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DESCRIPTION
TITLE
INVERTER CONTROL APPARATUS AND MOTOR DRIVE SYSTEM
FIELD

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
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
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
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
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.

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
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
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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
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

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.

FIG. 3 is a view for explaining definitions of a d-axis, a g-axis, and an
estimated rotation coordinate system (a dc-axis, a gc-axis) in embodiments.

FIG. 4 is a view showing examples of a g-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 g-axis dynamic inductance and a
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.

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
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
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
g-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 g-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 g-
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 g-axis dynamic inductance in a case where the d-axis electric current and
the g-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 g-axis dynamic inductance in a case where a rotation-phase-angle error
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 g-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
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
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
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.

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.

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
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
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.

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
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
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
three-phase alternating-current inverter which outputs a U-phase electric
current |, a V-phase electric current I, and a W-phase electric current |, 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.

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.

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
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
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 g-axis, and an
estimated rotation coordinate system (a dc-axis, a gc-axis) in the embodiments.

A d-axis is a vector axis which rotates through a rotation phase angle 8
with respect to a a-axis (U-phase) of a af fixed coordinate system, and a g-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
of the synchronous motor M, and a g-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 deqc estimated rotation coordinate system
corresponds to a d-axis and a g-axis in an estimated position of the rotor 20.
Specifically, a dc-axis is a vector axis which rotates through an angle of a
rotation-phase-angle estimation value Best with respect to a a-axis, and a gc-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 AB with respect to a d-axis, and a gc-axis is a vector axis which rotates
through an angle of the estimated error A6 with respect to a g-axis.

Below, an example of characteristics of a static inductance and a dynamic
inductance regarding the above-described synchronous motor M will be
described.

FIG. 4 is a view showing examples of a g-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 g-axis dynamic inductance and a
d-axis dynamic inductance in a case where an electric motor is energized.

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 (¢/1) of
magnetic flux ¢ which is produced by a certain fundamental-wave-current value
(1. A dynamic inductance corresponds to an amount of change (A¢/Al) of
fluctuation A¢ 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
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
supplied to the synchronous motor M.

Also, each of a d-axis dynamic inductance and a g-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
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) iy,
iv, and iw which flow to the synchronous motor M, and supplies them to the
inverter control apparatus 100.

The coordinate converter 160 is a vector transformation unit which
converts the response current values iv 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 lqc and lqc in @ dcgce 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 l¢c and the gc-axis electric-current
value lqc 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 ldaref and a g-axis electric-current command
lqref. Also, the command generator 110 receives a carrier frequency fcar from the
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 ldref.

FIG. 6 is a block diagram schematically showing a configuration example
of the command generator shown in FIG. 1.

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 dg-axis
electric-current command value which minimizes copper loss, using a map,
approximation, a theoretical relation, or the like, for example. The electric-current
command generator 111 outputs one of calculated dg-axis electric-current
command values, as a first d-axis electric-current command iq1*.

In the present embodiment, by the first d-axis electric-current command
id1*, a fundamental wave current of a magnitude which is equal to or greater than
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 is2* while setting an absolute value of the first d-axis
electric-current command i¢1* to be equal to or lower than a lower limit iaim, and
calculates and outputs the second d-axis electric-current command iq2* so that a
sign of the second d-axis electric-current command iq2* is identical to a sign of
the first d-axis electric-current command ia1*.

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.

The absolute-value calculator ABS receives the first d-axis
electric-current command i¢1* 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 ig1*.

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
d-axis electric-current command id¢1* from the absolute-value calculator ABS, and
outputs an absolute value of the second d-axis electric-current command ia2*
which is equal to an absolute value of the first d-axis electric-current command
ig1* when an absolute value of the first d-axis electric-current command ia1* is
equal to or greater than the lower limit iaim. On the other hand, the lower-limit
setting unit LIM outputs an absolute value of the second d-axis electric-current
command ig2* which is equal to the lower limit isim when an absolute value of the
first d-axis electric-current command iq¢1* is smaller than the lower limit igim.

