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(57) Abrégé/Abstract:

A control apparatus for controlling an electrical unit includes; a conversion unit configured to convert a signal from an analog format
to a digital format; a calculation unit configured to calculate a duty command value for performing a PWM control for the electrical
unit; a generating unit configured to generate a PWM signal on the basis of the duty command value and a carrier signal; a control
unit configured to control the AC power by switching a connection state of a switching element on the basis of the PWM signal; a
dead time compensating unit configured to provide the PWM signal with a dead time and compensate the duty command value on
the basis of the dead time; and a correction unit configured to adjust switching timing of the switching element by correcting the
duty command value on the basis of whether the carrier signal is increasing or decreasing.
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ABSTRACT

A control apparatus for controlling an electrical unit includes; a
conversion unit configured to convert a signal from an analog format to a
digital format; a calculation unit configured to calculate a duty command
value for performing a PWM control for the electrical unit; a generating unit
configured to generate a PWM signal on the basis of the duty command
value and a carrier signal; a control unit configured to control the AC power
by switching a connection state of a switching element on the basis of the
PWM signal; a dead time compensating unit configured to provide the PWM
signal with a dead time and compensate the duty command value on the
basis of the dead time; and a correction unit configured to adjust switching
timing of the switching element by correcting the duty command value on

the basis of whether the carrier signal is increasing or decreasing.
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DESCRIPTION
CONTROL APPARATUS AND CONTROL METHOD

TECHNICAL FIELD
[0001] The present invention relates to a control apparatus and a control

method for controlling AC power supplied to an electrical load.

BACKGROUND ART

[0002] As a control apparatus for controlling an electric load such as a
motor, there is known an apparatus that performs analog-to-digital (A/D)
conversion for an AC current of a motor at the timing when a carrier signal
used by a pulse width modulation (PWMj control is at a peak and a valley, and
calculates a duty command value on the basis of the converted current data.
[0003] In such a control apparatus, in order to prevent a pair of
semiconductor devices arranged in the same phase from being simultaneously
turned on when generating a PWM signal in response to a duty command
value, a delay time called a “dead time” is provided in the PWM signal. In
addition, a center timing of an ON period of the PWM signal provided with the
dead time is deviated from an A/D conversion timing executed in a peak and a
valley of the carrier signal, and a sampling error is included as a noise in the
current data subjected to the A/D conversion.

[0004] In this regard, JP2007-159185A discusses a technique of matching
the A/D conversion timing with the center timing of the ON period of the PWM
signal by shifting the A/D conversion timing by a half of a predetermined dead

time from the peak or the valley of the carrier signal.

SUMMARY OF INVENTION

{0005] However, in the aforementioned technique, the A/D conversion
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timing is uniformly shifted by a predetermined time regardless of a duty ratio
of the PWM signal. Therefore, the A/D conversion timing and the center
timing of the ON period of the PWM signal may be deviated from each other in
some cases.
[0006] For example, in a control apparatus in which the dead time is
shortened as the duty ratio increases in the vicinity of a duty ratio of 100%, the
A/D conversion timing is uniformly shifted in spite of a fact that a period of the
dead time changes depending on the duty ratio. In this configuration, when
the duty ratio is at 100%, the dead time is not provided in the PWM signal.
Therefore, in particular, a deviation between the A/D conversion timing and
the center timing of the ON period of the PWM signal increases. As a result,
the sampled current data has a waveform in which a sinusoidal wave is
collapsed. Therefore, a harmonic noise component is mixed in the current
data.
[0007]  In this manner, if the A/D conversion timing is uniformly shifted by
a half of the dead time, a deviation is generated between the A/D conversion
timing and the center timing of the ON period of the PWM signal, so that a
sampling noise may be mixed in the detection signal of the AC current in some
cases.
[0008] In view of the aforementioned problems, it is therefore an object of
the present invention to provide a control apparatus and a control method
capable of suppressing degradation of detection accuracy of AC current

supplied to an electrical load.
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[0009] According to an aspect of the present invention there is
provided a control apparatus for controlling an electrical unit driven by AC
power, the control apparatus comprising:

a pair of switching elements configured to convert power from a
power source into AC power and supply the AC power to the electrical unit;

a conversion unit configured to obtain a current or voltage signal
supplied to the electrical unit and convert the signal from an analog format
to a digital format;

a calculation unit configured to calculate a duty command value for
performing a pulse width modulation (PWM) control for the electrical unit
on the basis of the signal converted by the conversion unit;

a generating unit configured to generate a PWM signal on the basis
of the duty command value calculated by the calculation unit and a carrier
signal for performing the PWM control;

