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DESCRIPTION 

TITLE 

INVERTER CONTROL APPARATUS AND MOTOR DRIVE SYSTEM 

FIELD 

	

5 	 Embodiments of the present invention relate to an inverter control 

apparatus and a motor drive system. 

BACKGROUND 

In a control apparatus for an inverter which drives a synchronous motor, it 

is desired to supply an electric current as designed and control output torque of a 

	

10 	motor accurately. 

Also, with a view to reducing a size and a weight of a control apparatus, 

reducing a cost, and improving reliability, a rotation-sensor-less control method 

in which a rotation sensor such as a resolver or an encoder is not used is 

proposed. In rotation-sensor-less control, it is desired that a rotation phase angle 

	

15 	and a rotation speed can be estimated in a wide speed range from a stop of an 

inverter to the maximum speed. 

CITATION LIST 

PATENT LITERATURE 

Patent Literature 1: Japanese Patent No. 5425173 

	

20 	 Patent Literature 2: Japanese Patent No. 5281339 

SUMMARY 

However, when an inductance of a motor quickly changes, a time 

constant of a motor quickly changes, so that accuracy of control of an electric 

current was reduced in some cases. For example, in driving a salient-pole 

	

25 	synchronous motor in which an inductance may quickly change because a rotor 

bridge unit is magnetically saturated with small amounts of electric currents, 

sensor-less control became unstable at a low-speed rotating time of a motor 

while accuracy of sensor-less control was reduced at a high-speed rotating time 

of a motor in some cases. 

	

30 	 Embodiments of the present invention have been devised in view of the 

foregoing circumstances, and it is an object to provide an inverter control 

apparatus and a motor drive system which accurately control an electric current. 

An inverter control apparatus according to an embodiment comprises an 

inverter main circuit that drives a synchronous motor; an electric-current detector 

	

35 	that detects an electric current flowing between the inverter main circuit and the 

synchronous motor; a command generator that generates an electric-current 

command value of an output electric current that is output from the inverter main 



2 

circuit to the synchronous motor, in accordance with a torque command that is 

supplied externally; and an electric-current controller that generates a voltage 

command value for the inverter main circuit so that the electric-current command 

value and a detected electric-current value detected in the electric-current 

	

5 	detector are equal to each other. The command generator generates the 

electric-current command value so that a fundamental wave current that is equal 

to or greater than a threshold is supplied to the synchronous motor, in driving the 

inverter main circuit. 

BRIEF DESCRIPTION OF THE DRAWINGS 

	

10 	 FIG. 1 is a block diagram schematically showing a configuration example 

of an inverter control apparatus and a motor drive system according to a first 

embodiment. 

FIG. 2 is a view for explaining a configuration example of a part of a 

synchronous motor shown in FIG. 1. 

	

15 	 FIG. 3 is a view for explaining definitions of a d-axis, a q-axis, and an 

estimated rotation coordinate system (a dc-axis, a qc-axis) in embodiments. 

FIG. 4 is a view showing examples of a q-axis static inductance and a 

d-axis static inductance in a case where an electric motor is energized. 

FIG. 5 is a view showing examples of a q-axis dynamic inductance and a 

	

20 	d-axis dynamic inductance in a case where an electric motor is energized. 

FIG. 6 is a block diagram schematically showing a configuration example 

of a command generator shown in FIG. 1. 

FIG. 7 is a view for explaining an example of operations of a lower-limit 

setting unit shown in FIG. 6. 

	

25 	 FIG. 8 is a view for explaining an example of operations of a limiting unit 

shown in FIG. 6. 

FIG. 9 is a block diagram schematically showing a configuration example 

of a high-frequency-voltage superposing unit shown in FIG. 1. 

FIG. 10 is a view for explaining an example of a relationship between an 

	

30 	input and an output of the high-frequency-voltage superposing unit shown in 

FIG. 1 

FIG. 11 is a block diagram schematically showing a configuration 

example of a high-frequency-current detector shown in FIG. 1. 

FIG. 12 is a block diagram schematically showing a configuration 

	

35 	example of a rotation-phase-angle/speed estimator shown in FIG. 1. 

FIG. 13A is a view showing examples of a d-axis electric current and a 

q-axis electric current in a case where an electric current flowing through a 
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synchronous motor is equal to approximately zero. 

FIG. 13B is a view showing examples of a d-axis dynamic inductance and 

a q-axis dynamic inductance in a case where an electric current flowing through 

a synchronous motor is equal to approximately zero. 

	

5 	 FIG. 14A is a view showing examples of a d-axis electric current and a 

q-axis electric current in a case where a fundamental wave current synchronous 

with a speed of a rotor is supplied to a synchronous motor. 

FIG. 14B is a view showing examples of a d-axis dynamic inductance and 

a q-axis dynamic inductance in a case where the d-axis electric current and the 

	

10 	q-axis electric current shown in FIG. 14A are supplied to a synchronous motor. 

FIG. 15 is a view showing an example of dynamic inductance 

characteristics in a case where a phase-angle error estimation value is 90°. 

FIG. 16 is a view showing examples of a d-axis dynamic inductance and a 

q-axis dynamic inductance in a case where a rotation-phase-angle error 

	

15 	estimation value is equal to 90° and an electric current flowing through a 

synchronous motor is equal to approximately zero. 

FIG. 17 is a view showing examples of a d-axis dynamic inductance and a 

q-axis dynamic inductance in a case where a rotation-phase-angle error 

estimation value is equal to 90° and an electric current is supplied to a 

	

20 	synchronous motor toward a dc-axis. 

FIG. 18 is a block diagram schematically showing a configuration 

example of an inverter control apparatus and a motor drive system according to 

a second embodiment. 

FIG. 19 is a block diagram schematically showing a configuration 

	

25 	example of a rotation-phase-angle/speed estimator shown in FIG. 17. 

FIG. 20 is a block diagram schematically showing a configuration 

example of an inverter control apparatus and a motor drive system according to 

a third embodiment. 

FIG. 21 is a block diagram schematically showing a configuration 

	

30 	example of a command generator shown in FIG. 20. 

FIG. 22 is a view for explaining another configuration example of a 

threshold determining unit shown in FIG. 20. 

FIG. 23 is a block diagram schematically showing a configuration 

example of a rotation-phase-angle/speed estimator shown in FIG. 20. 

	

35 	 FIG. 24 is a block diagram schematically showing a configuration 

example of a high-frequency-voltage superposing unit shown in FIG. 20. 

FIG. 25 is a block diagram schematically showing a configuration 
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example of an inverter control apparatus and a motor drive system according to 

a fourth embodiment. 

FIG. 26 is a block diagram schematically showing a configuration 

example of an electric-current controller shown in FIG. 24. 

	

5 	 FIG. 27 is a block diagram schematically showing a comparative example 

of an electric-current controller. 

DETAILED DESCRIPTION 

Hereinafter, an inverter control apparatus and a motor drive system 

according to a first embodiment will be described with reference to the drawings. 

	

10 	 FIG. 1 is a block diagram schematically showing a configuration example 

of an inverter control apparatus and a motor drive system according to the first 

embodiment. 

The motor drive system according to the present embodiment includes a 

synchronous motor M, an inverter main circuit INV, an inverter control apparatus 

	

15 	100, and a host controller CTR. The inverter control apparatus 100 includes an 

electric-current detector SS, a command generator 110, an electric-current 

controller 120, a high-frequency-voltage superposing unit 130, coordinate 

converters 140 and 160, a modulator 150, a high-frequency-current detector 

170, a rotation-phase-angle/speed estimator (first rotation-phase-angle/speed 

	

20 	estimator) 180, and an adder 190. 

The synchronous motor M is a synchronous motor including a rotor which 

is magnetically salient, and is a synchronous reluctance motor, for example. 

Also, as the synchronous motor M, a permanent-magnet synchronous motor 

using a magnet, a wound-field synchronous motor which supplies magnetic flux 

	

25 	of a field using a secondary winding, or the like can be also employed. In the 

present embodiment, an example in which a synchronous reluctance motor is 

employed as the synchronous motor M will be described. 

The inverter main circuit INV includes a direct-current power source 

(direct-current load) and two switching elements for each of a U-phase, a 

	

30 	V-phase, and a W-phase. The two switching elements for each phase are 

connected in series between a direct-current line which is connected to a 

positive pole of the direct-current power source, and a direct-current line which is 

connected to a negative pole of the direct-current power source. Operations of 

the switching elements of the inverter main circuit INV are controlled by a gate 

	

35 	command output from the modulator 150. The inverter main circuit INV is a 

three-phase alternating-current inverter which outputs a U-phase electric current 

lu, a V-phase electric current Iv, and a W-phase electric current lw at a 
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predetermined frequency, to the synchronous motor M which is an 

alternating-current load, in accordance with a gate command. Also, the inverter 

main circuit INV can charge a secondary battery which is a direct-current power 

source, with electric power generated in the synchronous motor M. 