The sign determining unit 112A receives the first d-axis electric-current
command is1* from the electric-current command generator 111, and determines
whether the first d-axis electric-current command ia1* 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 iq¢1* is greater than zero, and outputs
“.1” when the first d-axis electric-current command ia1* is equal to or smaller than
zero.

The multiplier 112B multiplies an absolute value of the second d-axis
electric-current command iq2* 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.

For example, when the first d-axis electric-current command iq1* 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 ia2* as
shown in FIG. 8.

As described above, by setting a lower limit to an amplitude of a d-axis
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 ia2* from the limiting unit 112, and calculates a g-axis
electric-current command ig* using the following [Expression A].

[Mathematical 1]
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*
x

! p (Ld - Lq}d;

It is noted that Ld represents a d-axis inductance, p represents the
number of pole pairs, Lq represents a g-axis inductance (which is a value
corrected by the Lq corrector 116).

The Lq (g-axis inductance) corrector 116 receives the g-axis
electric-current command lqref calculated in the electric-current corrector 115,
calculates the g-axis inductance Lq using a map or approximation, and outputs
its result to the electric-current corrector 115.

When the g-axis electric-current command ig* (= the g-axis
electric-current command lqrer) is calculated by the foregoing [Expression A], the
g-axis electric-current command Iqref is a value based on the torque command T*
and a second d-axis electric-current command iq2*, 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.

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 iq2*
is output as the d-axis electric-current command laref 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 g-axis
electric-current command is output from the electric-current corrector 115 via the
time delay unit 113. Accordingly, the g-axis electric-current command lqrer is
output while being delayed with respect to the d-axis electric-current command
laref 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 larer and lqref Which are output
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
becoming unstable.

i [Expression A]
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Additionally, though an example in which an upper limit to an amplitude of
the d-axis electric-current command laref is set has been described in the present
embodiment, also in a case where an upper limit to an amplitude of the g-axis
electric-current command lqref is set, it is possible to produce the same effects as
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
triangular wave at a predetermined frequency.

The electric-current controller 120 includes a Pl
(proportional-plus-integral) controller, for example. The electric-current controller
120 compares the dc-axis electric-current value l4c and the qc-axis
electric-current value lqc which are supplied from the coordinate converter 160,
with the d-axis electric-current command laref and the g-axis electric-current
command lqref, and calculates and outputs voltage commands Vac and Vqc so that
the dc-axis electric-current value lsc and the d-axis electric-current command lare
are equal to zero and a difference between the gc-axis electric-current value lqc
and the g-axis electric-current command Iqref is equal to zero.

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

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
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
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.



10

15

20

25

30

35

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 Van output from the
high-frequency-voltage superposing unit 130 is a high-frequency- voltage
command which has a predetermined amplitude Vi and a high-frequency
voltage period (1/fan) 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
electric-current controller 120, updates the voltage command Vuc output from the
electric-current controller 120 by adding the high-frequency voltage Vah to the
voltage command Ve, and outputs its result.

The coordinate converter 140 is a vector transformation unit which
converts the voltage commands V4c and Vqc of the dcqc estimated rotation
coordinate system into voltage commands Vu*, Vv*, and Vw* of the three-phase
fixed coordinate system, using the phase-angle estimation value Best supplied
from the rotation-phase-angle/speed estimator 180.

In the present embodiment, the voltage commands Vac and Vqc supplied
from the coordinate converter 140 have values based on the electric-current
commands laref and lqref 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 Vac 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 (=
West/2TT) can be obtained.

The modulator 150 generates gate commands Vu_pwwm, 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
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 V.u_rwwm, Vv_pwm, and Vw_pwm output from the
above-described modulator 150, so that a fundamental wave current which is
synchronous with the rotor speed (= west) and the rotor frequency (= West/21T),
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.
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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
(output electric current) Iy and the qc-axis response current value (output
electric current) lyc from the coordinate converter 160, and extracts and outputs
a high-frequency electric-current value iy’ at a frequency equal to a frequency
fan of the high-frequency voltage Vg, which is superposed on the dc-axis voltage
command Vg4 by the adder 190.

