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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. 

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

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

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. 18. 

 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. 21. 

 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 

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

 FIG. 26 is a block diagram schematically showing a configuration 

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

 FIG. 27 is a block diagram schematically showing a comparative 

example of an electric-current controller. 5 

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. 

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

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

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 estimator) 180, and an adder 190. 20 

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

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 V-

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

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

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

current Iu, a V-phase electric current Iv, and a W-phase electric current Iw at a 
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 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 FFT analyzer 172. 

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

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

electric current) Iqc 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 

command Vdc by the adder 190. 10 

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

electric-current value iqc’, detects a high-frequency-current amplitude Iqch, and 

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

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

rotation-phase-angle estimation value θest and the rotation-speed estimation 15 

value ωest using the high-frequency-current amplitude Iqch and the high-

frequency voltage Vdh. 

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

described in detail. 

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

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 183. 

 For example, in a case where the rotation-phase-angle error ∆θ is zero in 25 

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]. 

 [Mathematical 2] 

 30 

 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, ωe 

represents an angular velocity of an electrical angle, Ld represents a d-axis 
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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. 

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

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 

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

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 Ldh and the q-axis dynamic inductance Lqh is 

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

12] inevitably becomes equal to approximately zero. 

 Under the foregoing circumstances, when the rotation-phase-angle 

estimation value θest was calculated using [Expression 12], the rotation-phase-

angle error estimation value ∆θest did not converge on zero and the rotation-

phase-angle estimation value θest could not be calculated accurately in some 20 

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. 

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

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 

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

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 

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

magnetic saturation of the rotor 20 to proceed. 

 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 rotor speed is supplied to a synchronous motor. 
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 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 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 5 

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 

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

 Under such circumstances, when the rotation-phase-angle estimation 10 

value θest was calculated using the foregoing [Expression 12], the rotation-

phase-angle error estimation value ∆θest converged on zero within a 

predetermined time and a rotation phase angle could be stably estimated. 

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

characteristics in a case where a phase-angle error estimation value is 90°. 15 

 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 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, 20 

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 

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

motor is approximately zero. 25 

 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 

motor toward a dc-axis. 

 Comparison between FIGS. 16 and 17 indicates that a magnetic-salient-30 

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, 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 35 

superposed on a voltage command value, and a 
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output from the PI controller 187, and calculates and outputs the rotation-phase-

angle estimation value θest. 

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

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

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

∆θest converged on a phase which was not intended, so that the rotation-phase-

angle estimation value θest 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 load and 

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

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 

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

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 FIG. 4, for example. 20 

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

estimation value ∆θest, 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 

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

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 

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

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). 

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

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

 [Mathematical 22] 
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 Further, in a case where the rotation-phase-angle error estimation value 

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

[Expression 22] is provided. 

 [Mathematical 23] 5 

 

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

the rotation-phase-angle error estimation value ∆θest by providing the set value 

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

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

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 

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

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 

to the third embodiment. 20 

 A command generator 110 outputs a control changeover signal flg based 

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

phase-angle/speed estimator 180. 

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

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

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 

threshold determining unit 117, in addition to the elements in the command 30 

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 ωest, 

removes a high-frequency component therefrom, and outputs its result to the 35 
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threshold determining unit 117. 

 The threshold determining unit 117 compares the rotation-speed 

estimation value ωest which is input, with a predetermined threshold, and 

outputs “1” as the control changeover signal flg when the rotation-speed 

estimation value ωest is equal to or smaller than the predetermined threshold, 5 

while outputting “0” as the control changeover signal flg when the rotation-

speed estimation value ωest 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. 

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

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

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. 

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

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 

estimation value ∆θest using a high-frequency voltage signal and a high-

frequency electric current, a second phase-angle error estimator 180B which 25 

calculates the rotation-phase-angle error estimation value ∆θest 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 

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

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. 

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

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

∆θest output from the first phase-angle error estimator 180A is equal to 
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C L A I M S 

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 

between the inverter main circuit and the synchronous motor; 5 

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 

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

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 comprises a limiting unit that sets, when an 

absolute value of the electric-current command value is smaller than a lower limit 15 

value, the absolute value of the electric-current command value to a value which 

is equal to the lower limit value, and generates the electric-current command 

value so that a fundamental wave current, an absolute value of an amplitude of 

which is equal to or greater than the lower limit, is supplied to the synchronous 

motor to saturate a rotor bridge unit of the synchronous motor magnetically, in 20 

driving the inverter main circuit. 

2. The inverter control apparatus according to claim 1, wherein

the command generator comprises 

MCSLLP
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an electric-current command generator configured to generate a first 

d-axis electric-current command value according to the torque command;

the limiting unit configured to output an absolute value of an second 

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

d-axis electric-current command when an absolute value of the first d-axis 5 

electric-current command is equal to or greater than the lower limit and output an 

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

the lower limit when an absolute value of an amplitude of the first d-axis 

electric-current command is smaller than the lower limit; 

a sign determining unit configured to output “+1” when the first d-axis 10 

electric-current command is greater than zero, and output “-1” when the first 

d-axis electric-current command is equal to or smaller than zero; and

a multiplier configured to multiply an absolute value of the second d-axis 

electric-current command and an output value of the sign determining unit, and 

output its result as the electric-current command value. 15 

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 to saturate the rotor bridge unit of the 

synchronous motor magnetically as the d-axis is a vector axis on which a static 20 

inductance that is an amount of change of magnetic flux which is generated for a 

fundamental-wave-current value becomes the lowest. 

4. The inverter control apparatus according to claim 1, wherein

MCSLLP
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the synchronous motor is a motor that is magnetically salient, and 

a d-axis dynamic inductance in a case where the synchronous motor is 

energized based on the electric-current command value is equal to or lower than 

a d-axis static inductance at a rated operation time. 

5 

5. A motor drive system comprising:

a synchronous motor; 

an inverter main circuit that drives the synchronous motor; 

an electric-current detector that detects an electric current flowing 

between the inverter main circuit and the synchronous motor; 10 

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 

an electric-current controller that generates a voltage command value for 15 

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 

the command generator comprises a limiting unit that sets, when an 

absolute value of the electric-current command value is smaller than a lower limit 20 

value, the absolute value of the electric-current command value to a value which 

is equal to the lower limit value, and generates the electric-current command 

value so that a fundamental wave current, an absolute value of an amplitude of 

which is equal to or greater than the lower limit, is supplied to the synchronous 
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motor to saturate a rotor bridge unit of the synchronous motor magnetically, in 

driving the inverter main circuit. 

MCSLLP