	

5 	 FIG. 2 is a view for explaining a configuration example of a part of the 

synchronous motor shown in FIG. 1. 

It is noted that only a part of the synchronous motor M is shown here, and 

a stator 10 and a rotor 20 of the synchronous motor M are formed of a 

combination of a plurality of elements shown in FIG. 2, for example. 

	

10 	 The synchronous motor M is a synchronous reluctance motor which is 

magnetically salient. The synchronous motor M includes the stator 10 and the 

rotor 20. The rotor 20 includes air gaps 21, an outer circumference bridge BR1, 

and a center bridge BR2. 

The center bridge BR2 is placed on a line connecting a circumference 

	

15 	and a center of the rotor 20. It is noted that the line on which the center bridge 

BR2 is placed is a d-axis. The outer circumference bridge BR1 is placed 

between a circumference of the rotor 20 and the air gaps 21. In the part of the 

synchronous motor M shown in FIG. 2, six air gaps 21 each extending from a 

circumferential portion to a central portion of the rotor 20 are provided. The air 

	

20 	gaps 21 extend between the center bridge BR2 and the outer circumference 

bridge BR1 in such a manner that they are line-symmetric with respect to a 

d-axis. 

FIG. 3 is a view for explaining definitions of a d-axis, a q-axis, and an 

estimated rotation coordinate system (a dc-axis, a qc-axis) in the embodiments. 

	

25 	 A d-axis is a vector axis which rotates through a rotation phase angle 

with respect to a a-axis (U-phase) of a ap fixed coordinate system, and a q-axis 

is a vector axis which is orthogonal to a d-axis at an electric angle. Also, in the 

present embodiment, the synchronous motor M is magnetically salient, a d-axis 

is a vector axis on which a static inductance becomes the lowest in the rotor 20 

	

30 	of the synchronous motor M, and a q-axis is a vector axis on which a static 

inductance becomes the highest in the rotor 20 of the synchronous motor M. 

In contrast thereto, a dcqc estimated rotation coordinate system 

corresponds to a d-axis and a q-axis in an estimated position of the rotor 20. 

Specifically, a dc-axis is a vector axis which rotates through an angle of a 

	

35 	rotation-phase-angle estimation value best with respect to a a-axis, and a qc-axis 

is a vector axis which is orthogonal to a dc-axis at an electric angle. In other 

words, a dc-axis is a vector axis which rotates through an angle of an estimated 
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error A9 with respect to a d-axis, and a qc-axis is a vector axis which rotates 

through an angle of the estimated error A9 with respect to a q-axis. 

Below, an example of characteristics of a static inductance and a dynamic 

inductance regarding the above-described synchronous motor M will be 

	

5 	described. 

FIG. 4 is a view showing examples of a q-axis static inductance and a 

d-axis static inductance in a case where an electric motor is energized. 

FIG. 5 is a view showing examples of a q-axis dynamic inductance and a 

d-axis dynamic inductance in a case where an electric motor is energized. 

	

10 	 A static inductance is an inductance related to a fundamental wave 

current flowing through the synchronous motor M, and a dynamic inductance is 

an inductance related to a harmonic current flowing through the synchronous 

motor M. A static inductance corresponds to an amount of change (40) of 

magnetic flux 4  which is produced by a certain fundamental-wave-current value 

	

15 	(I). A dynamic inductance corresponds to an amount of change (A4)/AI) of 

fluctuation A4) of magnetic flux related to fluctuation Al of a certain harmonic 

current. 

When a static inductance and a dynamic inductance are compared, a 

dynamic inductance is equal to or lower than a static inductance. This is 

	

20 	because a dynamic inductance is correlated with magnetic saturation of the 

bridges BR1 and BR2 of the rotor 20 and a static inductance is correlated with 

magnetic saturation of an electromagnetic steel plate through which main 

magnetic flux passes. Specifically, it indicates that magnetic saturation occurs 

earlier in the bridges BR1 and BR2 of the rotor 20 when an electric current is 

	

25 	supplied to the synchronous motor M. 

Also, each of a d-axis dynamic inductance and a q-axis dynamic 

inductance tends to converge on a predetermined value as magnetic saturation 

proceeds. The inverter control apparatus and the motor drive system according 

to the present embodiment control an electric current and estimate a magnetic 

	

30 	pole based on the above-described characteristics of the synchronous motor M. 

The electric-current detector SS detects alternating-current values of at 

least two phases out of three-phase alternating currents (response currents) iu, 

iv, and iw which flow to the synchronous motor M, and supplies them to the 

inverter control apparatus 100. 

	

35 	 The coordinate converter 160 is a vector transformation unit which 

converts the response current values iu and iw which are supplied from the 

electric-current detector SS and appear in a three-phase fixed coordinate 
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system into response current values Ids and Idc in a dcqc estimated rotation 

coordinate system using a phase-angle estimation value best supplied from the 

rotation-phase-angle/speed estimator 180. The coordinate converter 160 

supplies the dc-axis electric-current value Ide and the qc-axis electric-current 

	

5 	value Iqc to the electric-current controller 120. 

The command generator 110 receives a torque command T* and an 

ON/OFF command Gst from the host controller CTR, and generates and outputs 

a d-axis electric-current command Idref and a q-axis electric-current command 

lqref. Also, the command generator 110 receives a carrier frequency fcar from the 

	

10 	host controller CTR and outputs a carrier command CAR. Further, the command 

generator 110 sets an upper limit to an amplitude of the d-axis electric-current 

command value Idref. 

FIG. 6 is a block diagram schematically showing a configuration example 

of the command generator shown in FIG. 1. 

	

15 	 The command generator 110 includes an electric-current command 

generator 111, a limiting unit 112, a time delay unit 113, a carrier generator 114, 

an electric-current corrector 115, and an Lq  corrector 116. 

The electric-current command generator 111 calculates a dq-axis 

electric-current command value which minimizes copper loss, using a map, 

	

20 	approximation, a theoretical relation, or the like, for example. The electric-current 

command generator 111 outputs one of calculated dq-axis electric-current 

command values, as a first d-axis electric-current command idi*. 

In the present embodiment, by the first d-axis electric-current command 

Idl*, a fundamental wave current of a magnitude which is equal to or greater than 

	

25 	a predetermined threshold is supplied in a -d-axis relative to the rotor 20 of the 

synchronous motor M. 

The limiting unit 112 calculates an absolute value of a second d-axis 

electric-current command id2* while setting an absolute value of the first d-axis 

electric-current command idl* to be equal to or lower than a lower limit idlim, and 

	

30 	calculates and outputs the second d-axis electric-current command id2* so that a 

sign of the second d-axis electric-current command id2* is identical to a sign of 

the first d-axis electric-current command idl*. 

The limiting unit 112 includes an absolute-value calculator ABS, a 

lower-limit setting unit LIM, a sign determining unit 112A, and a multiplier 112B. 

	

35 	 The absolute-value calculator ABS receives the first d-axis 

electric-current command idl* from the electric-current command generator 111, 

and calculates and outputs an absolute value of the first d-axis electric-current 
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command idl*. 

FIG. 7 is a view for explaining an example of operations of the lower-limit 

setting unit shown in FIG. 6. 

The lower-limit setting unit LIM receives an absolute value of the first 

	

5 	d-axis electric-current command idl* from the absolute-value calculator ABS, and 

outputs an absolute value of the second d-axis electric-current command id2* 

which is equal to an absolute value of the first d-axis electric-current command 

idl* when an absolute value of the first d-axis electric-current command idi* is 

equal to or greater than the lower limit idlim. On the other hand, the lower-limit 

	

10 	setting unit LIM outputs an absolute value of the second d-axis electric-current 

command id2* which is equal to the lower limit idiim when an absolute value of the 

first d-axis electric-current command 'di* is smaller than the lower limit ithim. 

The sign determining unit 112A receives the first d-axis electric-current 

command idl* from the electric-current command generator 111, and determines 

	

15 	whether the first d-axis electric-current command idl* is greater than zero, or 

equal to or smaller than zero. The sign determining unit 112A outputs "+1" when 

the first d-axis electric-current command idl* is greater than zero, and outputs 

"-1" when the first d-axis electric-current command idl* is equal to or smaller than 

zero. 

	

20 	 The multiplier 112B multiplies an absolute value of the second d-axis 

electric-current command id2* output from the lower-limit setting unit LIM and an 

output value of the sign determining unit 112A, and outputs its result. 

FIG. 8 is a view for explaining an example of operations of the limiting unit 

shown in FIG. 6. 