The FFT analyzer 172 carries out FFT analysis of the high-frequency
electric-current value iy, detects a high-frequency-current amplitude lyn, 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 B.s and the rotation-speed estimation
value west using the high-frequency-current amplitude Ien and the high-
frequency voltage Vgp.

Below, respective elements of the inverter control apparatus 100 will be
described in detail.

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 183.

For example, in a case where the rotation-phase-angle error A8 is zero in
the synchronous motor M (in a case where an actual dg-axis matches an
estimated dcqc-axis), a voltage equation is expressed by the following
[Expression 1].

[Mathematical 2]

Vol R+pL, —(oeLq i, e -
v, - ol, R+pl |i xpression 1]

In the foregoing [Expression 1], vy represents a d-axis voltage, vq
represents a g-axis voltage, iy represents a d-axis electric current, iq represents
a g-axis electric current, R represents coil resistance of an armature, we
represents an angular velocity of an electrical angle, L4 represents a d-axis
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inductance, Lq represents a g-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
8, in a case where the rotation-phase-angle estimation value Best is not equal to a
true rotation phase angle 6, a dcqc-axis voltage equation is rewritten as
[Expression 2].

[Mathematical 3]

R-0lL -o,L ] L, L ]
I:Vdc:l - l: e ~dgc a, qc :”:ldc:l + pl: de dgc :":lAdc :‘ [Expression 2]
vqc wede R+ wequc lqc quc ch lqc

Where, L, =L,+L cos2A8

L, =1L,—L cos2A0

L, =L sm2A0
_ (Ld +Lq)
0 2
L - (Za -L_)
2

Further, to reorganize the foregoing [Expression 2] for an electric-current
differential term results in the following [Expression 3].
[Mathematical 4]

x| 1 |Ly—Lcos2A8 - Lsin2A6
i |TLrL,| -Lsin2a6 L, +L,cos246

5
3 {{r* :l _{ R -l :I{id, ] _[— ®,L,sin2A8 o, cos 2A49Ii,JE }} [Expression 3]
Ve w,L, R I ®,L, cos2A8 L sin 2A0 | i,

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

L 1 |Ly—L,cos2A8 —Lsin2A0 [V,
P |TLL,| -Lsin246  I,+,cos2A0

gc

} [Expression 4]

vqc
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]
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] L —

ldc l q Ld ‘

= -L +L —

p[i ] L, ¢ {dzq -ZAG})‘”' _[1';[-2 AD v, [Expression 5]
Lqu

According to the foregoing [Expression 5], it is found that a gc-axis
harmonic electric current igc varies depending on the rotation-phase-angle error
AB. By performing transformation with regard to a qc-axis component, it is
possible to express the rotation-phase-angle error A8 as the following
[Expression 6].

[Mathematical 7]

g - tats Pl

Lq —L; v,

The rotation-phase-angle error calculator 181 calculates and outputs the
rotation-phase-angle error 8 ABest using the above-described characteristics of
rotation-angle dependence.

The PI controller 182 calculates and outputs the rotation-speed
estimation value west by exercising Pl control so that the rotation-phase-angle
error estimation value ABest is zero.

The integrator 183 calculates and outputs the rotation phase angle Best 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
salient-pole synchronous motor which rotates utilizing magnetic saliency, a
difference between dynamic inductances (Lq — La) 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
(Ad/Al) of a change Ad in magnetic flux to a change Al in an electric current and
a static inductance which is a ratio (¢/1) of fundamental-wave magnetic flux ¢ to a
fundamental wave current | are assumed to be different from each other, the
voltage equation of [Expression 1] can be expressed as [Expression 7].

[Mathematical 8]

[vd} = [R tPLay ol ][ld} [Expression 7]
\Z wl, R+pL

q qh lq

[Expression 6]
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Here, in the foregoing [Expression 7], L¢a Or Lqa represents an inductance
related to a fundamental wave current (i.e., static inductance), and Ldnh or Lqn
represents an inductance related to a change in an electric current (i.e., dynamic
inductance).