a control unit configured to control the AC power supplied to the
electrical unit by switching a connection state of a switching element on
the basis of the PWM signal generated by the generating unit;

a dead time compensating unit configured to provide the PWM signal
with a dead time in which the pair of switching elements are in a non-
conduction state simultaneously, and compensate the duty command
value on the basis of the dead time; and

a correction unit configured to determine whether an amplitude of
the carrier signal increases or decreases, and to adjust a switching timing
of the switching element by correcting the duty command value
compensated by the dead time compensating unit on the basis of whether
the amplitude of the carrier signal is increasing or decreasing determined

by the correction unit.
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According to another aspect of the present invention, there is
provided a control method of a control apparatus provided with a pair of
switching elements configured to convert power from a power source into
AC power and supply the AC power to an electrical unit, a conversion unit
configured to obtain a current or voltage signal supplied to the electrical
unit and convert the signal from an analog format to a digital format, a
calculation unit configured to calculate a duty command value for
performing a pulse width modulation (PWM) control for the electrical unit
on the basis of the signal converted by the conversion unit, and a dead
time compensating unit configured to provide a PWM signal with a dead
time in which the pair of switching elements are in a non-conduction state
simultaneously, and compensate the duty command value on the basis of
the dead time, the control method comprising the steps of :

determining whether a amplitude of a carrier signal for the PWM
control is increasing or decreasing;

correcting a duty command value compensated by the dead time
compensating unit on the basis of whether the amplitude of the carrier
signal is increasing or decreasing determined in said determining so as to
adjust a switching timing of a switching element ;

generating a PWM signal on the basis of the duty command value
corrected in said correcting and the carrier signal; and

controlling the AC power supplied to the electrical unit by switching
a connection state of the switching element on the basis of the PWM signal

generated by a generating unit.

BRIEF DESCRIPTION OF DRAWINGS
[0010] FIG. 1 is a diagram illustrating an exemplary configuration of
a control apparatus for controlling an electric motor apparatus according

to a first embodiment of the invention;

Date Regue/Date Received 2021-08-20



-3b-

FIG. 2 is a timing chart illustrating a relationship between an AID
conversion timing and a carrier signal in the control apparatus;

FIG. 3 is a block diagram illustrating an exemplary configuration of
the PWM converter according to an embodiment of the invention;

FIG. 4 is a timing chart illustrating an exemplary method of
generating a PWM voltage on the basis of a duty command value;

FIG. 5 is a flowchart illustrating an exemplary processing sequence
of a control method for controlling a motor according to an embodiment of

the
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invention;

FIG. 6 is a timing chart illustrating a method of correcting the duty
command value according to a second embodiment of the invention;

FIG. 7 is a flowchart illustrating an exemplary processing sequence of the
control method according to an embodiment of the invention;

FIG. 8 is a timing chart illustrating a method of correcting a duty
command value according to a third embodiment of the invention;

FI1G. 9 is a flowchart illustrating an exemplary processing sequence of the
control method according to an embodiment of the invention;

FIG. 10 is a block diagram illustrating an exemplary configuration of a
PWM converter according to the third embodiment of the invention;

FIG. 11 is a timing chart illustrating a method of correcting the duty
command value according to an embodiment of the invention; and

FIG. 12 is a flowchart illustrating an exemplary processing sequence of

the control method according to an embodiment of the invention.

DESCRIPTION OF EMBODIMENTS
[0011] Embodiments of the present invention will now be described with

reference to the accompanying drawings.

<First Embodiment>

[0012] FIG. 1 is a diagram illustrating an exemplary configuration of a
control apparatus according to a first embodiment of the invention.

[0013] The control apparatus 100 is a motor control apparatus for driving
the motor 6. The control apparatus 100 is mounted on, for example, a hybrid
vehicle, an electric vehicle, or the like. According to this embodiment, the
control apparatus 100 executes a vector control to control AC power supplied