	

25 	 For example, when the first d-axis electric-current command idl* is 

negative, the limiting unit 112 sets a lower limit to an amplitude of a d-axis 

electric current and outputs the second d-axis electric-current command id2* as 

shown in FIG. 8. 

As described above, by setting a lower limit to an amplitude of a d-axis 

	

30 	electric current, it is possible to supply a fundamental wave current which is 

equal to or greater than a predetermined threshold, to the synchronous motor M 

in a d-axis direction (or in a -d-axis direction). 

The electric-current corrector 115 receives the second d-axis 

electric-current command id2* from the limiting unit 112, and calculates a q-axis 

	

35 	electric-current command iq* using the following [Expression A]. 

[Mathematical 1] 
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T*  
iq  • = 

	

	 [Expression A] 
p(Ld  —Lq )i „* 

It is noted that Ld represents a d-axis inductance, p represents the 

number of pole pairs, Lq represents a q-axis inductance (which is a value 

corrected by the Lq corrector 116). 

	

5 	 The Lq  (q-axis inductance) corrector 116 receives the q-axis 

electric-current command lqref calculated in the electric-current corrector 115, 

calculates the q-axis inductance Lq  using a map or approximation, and outputs 

its result to the electric-current corrector 115. 

When the q-axis electric-current command iq* (= the q-axis 

	

10 	electric-current command lqref) is calculated by the foregoing [Expression A], the 

q-axis electric-current command lqref is a value based on the torque command T* 

and a second d-axis electric-current command id2*, to be a direct-current value. 

The time delay unit 113 outputs the ON/OFF command Gst while delaying 

the ON/OFF command Gst by a predetermined time. 

	

15 	 It is noted that the ON/OFF command Gst is a control command for a 

logical-AND operation unit S1 which changes electrical connection of a path 

over which a torque command is supplied to the electric-current command 

generator 111, and a logical-AND operation unit S2 which changes electrical 

connection of a path over which the second d-axis electric-current command id2*  

	

20 	is output as the d-axis electric-current command Idref from the limiting unit 112. 

Also, the ON/OFF command Gst is supplied to a logical-AND operation unit S3 

which changes electrical connection of a path over which a q-axis 

electric-current command is output from the electric-current corrector 115 via the 

time delay unit 113. Accordingly, the q-axis electric-current command lqref is 

	

25 	output while being delayed with respect to the d-axis electric-current command 

Idref by at least a time required for calculations in the Lq  corrector 116 and the 

electric-current corrector 115. 

In the present embodiment, the above-described electric-current corrector 

115 allows the electric-current command values Idref and lqref which are output 

	

30 	from the electric-current command generator 111 to serve as electric-current 

command values which generate torque in accordance with the torque 

command T* in the synchronous motor M. Accordingly, even if a lower limit to an 

electric-current command value is set by the limiting unit 112, torque as is 

expected is output, so that a speed control system can be prevented from 

	

35 	becoming unstable. 
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Additionally, though an example in which an upper limit to an amplitude of 

the d-axis electric-current command Idref is set has been described in the present 

embodiment, also in a case where an upper limit to an amplitude of the q-axis 

electric-current command lqref is set, it is possible to produce the same effects as 

	

5 	produced in the present embodiment by calculating the d-axis electric-current 

command from the torque command T*. 

The carrier generator 114 generates and outputs the carrier command 

CAR used in the modulator 150, based on the carrier frequency fcar which is 

supplied externally. In the present embodiment, a carrier command is a 

	

10 	triangular wave at a predetermined frequency. 

The electric-current controller 120 includes a PI 

(proportional-plus-integral) controller, for example. The electric-current controller 

120 compares the dc-axis electric-current value Ids and the qc-axis 

electric-current value lqc which are supplied from the coordinate converter 160, 

	

15 	with the d-axis electric-current command Idref and the q-axis electric-current 

command lqref, and calculates and outputs voltage commands Vdc and Vqc so that 

the dc-axis electric-current value Ids and the d-axis electric-current command Idref 

are equal to zero and a difference between the qc-axis electric-current value lqc 

and the q-axis electric-current command lqref is equal to zero. 

	

20 	 The high-frequency-voltage superposing unit 130 receives the carrier 

command CAR from the command generator 110, generates a high-frequency 

voltage at an arbitrary frequency for a dc-axis, a qc-axis, or both of those axes, 

and outputs its result to the adder 190 and the rotation-phase-angle/speed 

estimator 180. In the present embodiment, the high-frequency-voltage 

	

25 	superposing unit 130 outputs a dc-axis high-frequency voltage Vdh. 

FIG. 9 is a block diagram schematically showing a configuration example 

of the high-frequency-voltage superposing unit shown in FIG. 1. 

FIG. 10 is a view for explaining an example of a relationship between an 

input and an output of the high-frequency-voltage superposing unit shown in 

	

30 	FIG. 1. 

The high-frequency-voltage superposing unit 130 includes a 

synchronous-pulse generator 131 and a high-frequency-voltage synchronization 

unit (logical-AND operation unit) 132. 

The synchronous-pulse generator 131 generates a synchronous pulse 

	

35 	which is synchronous with the carrier command CAR supplied from the 

command generator 110, and outputs it to the high-frequency-voltage 

synchronization unit 132. 



The high-frequency-voltage synchronization unit 132 combines a voltage 

Vh which is an internally-generated direct-current-voltage command value of a 

predetermined magnitude, with a synchronous pulse, and outputs a resultant 

voltage. Specifically, the high-frequency voltage Vdh output from the 

	

5 	high-frequency-voltage superposing unit 130 is a high-frequency- voltage 

command which has a predetermined amplitude Vh and a high-frequency 

voltage period (1/fdh) which is synchronous with a period (1/fcar) of the carrier 

command CAR. 

The adder 190, which is placed in a stage subsequent to the 

	

10 	electric-current controller 120, updates the voltage command Vdc output from the 

electric-current controller 120 by adding the high-frequency voltage Vdh to the 

voltage command Vdc, and outputs its result. 

The coordinate converter 140 is a vector transformation unit which 

converts the voltage commands Vdc and Vqc of the dcqc estimated rotation 

	

15 	coordinate system into voltage commands Vu*, Vv*, and Vw* of the-three-phase 

fixed coordinate system, using the phase-angle estimation value Rest supplied 

from the rotation-phase-angle/speed estimator 180. 

In the present embodiment, the voltage commands Vdc and Vqc supplied 

from the coordinate converter 140 have values based on the electric-current 

	

20 	commands Idref and Icref by which a fundamental wave current of a predetermined 

magnitude is supplied to the synchronous motor M in a -d-axis direction. As a 

result of vector transformation of the voltage commands Vdc and Vqc using the 

phase-angle estimation value best, the voltage commands Vu*, Vv*, and Vw* 

which are synchronous with a rotor speed (= West) and a rotor frequency (= 

	

25 	west/21F) can be obtained. 

The modulator 150 generates gate commands Vu_PWM, Vv_PWM, and 

Vw_PWM by modulating the voltage commands Vu*, Vv*, and VW* in accordance 

with the carrier command CAR, and outputs them to the inverter main circuit 

INV. In the present embodiment, the carrier command CAR is a triangular wave 

	

30 	at a predetermined frequency, and the modulator 150 accomplishes PWM 

modulation control by comparing a triangular wave and a voltage command. 

The switching elements of the inverter main circuit INV operate based on 

the gate commands Vu_pwm, Vv_pwm, and Vw_pwm output from the 

above-described modulator 150, so that a fundamental wave current which is 

	

35 	synchronous with the rotor speed (= West) and the rotor frequency (= west/2-rr), 

has a magnitude equal to or greater than a predetermined threshold, and flows 

in a -d-axis direction, is supplied to the synchronous motor M. 



Vd1 	[R+ pLd  — O)e Lq  ird  

R+ pLq  t 
. 	[Expression 1] 
q  COe Ld 

— 12 — 

FIG. 11 is a block diagram schematically showing a configuration 

example of a high-frequency-current detector shown in FIG. 1. 

The high-frequency-current detector 170 includes a bandpass filter 171 

and a FET analyzer 172. 

	

5 	 The bandpass filter 171 receives the dc-axis response current value 

(output electric current) Idc and the qc-axis response current value (output 

electric current) lqc from the coordinate converter 160, and extracts and outputs 

a high-frequency electric-current value iqc' at a frequency equal to a frequency fdh 

of the high-frequency voltage Vdh which is superposed on the dc-axis voltage 

	

10 	command Vdc by the adder 190. 

The FET analyzer 172 carries out FFT analysis of the high-frequency 

electric-current value iqc', detects a high-frequency-current amplitude Lich, and 

outputs it to the rotation-phase-angle/speed estimator 180, for example. 