Further, a high-frequency electric current in this case can be expressed
by the following [Expression 8].

[Mathematical 9]

iy Ly, —L,cos2A8  —L,sin2A8 |v, .
ol = LI ) i SHY “ 1 [Expression 8]
i L,L —L,sin2A8 Ly, +L,cos2A@8| v,

qc 'qh

In the expression, L,= w L, = M
2 2
Moreover, if a high-frequency voltage is applied to only a dc-axis which is
an estimated d-axis, [Expression 8] can be expressed as [Expression 9].
[Mathematical 10]

. L |
e L L [q,h [Expression 9]

= — + VvV
p i Ld [qh dh2 qh 2AG ah

qc
Each of a d-axis and a g-axis can be rewritten as follows.
[Mathematical 11]

. Vi
b, = [Expression 10]
dh
. th - th .
plt,.=——— AG- Va,  [Expression 11]
* L,L
dh*~'qh

By transformation of the foregoing [Expression 11], the
rotation-phase-angle error estimation value A8 is expressed by the following
[Expression 12].

[Mathematical 12]

AG = LaLa Lach [Expression 12]

th =Ly Va

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 A8 cannot be
grasped, so that calculation of the rotation-phase-angle estimation value Best
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becomes difficult.

FIG. 13A is a view showing examples of a d-axis electric current and a g-
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
and a g-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.
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 Lq4n and the g-axis dynamic inductance Lqn is
approximately zero. Accordingly, a denominator in the foregoing [Expression
12] inevitably becomes equal to approximately zero.

Under the foregoing circumstances, when the rotation-phase-angle
estimation value B¢t was calculated using [Expression 12], the rotation-phase-
angle error estimation value AB.g did not converge on zero and the rotation-
phase-angle estimation value B¢t 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.

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
synchronous motor M is set so as to allow a d-axis dynamic inductance to be
sufficiently saturated, and a limit (igmin) 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
magnetic saturation of the rotor 20 to proceed.

FIG. 14A is a view showing examples of a d-axis electric current and a g-
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 g-axis dynamic inductance in a case where the d-axis electric current and
the g-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
becomes greater than that in a case where an electric current is zero.

Under such circumstances, when the rotation-phase-angle estimation
value Bt was calculated using the foregoing [Expression 12], the rotation-
phase-angle error estimation value AB.; 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°.

It is noted that a fundamental wave current is supplied to not only a d-
axis but also a g-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 g-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 g-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.

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

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.

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
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.

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
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
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
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
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
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 ABest using voltage command Vac
and Vqc, detected electric-current values lac and lqc (or electric-current
commands ldref and lgrer), and a set value Lda_set Of a static dynamic inductance.

The rotation-phase-angle/speed estimator 180 includes a second
phase-angle error estimator 180B which calculates the rotation-phase-angle
error estimation value ABest using an extended induced voltage, for example, a
Pl controller 187, and an integrator 188.

Whereas the foregoing [Expression 2] is used as a voltage equation in the
first embodiment, the expression can be rewritten in terms of an extended
induced voltage, as the following [Expression 13].

[Mathematical 13]
|:vd:| [R+plL,-L, )+ pL, olL, L) (oLd][idjl

wL, R+ pL, i,

[R+pL, o, }[l}f

1
E_ .
i oL, R+pl, }r x L)J [Expression 13]

Iy
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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 _qu.pidc + a’iqc)

Further, in a case where an error occurs in a rotation phase angle,
[Expression 13] can be represented by [Expression 14].

