 

component of a specific order of a rotation frequency of said motor.  

20 15. The motor control device according to claim 14, wherein 

said motor includes a permanent magnet three-phase AC synchronous motor, 

and 

said component of the specific order is a sixth-order component.  

25 16. A vehicle, comprising: 

a motor generating driving force for running the vehicle; and 

a motor control device controlling said motor; 

said motor control device including 
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a current instruction generation unit generating a current instruction based on a 

torque instruction for said motor, and 

a control unit controlling said motor based on said current instruction, and 

said current instruction generation unit generating, based on said torque 

5 instruction, a current instruction having a current phase determined in advance for each 

torque of said motor so as to suppress vibration of said motor.  

17. A vehicle, comprising: 

a motor generating driving force for running the vehicle; and 

10 a motor control device controlling said motor; 

said motor control device including 

a current instruction generation unit generating a current instruction for said 

motor, 

a control unit controlling said motor based on said current instruction, and 

15 a correction unit correcting said current instruction so as to suppress fluctuation 

in a radial direction component of magnetic force that acts between a rotor and a stator 

of said motor.  
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