The rotation-phase-angle/speed estimator 180 calculates and outputs the 

	

15 	rotation-phase-angle estimation value 'Best and the rotation-speed estimation 

value West using the high-frequency-current amplitude kph and the 

high-frequency voltage Vdh. 

Below, respective elements of the inverter control apparatus 100 will be 

described in detail. 

	

20 	 FIG. 12 is a block diagram schematically showing a configuration 

example of the rotation-phase-angle/speed estimator shown in FIG. 1. 

The rotation-phase-angle/speed estimator 180 includes a first 

phase-angle error estimator 180A including a rotation-phase-angle error 

calculator 181, a PI (proportional-plus-integral) controller 182, and an integrator 

	

25 	183. 
For example, in a case where the rotation-phase-angle error AO is zero in 

the synchronous motor M (in a case where an actual dq-axis matches an 

estimated dcqc-axis), a voltage equation is expressed by the following 

[Expression 1]. 

	

30 	 [Mathematical 2] 

In the foregoing [Expression 1], vd represents a d-axis voltage, vq  

represents a q-axis voltage, id represents a d-axis electric current, iq  represents a 

q-axis electric current, R represents coil resistance of an armature, we 

35 	represents an angular velocity of an electrical angle, Ld represents a d-axis 
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inductance, Lq  represents a q-axis inductance, and p represents a differential 

operator (= d/dt). 

In contrast to the voltage equation of [Expression 1] in a case where the 

rotation-phase-angle estimation value Best is equal to a true rotation phase angle 

	

5 	A, in a case where the rotation-phase-angle estimation value Best is not equal to a 

true rotation phase angle A, a dcqc-axis voltage equation is rewritten as 

[Expression 2]. 

[Mathematical 3] 

Vdc 	R — coeLdq, 	— coe Lq, 
[ 	

id, + 	L  dc Ldqc idc 	
[Expression 2] 

vgel [ coe Ldc 	R+ coe Ldgcligel P  Ldqc  Lqc  
— gc 

Where, Ldc = Lo  + cos2A9 

Lq, = 1,0  — L, cos2A0 

Lag, = L, sin2A0 

(Ld  + Lq ) 
Lo = 	 

2 

(Ld  - Lq ) 
L1  = 	 

2 

	

10 	 Further, to reorganize the foregoing [Expression 2] for an electric-current 

differential term results in the following [Expression 3]. 

[Mathematical 4] 

P[

td 	1  [4 	cos2A0 - sin 26.0 
- i 	Ld Lq  -L, sin 2A0 Lo  +LI  cos2A0 

roe/i  cos2A0Iid, 	[Expression 3] [
ct7

R
.L0 

 — °Ito", 
i
lak ]r 

0
C. 0 

Li

fL
ic

S
o

ill 2 

s1 

 

AO 	coeL, sin 2A0 

At this time, in a case where the number of revolutions of a motor is 

	

15 	sufficiently low (i.e., at a low-speed rotating time) and voltage drop due to 

resistance is negligible, the foregoing [Expression 3] can be expressed as the 

following [Expression 4]. 

[Mathematical 5] 

11 	1  [L, - L, cos2A0 	sin2A0 Tv/ 
[Expression 4] P[ 7., = L,Lq  - L, sin2A0 Lo + L,cos2AOlv„ 

	

2 0 	 Further, if a high-frequency voltage is applied to only a dc-axis, for 

example, the foregoing [Expression 4] can be expressed as the following 

[Expression 5]. 

[Mathematical 6] 



30 r
V

d 	 [R+ pLdh 	coe Lqa  

q 	(Del' da 	R+ pLqh  iq  

- 14 - 

   

1 
Ld  

Lq  — Ld Ao  
Ld Lq  

 

P[

idc] 	1  
1qc 	Ld Lq 

Lq  

Ld+Lq  2A0 
2 

Vdh = vdj, 	[Expression 5] 

    

     

According to the foregoing [Expression 5], it is found that a qc-axis 

harmonic electric current iqc varies depending on the rotation-phase-angle error 

A9. By performing transformation with regard to a qc-axis component, it is 

	

5 	possible to express the rotation-phase-angle error A9 as the following 

[Expression 6]. 

[Mathematical 7] 

AO =  L
d Lq  pig, 

Lq — Ld  1'dh 

The rotation-phase-angle error calculator 181 calculates and outputs the 

	

10 	rotation-phase-angle error e A9est using the above-described characteristics of 

rotation-angle dependence. 

The PI controller 182 calculates and outputs the rotation-speed 

estimation value West by exercising PI control so that the rotation-phase-angle 

error estimation value Aesst is zero. 

	

15 	 The integrator 183 calculates and outputs the rotation phase angle Gest by 

integrating the rotation-speed estimation value West. 

Here, in a case where a rotation phase angle is estimated by 

superposition of a high-frequency voltage, attention should be given to a 

dynamic inductance of the synchronous motor M. For example, even in a 

	

20 	salient-pole synchronous motor which rotates utilizing magnetic saliency, a 

difference between dynamic inductances (Lq  — Ld) is extremely small in some 

cases, so that estimation of a rotation phase angle using the foregoing 

[Expression 6] may become difficult. 

Specifically, in a case where a dynamic inductance which is a ratio 

	

25 	(A4)/AI) of a change A4) in magnetic flux to a change Al in an electric current and 

a static inductance which is a ratio (4)/I) of fundamental-wave magnetic flux 4) to a 

fundamental wave current I are assumed to be different from each other, the 

voltage equation of [Expression 1] can be expressed as [Expression 7]. 

[Mathematical 8] 

[Expression 7] 

[Expression 6] 
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Here, in the foregoing [Expression 7], Lda or Lqa represents an inductance 

related to a fundamental wave current (i.e., static inductance), and Ldh or Lqh 

represents an inductance related to a change in an electric current (i.e., dynamic 

inductance). 

5 	 Further, a high-frequency electric current in this case can be expressed 

by the following [Expression 8]. 

[Mathematical 9] 

pr

d,1_  1  [Loh — L1h  cos 26,61 	— L,„ sin 2A0 Tvdd 

i„ 	L„Lo 	—L,„ sin 26.11 	Lob  +1,1 „ cos 26, Olvq, 

In the expression, 
Vdh 

2 

+ Loh  T 
1- 	

h 
Loh  — 	 11. 	q  

2 

Moreover, if a high-frequency voltage is applied to only a dc-axis which is 

10 	an estimated d-axis, [Expression 8] can be expressed as [Expression 9]. 

[Mathematical 10] 

re] =  1 	
Lqh 

[Expression 9] 
rqc 	dn_ qh L L 	

Ldh
2

+ 
Lq" .26,0 d"  

Each of a d-axis and a q-axis can be rewritten as follows. 

[Mathematical 11] 

d = Vrdh 	[Expression 10] 

L — Ldi 
Pi 	=

gc
A0 • v  dh 

15 	 Ldh Lqh 
[Expression 11] 

By transformation of the foregoing [Expression 11], the 

rotation-phase-angle error estimation value AO is expressed by the following 

[Expression 12]. 

[Mathematical 12] 

AO= 	
Ldh Lqh iqch 

[Expression 12] 

2 0 	
Lqh — Ldh dh 

In a case where a difference (which will be hereinafter referred to as a 

"salient-pole difference") between dynamic inductances found in a denominator 

of the foregoing [Expression 12] is small, a quantity of characteristics in 

accordance with the rotation-phase-angle error estimation value AO cannot be 

2 5 	grasped, so that calculation of the rotation-phase-angle estimation value Oast 

[Expression 8] 
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becomes difficult. 

FIG. 13A is a view showing examples of a d-axis electric current and a 

q-axis electric current in a case where an electric current flowing through a 

synchronous motor is approximately zero. 

	

5 	 FIG. 13B is a view showing examples of a d-axis dynamic inductance and 

a q-axis dynamic inductance in a case where an electric current flowing through 

a synchronous motor is approximately zero. 

As shown in FIG. 13A, a d-axis electric current greatly varies due to 

superposition of a high-frequency voltage on a d-axis voltage command. On the 

	

10 	other hand, as shown in FIG. 13B, a salient-pole difference is extremely small. 

Specifically, in a case where no electric current is supplied to the synchronous 

motor M (an electric current is approximately zero), magnetic saturation of the 

synchronous motor M does not occur, so that a salient-pole difference between 

the d-axis dynamic inductance Lan and the q-axis dynamic inductance Lqh is 

	

15 	approximately zero. Accordingly, a denominator in the foregoing [Expression 12] 

inevitably becomes equal to approximately zero. 

Under the foregoing circumstances, when the rotor-angle estimation 

value Rest was calculated using [Expression 12], the rotation-phase-angle error 

estimation value Aeest did not converge on zero and the rotation-phase-angle 

	

20 	estimation value Best could not be calculated accurately in some cases. It is 

considered that this is because a denominator of [Expression 12] is equal to 

approximately zero and an inductance related to an electric current significantly 

fluctuates in a state where a rotor of the synchronous motor M is magnetically 

saturated insufficiently. 