[Mathematical 15]

Va | _|R¥PL, —oby Jla ) o cosAO [Expression 14]
¥ wl, R+pL,|i, "lsinAg

®
Further, to transform [Expression 14] results in the following [Expression
15].
[Mathematical 16]
E_cosAB v R+pL -—wL, |i
[E:Smw}{v:]—[ aiz ! R+p;_q][ij [Expression 15]
When each of a d-axis and a g-axis in the foregoing [Expression 15] is
divided, [Expression 16] is provided.
[Mathematical 17]
E sin A8 tan AG = Voo ~ DegLgla —(R+ pL))i,
E cosA@ ve—(R +qu)idc + 0, L
Moreover, by obtaining an arc tangent of [Expression 16], it is possible to
calculate the rotation-phase-angle error A6 by [Expression 17].
[Mathematical 18]

[Expression 16]
3

A@ = tan a) Ve — westLdidc - (R + qu )iqc
ve—(R+ qu)idc + @y Ly

} [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]

-w, L, — quc

.
Af=tan{ L _* :
v —Rig + @, L,

} [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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e ""} [Expression 19]

d_ sor! gc

A8 =tan"{vq‘ =
Vo =R lg + O L
Here, R _set represents a set value of resistance, and Ld_set represents a
set value of a d-axis inductance.
Further, in a case where voltage drop due to resistance is negligible, the
foregoing [Expression 19] can be rewritten as [Expression 20].
[Mathematical 21]

(l) Ld serdc

A@ =tan~ { £ } [Expression 20]

+(0 Ld ser qc

The second phase-angle error estimator 180B calculates the
rotation-phase-angle error estimation value ABest using the foregoing
[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 (lqc X West) and a set value Lda_set Of
d-axis static inductance, and outputs its result to an adder B1. The adder B1
adds the dc-axis voltage command Ve and an output (lgc % 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
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 Lda_set Of
d-axis static inductance, and outputs its result to a subtracter B3. The subtracter
subtracts an output (lac * West X Lda_set) Of the inductance setting unit 185 from
the gc-axis voltage command Vqc, and outputs its result.

A divider B5 divides an output of the subtracter B3 by an output of the
adder B1, 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 ABest.

The Pl controller 187 exercises Pl control in such a manner that the
rotation-phase-angle error estimation value ABest 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 Bgs;t.

Here, whereas a rotation-phase-angle error is calculated using the set
value (Lga_set)Of d-axis static inductance according to the foregoing [Expression
13], a result of calculation of the rotation-phase-angle error estimation value
ABgst converged on a phase which was not intended, so that the rotation-phase-
angle estimation value B¢s; could not be accurately calculated in some cases,
because a d-axis static inductance (Lga) 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
inductance Ly, 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
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.

In this case, in an equation for calculating the rotation-phase-angle error
estimation value A8y, only the d-axis static inductance L4y 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
adjustment is improved.

Also, though in the present embodiment, an equation of a d-axis and an
equation of a g-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
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 g-axis direction in the foregoing
[Expression 15] results in the following [Expression 21].

[Mathematical 22]
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) v,.o-—e L. i -R
sInAf == = e
E

X

’QFI.Q”

=== [Expression 21]

Further, in a case where the rotation-phase-angle error estimation value
ABgs; is small and voltage drop due to resistance is negligible, the following
[Expression 22] is provided.

[Mathematical 23]

K .qr - (oesrLr.’::_serfr.’r
E

Af=

[Expression 22]

As expressed in the foregoing [Expression 22], it is possible to calculate
the rotation-phase-angle error estimation value AB.g by providing the set value
Lga_set ONly for a static inductance in a d-axis direction.

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
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
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
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
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,
removes a high-frequency component therefrom, and outputs its result to the
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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 flg when the rotation-speed
estimation value wes; is equal to or smaller than the predetermined threshold,
while outputting “0” as the control changeover signal flg when the rotation-
speed estimation value wegt 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
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.
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
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 A8 using a high-frequency voltage signal and a high-
frequency electric current, a second phase-angle error estimator 180B which
calculates the rotation-phase-angle error estimation value AB¢s; using a voltage
command and an electric-current command or a detected electric-current value,
Pl 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
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-
speed estimation value so that the rotation-phase-angle error estimation value
AB¢s; output from the first phase-angle error estimator 180A is equal to
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zero, and outputs its resulit.

The PI controller P2 includes a Pl controller which calculates a
rotation-speed estimation value west so that the rotation-phase-angle error
estimation value ABest output from the second phase-angle error estimator 180B
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 Pl controller P1 is input, a
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”.