	

25 	 In view of this, in the inverter control apparatus 100 and the motor drive 

system according to the present embodiment, a fundamental wave current which 

is synchronous with a rotor speed and has a magnitude equal to or greater than 

a threshold is supplied in a -d-axis direction. 

At that time, a magnitude of a d-axis electric current being supplied to the 

	

30 	synchronous motor M is set so as to allow a d-axis dynamic inductance to be 

sufficiently saturated, and a limit (idmini) of a d-axis electric current being supplied 

is set such that a d-axis dynamic inductance is equal to or lower than a d-axis 

static inductance at a rated operation time, for example. By supplying a 

fundamental wave current of a magnitude which is equal to or greater than a 

	

35 	predetermined threshold, to the synchronous motor M, it is possible to allow 

magnetic saturation of the rotor 20 to proceed. 

FIG. 14A is a view showing examples of a d-axis electric current and a 
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q-axis electric current in a case where a fundamental wave current synchronous 

with a rotor speed is supplied to a synchronous motor. 

FIG. 14B is a view showing examples of a d-axis dynamic inductance and 

a q-axis dynamic inductance in a case where the d-axis electric current and the 

	

5 	q-axis electric current shown in FIG. 14A are supplied to a synchronous motor. 

By referring to FIGS. 14A and 14B, it is found that when a fundamental 

wave current which is synchronous with a rotor speed and has a predetermined 

magnitude is supplied in a -d-axis direction, a rotor of the synchronous motor M 

is magnetically saturated sufficiently and a magnetic-salient-pole difference 

	

10 	becomes greater than that in a case where an electric current is zero. 

Under such circumstances, when the rotor-angle estimation value best 

was calculated using the foregoing [Expression 12], the rotation-phase-angle 

error estimation value Aeest converged on zero within a predetermined time and 

a rotation phase angle could be stably estimated. 

	

15 	 FIG. 15 is a view showing an example of dynamic-inductance 

characteristics in a case where a phase-angle error estimation value is 90°. 

It is noted that a fundamental wave current is supplied to not only a d-axis 

but also a q-axis in some cases, depending on when an inverter is activated. 

Also in such cases, as shown in FIG. 15, by supplying a fundamental wave 

	

20 	current toward a dc-axis, it is possible to allow saturation of a d-axis dynamic 

inductance to proceed on account of leakage of q-axis magnetic flux, so that a 

magnetic-salient-pole difference can be obtained. 

FIG. 16 is a view showing examples of a d-axis dynamic inductance and a 

q-axis dynamic inductance in a case where the rotation-phase-angle error 

	

25 	estimation value is 90° and an electric current flowing through a synchronous 

motor is approximately zero. 

FIG. 17 is a view showing examples of a d-axis dynamic inductance and a 

q-axis dynamic inductance in a case where the rotation-phase-angle error 

estimation value is 90° and an electric current is supplied to a synchronous 

	

30 	motor toward a dc-axis. 

Comparison between FIGS. 16 and 17 indicates that a 

magnetic-salient-pole difference in a case where the synchronous motor M was 

not energized was smaller than that in a case where a predetermined electric 

current was supplied to the synchronous motor M toward a dc-axis. Accordingly, 

	

35 	even when an error occurred in estimation of a phase angle, a 

magnetic-salient-pole difference could be obtained by a method in which a 

high-frequency voltage is superposed on a voltage command value, and a 
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rotation-phase-angle estimation value and a speed estimation value could be 

calculated. 

That is, according to the present embodiment, an inverter control 

apparatus and a motor drive system which accurately control an electric current 

	

5 	can be provided. 

It is noted that though a method in which a high-frequency voltage is 

superposed on a dc-axis voltage command and a q-axis high-frequency electric 

current is detected has been described in the present embodiment, a method is 

not limited to the foregoing one. The same effects as produced in the present 

	

10 	embodiment can be produced by any method that allows calculation of a 

rotation-phase-angle estimation value, such as a method in which both of a 

dc-axis electric current and a qc-axis electric current are detected, or a method 

in which a high-frequency voltage is superposed on both of a dc-axis voltage 

command and a qc-axis voltage command. 

	

15 	 Next, an inverter control apparatus and a motor drive system according to 

a second embodiment will be described with reference to the drawings. It is 

noted that in the following description, elements similar to those in the 

above-described first embodiment will be denoted by the same reference signs, 

and description thereof will be omitted. 

	

20 	 FIG. 18 is a block diagram schematically showing a configuration 

example of the inverter control apparatus and the motor drive system according 

to the second embodiment. 

The motor drive system according to the present embodiment includes a 

synchronous motor M, an inverter main circuit INV, an inverter control apparatus 

	

25 	100, and a host controller CTR. The inverter control apparatus 100 includes an 

electric-current detector SS, a command generator 110, an electric-current 

controller 120, coordinate converters 140 and 160, a modulator 150, and a 

rotation-phase-angle/speed estimator (second rotation-phase-angle/speed 

estimator) 180. 

	

30 	 The synchronous motor M is a synchronous motor including a rotor which 

is magnetically salient, and is a synchronous reluctance motor, for example. As 

the synchronous motor M, a permanent-magnet synchronous motor using a 

magnet, a synchronous reluctance motor, a wound-field synchronous motor 

which supplies magnetic flux of a field using a secondary winding, or the like can 

	

35 	be employed. In the present embodiment, an example in which a synchronous 

reluctance motor is employed as the synchronous motor M will be described. 

The inverter main circuit INV includes a direct-current power source 
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(direct-current load) and two switching elements for each of a U-phase, a 

V-phase, and a W-phase. The two switching elements for each phase are 

connected in series between a direct-current line which is connected to a 

positive pole of the direct-current power source, and a direct-current line which is 

	

5 	connected to a negative pole of the direct-current power source. Operations of 

the switching elements of the inverter main circuit INV are controlled by a gate 

command received from the modulator 150. The inverter main circuit INV is a 

three-phase alternating-current inverter which outputs a U-phase electric current 

lu, a V-phase electric current lv, and a W-phase electric current lw at a 

	

10 	predetermined frequency, to the synchronous motor M which is an 

alternating-current load, in accordance with a gate command. Also, the inverter 

main circuit INV can charge a secondary battery which is a direct-current power 

source, with electric power generated in the synchronous motor M. 

In the present embodiment, a method in which a set value of a motor 

	

15 	parameter is used in calculation for estimation of a rotation-phase-angle error is 

employed. The method of calculating a rotation-phase-angle estimation value 

used in the present embodiment is suitable for estimation of a rotation phase 

angle in a case where the synchronous motor M rotates at a high speed. 

FIG. 19 is a block diagram schematically showing a configuration 

	

20 	example of the rotation-phase-angle/speed estimator shown in FIG. 18. 

In the present embodiment, the rotation-phase-angle/speed estimator 

180 calculates a rotation-phase-angle error Meet using voltage command Vdc 

and Vqc, detected electric-current values Ids and lqc (or electric-current 

commands Idref and Iqref), and a set value Lda_set of a static dynamic inductance. 

	

25 	 The rotation-phase-angle/speed estimator 180 includes a second 

phase-angle error estimator 180B which calculates the rotation-phase-angle 

error estimation value Meet using an extended induced voltage, for example, a 

PI controller 187, and an integrator 188. 

Whereas the foregoing [Expression 2] is used as a voltage equation in the 

	

30 	first embodiment, the expression can be rewritten in terms of an extended 

induced voltage, as the following [Expression 13]. 

[Mathematical 13] 

[

vd 	R + ALd  — Lq )+ pLq  co(Ld  Lq )— coLd  id  

vq 	coLd 	 R + pLq 	iq 

+ pLi, 	coLd  Id  [R 

coLd 	R + pL q  
. 

1 _q 
+ 

' 
1  
0 

[Expression 13] 
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Here, an extended induced voltage Ex in the foregoing [Expression 13] 

can be represented by the following expression. 

[Mathematical 14] 
E = (Ld  - Lq Xpia, + coiqc ) 

	

5 	 Further, in a case where an error occurs in a rotation phase angle, 

[Expression 13] can be represented by [Expression 14]. 

[Mathematical 15] 

rt ,„] .[R+p; - 	 cos A01 
[Expression 14] 

caL, 	R + p1,9  ig,]
+ Ex 

 [sin AO 

Further, to transform [Expression 14] results in the following [Expression 

	

10 	15]. 

[Mathematical 16] 

[E cos AO] = [vac.] [R + pLq  - d lie ] 

sin 1A0 	vg, 	oLd 	R + pL6, i g  [Expression 15] 

When each of a d-axis and a q-axis in the foregoing [Expression 15] is 

divided, [Expression 16] is provided. 

15 	 [Mathematical 17] 

E sin  AO 	v coesrLdick - (R + pLdig, 
= tan AO = 	 [Expression 16] 

E,. cos 6,19 	v* -(R + pLdi + co„,Lai gc  

Moreover, by obtaining an arc tangent of [Expression 16], it is possible to 

calculate the rotation-phase-angle error AO by [Expression 17]. 

[Mathematical 18] 

20 

{ 	  A 0 = tan 4 1.qc  — 
c°,„,/,

didc 
— (R + pL4)iq, 

v*  - (R + pLdi * + co„,Lai 4,, 
[Expression 17] 

The foregoing [Expression 17] can be rewritten as the following 

[Expression 18] in a case a rotation speed of the synchronous motor M is 

sufficiently high and a change in an electric current is fully negligible. 

[Mathematical 19] 

25 

4  { V 	— CO,,sr Laide  — Riqc  
AO = tan v  

vd, - Rid,. + co.,Ldig, [Expression 18] 

Also, [Expression 18] can be written as [Expression 19] because a set 

value is used as a motor parameter actually. 

[Mathematical 20] 
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/ AO = tan -' rqc - C°941  L  d _ser i  de — R  _seri qc 

V dc  — R 	ro L _seti + dc 	esr — d _set '  qc 
[Expression 19] 

Here, R_set represents a set value of resistance, and La _set represents a 

set value of a d-axis inductance. 

Further, in a case where voltage drop due to resistance is negligible, the 

5 	foregoing [Expression 19] can be rewritten as [Expression 20]. 

[Mathematical 21] 

AO = tan-1  { vq,  ce..4_ seri  dc} 

dc co„ Ld_serl gc  

[Expression 20] 

The second phase-angle error estimator 180B calculates the 

rotation-phase-angle error estimation value Aeest using the foregoing 

10 	[Expression 20]. 

Specifically, a multiplier B2 multiplies a qc-axis electric-current command 

lqc and a rotation-speed estimation value West, and outputs its result. An output of 

the multiplier B2 is supplied to an inductance setting unit 184. The inductance 

setting unit 184 multiplies an input value (Iqc X West) and a set value Lda_set of 

15 	d-axis static inductance, and outputs its result to an adder B1. The adder B1 

adds the dc-axis voltage command Vac and an output (Iqc X West X Lda_set) of the 

inductance setting unit 184, and outputs its result. 

A multiplier B4 multiplies the dc-axis electric-current command lac and the 

rotation-speed estimation value West, and outputs its result. An output of the 

20 	multiplier B4 is supplied to an inductance setting unit 185. The inductance 

setting unit 185 multiplies an input value (lac X West) and the set value Laa_set of 

d-axis static inductance, and outputs its result to a subtracter B3. The subtracter 

subtracts an output (lac X West X Lda_set) of the inductance setting unit 185 from 

the qc-axis voltage command Vqc, and outputs its result. 

25 	 A divider B5 divides an output of the subtracter B3 by an output of the 

adder Bl, and outputs its result to an arc-tangent calculation unit 186. The 

arc-tangent calculation unit 186 calculates an arc tangent of a value output from 

the divider, and outputs its result as the rotation-phase-angle error estimation 

value Aeest. 

3 0 	 The PI controller 187 exercises PI control in such a manner that the 

rotation-phase-angle error estimation value Aeest converges on zero, and 

outputs the rotation-speed estimation value West. 

The integrator 188 integrates the rotation-speed estimation value West 
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output from the PI controller 187, and calculates and outputs the 

rotation-phase-angle estimation value east. 

Here, whereas a rotation-phase-angle error is calculated using the set 

value (Lda_aet)of d-axis static inductance according to the foregoing [Expression 

	

5 	13], a result of calculation of the rotation-phase-angle error estimation value 

Aeast converged on a phase which was not intended, so that the 

rotation-phase-angle estimation value Oast could not be accurately calculated in 

some cases, because a d-axis static inductance (Lda) greatly varies depending 

on an electric current as shown in FIG. 4. Because of an increase of calculation 

	

10 	load and limitation of a memory, it is not practical to use a table of the d-axis 

static inductance Lda related to an electric current in order to improve accuracy in 

estimation, and to do so consequently might lead to increase of an error of a 

rotation-phase-angle estimation value. 

In contrast thereto, in the present embodiment, an electric current is 

	

15 	supplied while setting a limit to a command value of a d-axis electric current for 

which a static inductance greatly varies due to magnetic saturation, so that 

magnetic saturation in a d-axis direction always proceeds. This makes it possible 

to operate an inverter control apparatus and a motor drive system in a region 

where a static inductance does not greatly vary in the characteristics shown in 

	

20 	FIG. 4, for example. 

In this case, in an equation for calculating the rotation-phase-angle 

estimation value error AOest, only the d-axis static inductance Lda during magnetic 

saturation is set, so that a rotation phase angle can be accurately estimated. 

Further, a complicated process using a table or the like is not performed, so that 

	

25 	a processing time required to estimate a phase angle is reduced, and ease of 

adjustment is improved. 

Also, though in the present embodiment, an equation of a d-axis and an 

equation of a q-axis are divided and an arc tangent is obtained to calculate a 

rotation-phase-angle error in the method using an extended induced voltage, a 

	

30 	method is not limited to one using the foregoing equations. The same effects are 

produced also by a method in which a rotation phase angle is estimated based 

on a result of subtraction of a model voltage (a voltage calculated from a voltage 

command value using a motor model, which is synonymous with a feedforward 

voltage). 

	

35 	 For example, to give an attention to a q-axis direction in the foregoing 

[Expression 15] results in the following [Expression 21]. 

[Mathematical 22] 
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sin A -''g` 	L 	— R ,.„i 
[Expression 21] 

Ex. 

Further, in a case where the rotation-phase-angle estimation value error 

Aeest is small and voltage drop due to resistance is negligible, the following 

[Expression 22] is provided. 

5 	 [Mathematical 23] 

46,0 =
1.  gc Nat Lda_set i  dc 

Ex  

As expressed in the foregoing [Expression 22], it is possible to calculate 

the rotation-phase-angle estimation value error Aeest by providing the set value 

Lda_set only for a static inductance in a d-axis direction. 

10 	 That is, according to the present embodiment, an inverter control 

apparatus and a motor drive system which can accurately control an electric 

current can be provided. 

Next, an inverter control apparatus and a motor drive system according to 

a third embodiment will be described with reference to the drawings. In the 

15 	inverter control apparatus and the motor drive system according to the present 

embodiment, a method of estimating a rotation-phase-angle/speed is changed 

depending on a speed. 

FIG. 20 is a block diagram schematically showing a configuration 

example of the inverter control apparatus and the motor drive system according 

2 0 	to the third embodiment. 

A command generator 110 outputs a control changeover signal flg based 

on a rotation-speed estimation value West which is supplied from a 

rotation-phase-angle/speed estimator 180. 

The rotation-phase-angle/speed estimator 180 changes a method of 

25 	estimating a rotation phase angle or speed based on a value of the control 

changeover signal flg. 

FIG. 21 is a block diagram schematically showing a configuration 

example of the command generator 110 shown in FIG. 20. 

The command generator 110 further includes a lowpass filter FLT and a 

3 0 	threshold determining unit 117, in addition to the elements in the command 

generator 110 in the above-described first embodiment. It is noted that a limiting 

unit 112 shown in FIG. 21 is configured in the same manner as the limiting unit 

112 shown in FIG. 6. 

The lowpass filter FLT receives the rotation-speed estimation value West, 

35 	removes a high-frequency component therefrom, and outputs its result to the 

[Expression 22] 
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threshold determining unit 117. 

The threshold determining unit 117 compares the rotation-speed 

estimation value West which is input, with a predetermined threshold, and outputs 

"1" as the control changeover signal fig when the rotation-speed estimation 

	

5 	value West is equal to or smaller than the predetermined threshold, while 

outputting "0" as the control changeover signal flg when the rotation-speed 

estimation value West is smaller than the predetermined threshold. 

FIG. 22 is a view for explaining another configuration example of the 

threshold determining unit shown in FIG. 21. 

	

10 	 In a threshold determining unit 117', for example, a threshold (first 

threshold Th1) used for switching the control changeover signal flg from "0" to "1" 

(changing a rotation speed from a high speed to a low speed) and a threshold 

(second threshold Th2 larger than the first threshold Th1) used for switching the 

control changeover signal flg from "1" to "0" (changing a rotation speed from a 

	

15 	low speed to a high speed) are made different from each other. By switching the 

control changeover signal flg using a plurality of thresholds in the 

above-described manner, it is possible to prevent a value of the control 

changeover signal flg from becoming unstable in the vicinity of a threshold, so 

that stable control can be achieved. 