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.

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,
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 Vdn 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
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
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 ABest
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
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.

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.

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
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
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
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
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 |w 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.

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
calculates a rotation phase angle 6 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 Pl controller 122 which
outputs a d-axis voltage command V4 so that a difference between a d-axis
electric-current command ldref and a d-axis electric-current lq is equal to zero, a
PI controller 123 which outputs a g-axis voltage command Vg so that a difference
between a g-axis electric-current command Iqref and a g-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
(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
can be calculated by the following [Expression 23].

[Mathematical 24]

Va| _[RHPLa oLy i, [Expression 1]
v oL, R+pL,|i,

q

["d_FF] { ) "“’=Lw-="][':=’°} [Expression 23]

"q_FF (D‘L da_ser 0 1 gc

To do a subtraction regarding [Expression 1] and [Expression 23] results
in the following [Expression 24].
[Mathematical 25]

v R+pL ~o\L, L, )li .
il S B o ) Lo =L ! [Expression 24]
Vorr @, (Lda - Lda_ser R+ pl.q,, T

(]

In this regard, [Expression 24] means an output of an electric-current PI
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At that time, assuming that a motor parameter is equal to a set value, i.e.,
Laa is equal to Lga_set and Lqa is equal to Lga_set, [Expression 24] is transformed to
[Expression 25].

[Mathematical 26]

var [R+PLy 0 Tiy .
{ [ o repr,ly, | [Expression 25]

Veri
Further, when [Expression 25] is transformed, [Expression 26] and
[Expression 27] are provided.
[Mathematical 27]

—_ Y :
= RrpL, [Expression 28]
o Y .
=% P [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 Pl control is exercised to control an
electric current in the foregoing expressions. A d-axis loop transfer function in a
case where Pl control is exercised is represented by the following [Expression
28].

[Mathematical 28]
= rE -

LY. «!_;  [Expression 28]

{11 1
1+K | 1+ — | =
‘”’[\ sr,{]R(Hsr,)

Km.[’l+

A

liker =

In the expression, T, represents an arbitrary time constant, s:p represents a differential operator, and
Kpq represents a d-axis proportional gain.

When the foregoing [Expression 28] is transformed into a form of a
transfer function, the following [Expression 29] is provided.
[Mathematical 29]

. N

K;«il 1+.sr.__.J 1 1

3 8T,

R{l+sr,) [Expression 29]
I+s7,

Sy

1 1

1+K -
P"l\ R(l+st,)

Here, when a Pl controller is designed such that 1a is equal to 14, the
foregoing [Expression 29] is transformed to the following [Expression 30].
[Mathematical 30]
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[Expression 30]

By designing a Pl controller as expressed by the foregoing [Expression
30}, it is possible to regard a synchronous motor as a plant with an arbitrary time
constant Trew, 50 that an electric current can be controlled by adjustment of a
gain Kpad.

Here, it is assumed that Lda is equal to Lda_set and Lqa is equal to Lga_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
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
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 laref is
supplied to a proportional controller P and an integral controller | of the PI
controller 122.

Also, whereas a Pl controller is designed such that an arbitrary time
constant 1a is equal to a time constant 14 of a motor in the foregoing [Expression
30], a d-axis dynamic inductance Ldn should be known in order to achieve such
design, and those values, like the above-described static inductance, greatly
vary under influence of magnetic saturation. Variation of a g-axis dynamic
inductance Lqn 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 Lan, the d-axis dynamic inductance Lan in a state where
magnetic saturation proceeds is approximately ten times as great as the d-axis
dynamic inductance Lah 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
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
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 g-axis dynamic
inductance and a g-axis static inductance greatly vary. It is noted that whereas a
g-axis inductance can be magnetically saturated, this situation should be
avoided because both of a d-axis and a g-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
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
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.

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
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
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



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. Aninverter 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 comprises a limiting unit that sets, when an

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

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

driving the inverter main circuit.

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

the command generator comprises
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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
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
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.

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
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
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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. 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;

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
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
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.