	

20 	 FIG. 23 is a block diagram schematically showing a configuration 

example of the rotation-phase-angle/speed estimator shown in FIG. 20. 

The rotation-phase-angle/speed estimator 180 includes a first 

phase-angle error estimator 180A which calculates a rotation-phase-angle error 

Aeest using a high-frequency voltage signal and a high-frequency electric current, 

	

25 	a second phase-angle error estimator 180B which calculates the 

rotation-phase-angle error Aeest using a voltage command and an 

electric-current command or a detected electric-current value, PI controllers P1 

and P2, a switch SW, and an integrator 188. 

The first phase-angle error estimator 180A corresponds to the first 

	

30 	phase-angle error estimator 180A of the rotation-phase-angle/speed estimator 

180 of the first embodiment shown in FIG. 11. 

The second phase-angle error estimator 180B corresponds to the second 

phase-angle error estimator 180B of the rotation-phase-angle/speed estimator 

180 of the second embodiment shown in FIG. 18. 

	

35 	 The PI controller P1 includes a PI controller which calculates a 

rotation-speed estimation value so that the rotation-phase-angle error estimation 

value AGest output from the first phase-angle error estimator 180A is equal to 
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zero, and outputs its result. 

The PI controller P2 includes a PI controller which calculates a 

rotation-speed estimation value West so that the rotation-phase-angle error 

estimation value Mest output from the second phase-angle error estimator 180B 

	

5 	is equal to zero, and outputs its result. 

The switch SW changes electrical connection between an input terminal 

and an output terminal in accordance with a value of the control changeover 

signal flg. The switch SW includes a first input terminal to which the 

rotation-speed estimation value West supplied from the PI controller P1 is input, a 

	

10 	second input terminal to which the rotation-speed estimation value West supplied 

from the PI controller P2 is input, and an output terminal. The switch SW 

electrically connects the first input terminal and the output terminal when the 

control changeover signal flg is "1", and electrically connects the second input 

terminal and the output terminal when the control changeover signal flg is "0". 

	

15 	 The integrator 188 integrates the rotation-speed estimation value West 

output from the switch SW, and outputs the rotation-phase-angle estimation 

value Best. 
FIG. 24 is a block diagram schematically showing a configuration 

example of the high-frequency-voltage superposing unit shown in FIG. 20. 

	

20 	 The high-frequency-voltage superposing unit 130 further includes a 

logical-AND operation unit 133 which outputs a logical AND of the control 

changeover signal flg and a voltage Vh serving as a command for a 

direct-current voltage of a predetermined magnitude. An output of the 

logical-AND operation unit 133 is supplied to a logical-AND operation unit 132, 

	

25 	and the voltage Vh is output only when the control changeover signal flg is "1". In 

other words, in the first phase-angle error estimator 180A, a high-frequency 

voltage Vdh is output only when the rotation-phase-angle error estimation value 

ABest is calculated. 

With the inverter control apparatus and the motor drive system according 

	

30 	to the present embodiment, while magnetic saturation is allowed to proceed by 

setting of an upper limit to an electric-current amplitude only in a d-axis direction, 

an electric current keeps flowing due to setting of a limit to an electric-current 

amplitude in a d-axis direction when a rotation speed of the synchronous motor 

M increases, so that an induced voltage is caused. Thus, a shift from estimation 

	

35 	of a phase angle in the first phase-angle error estimator 180A (a low-speed 

rotating time) to estimation of a phase angle in the second phase-angle error 

estimator 180B (a high-speed rotating time) can be smoothly achieved. 
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Also, in calculating the rotation-phase-angle error estimation value Aeest 

in the first phase-angle error estimator 180A, a noise is caused due to 

superposition of a high-frequency signal. However, in the present embodiment, 

when a rotation speed increases, an estimation method is changed from a 

	

5 	method in which superposition of a high-frequency signal is used, so that a noise 

caused due to superposition of a high frequency can be reduced. 

That is, according to the present embodiment, an inverter control 

apparatus and a motor drive system which accurately control an electric current 

can be provided. 

	

10 	 Next, an inverter control apparatus and a motor drive system according to 

a fourth embodiment will be described with reference to the drawings. 

FIG. 25 is a block diagram schematically showing a configuration 

example of the inverter control apparatus and the motor drive system according 

to the fourth embodiment. 

	

15 	 The motor drive system according to the present embodiment includes a 

synchronous motor M, an inverter main circuit INV, an inverter control apparatus 

100, and a host controller CTR. The inverter control apparatus 100 includes an 

electric-current detector SS, a command generator 110, an electric-current 

controller 120, coordinate converters 140 and 160, a modulator 150, an 

	

20 	angle/speed detector 210, and an angle sensor 200. 

The synchronous motor M is a synchronous motor including a rotor which 

is magnetically salient, and is a synchronous reluctance motor, for example. As 

the synchronous motor M, a permanent-magnet synchronous motor using a 

magnet, a synchronous reluctance motor, a wound-field synchronous motor 

	

25 	which supplies magnetic flux of a field using a secondary winding, or the like can 

be employed. In the present embodiment, an example in which a synchronous 

reluctance motor is employed as the synchronous motor M will be described.  

The inverter main circuit INV includes a direct-current power source 

(direct-current load) and two switching elements for each of a U-phase, a 

	

30 	V-phase, and a W-phase. The two switching elements for each phase are 

connected in series between a direct-current line which is connected to a 

positive pole of the direct-current power source, and a direct-current line which is 

connected to a negative pole of the direct-current power source. Operations of 

the switching elements of the inverter main circuit INV are controlled by a gate 

	

35 	command received from the modulator 150. The inverter main circuit INV is a 

three-phase alternating-current inverter which outputs a U-phase electric current 

lu, a V-phase electric current lv, and a W-phase electric current lw at a 



- 27 - 

predetermined frequency, to the synchronous motor M which is an 

alternating-current load, in accordance with a gate command. Also, the inverter 

main circuit INV can charge a secondary battery which is a direct-current power 

source, with electric power generated in the synchronous motor M. 

	

5 	 The angle sensor 200 is attached to the synchronous motor M, and 

detects an angle of a rotor of the synchronous motor M. For the angle sensor 

200, a resolver can be used, for example. 

The angle/speed detector 210 corrects an angle of a rotor of the 

synchronous motor M, the angle being detected by the angle sensor 200, and 

	

10 	calculates a rotation phase angle 0 and a rotation speed w. 

FIG. 26 is a block diagram schematically showing a configuration 

example of the electric-current controller shown in FIG. 25. 

The electric-current controller 120 includes a PI controller 122 which 

outputs a d-axis voltage command Vd so that a difference between a d-axis 

	

15 	electric-current command Idref and a d-axis electric-current Id is equal to zero, a 

PI controller 123 which outputs a q-axis voltage command Vq  so that a difference 

between a q-axis electric-current command lqref and a q-axis current lq  is equal to 

zero, and a feed-forward-voltage calculation unit 121. 

In designing an electric-current control system, an object being controlled 

	

2 0 	(plant) is regarded as a first-order lag system in some cases. In order to regard 

the synchronous motor M as a first-order lag system, conceived is a method in 

which a voltage term (interference term) due to reaction of an armature is 

compensated for in a feedforward manner. A voltage equation of the 

synchronous motor M is the foregoing [Expression 1], and a feedforward voltage 

	

25 	can be calculated by the following [Expression 23]. 

[Mathematical 24] 

[yd] [R +pLe, 	— co,L,7,7  -rid] 
[Expression 1] 

co,L 	R + pL 

[r d FP 
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o 	CDaLqa_ser 
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][idc [Expression 23] 
da_:er 	0 gr 

To do a subtraction regarding [Expression 1] and [Expression 23] results 

in the following [Expression 24]. 

3 0 	 [Mathematical 25] 

R + pLdh 	— co,(Lqa  — Lqa  „, 
[Expression 24] 

vqPi_ 	
ir 	

L'cla_sr 	R+ pLqh 
 

In this regard, [Expression 24] means an output of an electric-current PI 

Iq  
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controller. 

At that time, assuming that a motor parameter is equal to a set value, i.e., 

Lda  is equal to Lda_set and Lqa is equal to Lqa _set , [Expression 24] is transformed to 

[Expression 25]. 

5 	 [Mathematical 26] 

rol,r +pLdi, 	0 t 	
[Expression 25]

d ] 

ve, 	o 	R+ pLqi, 

Further, when [Expression 25] is transformed, [Expression 26] and 

[Expression 27] are provided. 

[Mathematical 27] 

10 

- 	 
R+ pLd„ 

vqpi  i = 
q R+pLo  

[Expression 26] 

[Expression 27] 

According to the foregoing [Expression 26] and [Expression 27], it is 

understood that a plant is a first-order lag system. 

Further, consider a case in which PI control is exercised to control an 

electric current in the foregoing expressions. A d-axis loop transfer function in a 

15 	case where PI control is exercised is represented by the following [Expression 

28]. 

K 

[Mathematical 28] 

1 	)1 	1 

/a 	= lto' 

(1+ 
sr, 	R(l+sra) 

I [Expression 28] d, 
 1 	)1 	1 1+ K...,(1-1- 

— 	sr, 	R (1+ srd ) 

In the expression, TA represents an arbitrary time constant, s:p represents a differential operator, an( 
Kpd represents a d-axis proportional gain. 

When the foregoing [Expression 28] is transformed into a form of a 

20 	transfer function, the following [Expression 29] is provided. 

[Mathematical 29] 

K  (1+ sr .4 )1 	1  
idi f 	 S 	R(l+sra ) 

1+K 
(1+sr„ )1 	1  

pa 	sr, R (1+srd ) 

[Expression 29] 

Here, when a PI controller is designed such that TA is equal to Td, the 

foregoing [Expression 29] is transformed to the following [Expression 30]. 

2 5 	 [Mathematical 30] 
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idRe 	 1 	1 
[Expression 30] 

	

ick. 	1+  R sr 	l+sr„,, 
K

Pd 
A 

By designing a PI controller as expressed by the foregoing [Expression 

30], it is possible to regard a synchronous motor as a plant with an arbitrary time 

constant Tnew, so that an electric current can be controlled by adjustment of a 

	

5 	gain Kpd. 

Here, it is assumed that Lda is equal to Lda_set and Lqa is equal to Lqa_set at 

a time when [Expression 25] is provided above, and those values greatly vary 

depending on operating conditions (magnetic saturation) as described above. In 

a case where those values are not equal, a control system cannot be designed 

	

10 	as a plant having an arbitrary time constant, so that a response as designed 

cannot be obtained. 

FIG. 27 is a block diagram schematically showing a comparative example 

of an electric-current controller. 

The electric-current controller 120 shown in FIG. 27 is configured such 

	

15 	that a gain is variable depending on magnetic saturation, in order to obtain a 

response as designed. Since variation depending on operating conditions 

becomes particularly significant on a d-axis where a static inductance greatly 

varies due to magnetic saturation, a d-axis electric-current command Idref is 

supplied to a proportional controller P and an integral controller I of the PI 

	

20 	controller 122. 

Also, whereas a PI controller is designed such that an arbitrary time 

constant TA is equal to a time constant Td of a motor in the foregoing [Expression 

30], a d-axis dynamic inductance Ldh should be known in order to achieve such 

design, and those values, like the above-described static inductance, greatly 

	

25 	vary under influence of magnetic saturation. Variation of a q-axis dynamic 

inductance Lqh due to magnetic saturation is smaller than variation of the d-axis 

dynamic inductance Ldh due to magnetic saturation. With regard to the d-axis 

dynamic inductance Ldh, the d-axis dynamic inductance Ldh in a state where 

magnetic saturation proceeds is approximately ten times as great as the d-axis 

	

30 	dynamic inductance Ldh in a state where the synchronous motor M is not 

energized, for example. If a time constant of a plant varies ten-fold relative to a 

designed electric-current response, control over an electric current is lost, so that 

torque is unlikely to be accurately output. 

In order to overcome those problems, a method using a magnetic 

	

35 	saturation table is conceivable. However, this may probably cause problems of 
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shortage of a memory and an excess over a certain processing time. 

In contrast thereto, in the present embodiment, an upper limit to an 

amplitude of a d-axis electric current is set, so that a d-axis electric current is 

allowed to always flow. Thus, both of a d-axis dynamic inductance and a d-axis 

	

5 	static inductance can be magnetically saturated and variation in a d-axis 

dynamic inductance and a d-axis static inductance can be reduced. Accordingly, 

a design of a d-axis PI control gain is simplified, and an electric current can be 

controlled as designed. 

It is preferable to use a table or the like in a case where a q-axis dynamic 

	

io 	inductance and a q-axis static inductance greatly vary. It is noted that whereas a 

q-axis inductance can be magnetically saturated, this situation should be 

avoided because both of a d-axis and a q-axis are magnetically saturated and 

torque cannot be output due to weakened magnetic saliency. 

At that time, a d-axis electric current being supplied is set such that a 

	

15 	d-axis dynamic inductance is sufficiently saturated, and for example, a limit of a 

d-axis electric current being supplied is set such that a d-axis dynamic 

inductance is equal to or lower than a d-axis static inductance at a rated 

operation time. A d-axis static/dynamic inductance at a rated operation time is 

nearly constant, and in a case where the method of the present embodiment is 

	

20 	employed, a parameter is set based on a d-axis static/dynamic inductance at a 

rated operation time, to design a gain. 

As described above, according to the present embodiment, an inverter 

control apparatus and a motor drive system which accurately control an electric 

current can be provided. 

	

25 	 Though some embodiments of the present invention have been 

described, those embodiments have been shown as examples, and it is not 

intended to limit the scope of the invention. Those new embodiments can be 

carried out in the other various ways, and various omissions, replacement, and 

alterations can be made within a range not departing from essences of the 

	

30 	present invention. Those embodiments and modifications thereof are included in 

the scope and essences of the present invention, and in the invention recited by 

the claims and a range of equivalents thereof. 

In the above-described first to fourth embodiments, the inverter control 

apparatus may be formed of either hardware or software, or may be formed of a 

	

35 	combination of hardware and software. For example, the inverter control 

apparatus may include one processor or a plurality of processors and a memory, 

and calculations performed in each element may be implemented by software. In 
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any of those cases, the same effects as produced in the above-described first to 

fourth embodiments can be produced. 
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CLAIMS 

1. An inverter control apparatus comprising: 

an inverter main circuit that drives a synchronous motor; 

an electric-current detector that detects an electric current flowing 

	

5 	between the inverter main circuit and the synchronous motor; 

a command generator that generates an electric-current command value 

of an output electric current that is output from the inverter main circuit to the 

synchronous motor, in accordance with a torque command that is supplied 

externally; and 

	

10 	 an electric-current controller that generates a voltage command value for 

the inverter main circuit so that the electric-current command value and a 

detected electric-current value detected in the electric-current detector are equal 

to each other, wherein 

the command generator generates the electric-current command value so 

	

15 	that a fundamental wave current that is equal to or greater than a threshold is 

supplied to the synchronous motor, in driving the inverter main circuit. 

2. The inverter control apparatus according to claim 1, wherein 

the command generator comprises a limiting unit that sets a lower limit to 

an amplitude of the electric-current command value. 

	

20 	 3. The inverter control apparatus according to claim 1, wherein 

the electric-current command value is a value of an electric current that is 

supplied to the synchronous motor toward an axis on which a dynamic 

inductance or a static inductance becomes the lowest. 

4. The inverter control apparatus according to claim 1, further 

	

25 	comprising: 

a high-frequency-voltage superposing unit that superposes a 

high-frequency voltage command value on the voltage command value; 

a high-frequency-current detector that detects a high-frequency electric 

current included in the output electric current of the inverter main circuit; and 

	

30 	 a first rotation-phase-angle/speed estimator that calculates a 

rotation-phase-angle estimation value and a rotation-speed estimation value of 

the synchronous motor based on the detected high-frequency electric current. 

5. The inverter control apparatus according to claim 1, further 

comprising 

	

35 	 a second rotation-phase-angle/speed estimator that calculates a 

rotation-phase-angle estimation value and a speed estimation value based on 

the voltage command value, the detected electric-current value, and a set value 
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of a d-axis static inductance at a rated operation time. 

6. The inverter control apparatus according to claim 1, wherein 

the synchronous motor is a motor that is magnetically salient, and 

a d-axis dynamic inductance in a case where the synchronous motor is 

	

5 	energized based on the electric-current command value is equal to or lower than 

a d-axis static inductance at a rated operation time. 

7. A motor drive system comprising: 

a synchronous motor; 

an inverter main circuit that drives the synchronous motor; 

	

10 	 an electric-current detector that detects an electric current flowing 

between the inverter main circuit and the synchronous motor; 

a command generator that generates an electric-current command value 

of an output electric current that is output from the inverter main circuit to the 

synchronous motor, in accordance with a torque command that is supplied 

	

15 	externally; and 

an electric-current controller that generates a voltage command value for 

the inverter main circuit so that the electric-current command value and a 

detected electric-current value that is detected in the electric-current detector are 

equal to each other, wherein 

	

20 	 the command generator generates the electric-current command value so 

that a fundamental wave current that is equal to or greater than a threshold is 

supplied to the synchronous motor, in driving the inverter main circuit. 

25 