to the motor 6.
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[0014] The control apparatus 100 includes a motor torque control unit 1, a
dg-axis/uvw-phase converter 2, a pulse width modulation (PWM) converter 3,
an inverter (INV) 4, and current detectors 5u and Sv. The control apparatus
100 includes a rotor position detector 7, a motor rotation speed calculator 8, a
uvw-phase/dg-axis converter 9, a battery 10, and a battery voltage detector
11.
[0015] The motor 6 is an electrical unit driven by AC power. As the motor
6, an electrical load such as a driving motor or a steering motor is used. The
motor 6 is a poly-phase AC motor driven by three-phase AC currents including
U-phase, V-phase, and W-phase currents in this embodiment. The motor 6 is
provided with the rotor position detector 7.
[0016] The rotor position detector 7 detects a position of the rotor of the
motor 6 at a predetermined cycle. The rotor position detector 7 is, for
example, a resolver. The rotor position detector 7 outputs a detection signal
representing an electrical angle 6 of the rotor to the dg-axis/uvw-phase
converter 2, the motor rotation speed calculator 8, and the uvw-phase/dqg-axis
converter 9 on the basis of the detection result.
[0017] The motor rotation speed calculator 8 is provided with a conversion
unit that obtains a detection signal from the rotor position detector 7, performs
A/D conversion for the detection signal from an analog format to a digital
format, and outputs the electrical angle detection value 6. The motor rotation
speed calculator 8 calculates a difference between the present electrical angle
detection value 6 and the previous electrical angle detection value, that is, a
change amount of the electrical angle detection value per unit time, on the
basis of the electrical angle detection value 6 subjected to the A/D conversion.
The motor rotation speed calculator 8 calculates a rotation speed N of the
motor 6 from the change amount of the electrical angle detection value and

outputs the rotation speed N to the motor torque control unit 1.
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[0018] The battery 10 is a power source for supplying power to the motor 6
through the inverter 4. The battery 10 outputs DC power to the inverter 4.
The battery 10 is, for example, a lithium ion battery.
[0019] The battery voltage detector 11 detects a voltage of the battery 10.
The battery voltage detector 11 outputs a battery voltage detection value Vac
representing the detected voltage to the motor torque control unit 1.
[0020]  The motor torque control unit 1 obtains a torque command value T*
that determines a driving force of the motor 6 from a controller (not shown).
The controller (not shown) calculates a torque command value T* depending
on a vehicle driving state. For example, as an accelerator pedal depression
level of a vehicle increases, the torque command value T* output to the motor
torque control unit 1 increases.
[0021] The motor torque control unit 1 calculates the d-axis voltage
command value vq* and the g-axis voltage command value vq* on the basis of
the torque command value T*. The d-axis current detection value iq and the
g-axis current detection value iq are obtained by converting detection values of
the three-phase AC currents supplied to the motor 6 into dg-axis coordinates.
[0022] According to this embodiment, the motor torque control unit 1
calculates the d-axis current command value and the g-axis current command
value on the basis of the torque command value T*, the battery voltage
detection value Vg, the d-axis current detection value i4, and the g-axis
current detection value ig. The motor torque control unit 1 calculates the
d-axis voltage command value vq* and the g-axis voltage command value vg* by
executing the current vector control operation on the basis of the calculated
d-axis current command value and the calculated g-axis current command
value. The motor torque control unit 1 outputs the calculated d-axis voltage
command value vq* and the calculated g-axis voltage command value vg* to the

dg-axis/uvw-phase converter 2.
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[0023] The dg-axis/uvw-phase converter 2 converts the d-axis voltage
command value vq¢* and the g-axis voltage command value v¢* into the
three-phase voltage command value including the U-phase voltage command
value vy*, the V-phase voltage command value vw*, and the W-phase voltage

command value vy* using the following Equation (1) on the basis of the

electrical angle detection value 6 from the rotor position detector 7.

[0024]
|Equation 1]
1 0
V‘: 21 1 I3 [cos@ —sin@]v, 1)
v |==-= — .
. 3| 2 2_|sin@ cos6 |v,
L33
2 2
0025 The dg-axis/uvw-phase converter 2 outputs the three-phase voltage
q P

command values vu*, vw*, and vw* to the PWM converter 3.
[0026] The PWM converter 3 controls the AC power supplied to each phase
of the motor 6 from the inverter 4 by executing pulse width modulation (PWM)
on the basis of the three-phase voltage command values vy*, w*, and vy*.
That is, the PWM converter 3 performs PWM control for the power supplied to
each phase of the motor 6 from the battery 10.

[0027] According to this embodiment, the PWM converter 3 generates each
PWM signal for driving each of a pair of switching elements provided for each
phase of the motor 6 on the basis of the three-phase voltage command values
¥, w*, and vw* and the battery voltage detection value Vee.

[0028] In addition, the PWM converter 3 adds a dead time to each PWM
signal supplied to each of a pair of switching elements in order to prevent a

pair of the switching elements from being conduced simultaneously. The
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PWM converter 3 outputs the PWM signal obtained by adding the dead time to
the inverter 4 as a driving signal of the switching element.
[0029] For example, the PWM converter 3 calculates a duty command value
for determining a pulse width of the voltage supplied to the U-phase on the
basis of the U-phase voltage command value vu* and the battery voltage
detection value Vq.. The PWM converter 3 generates each PWM signal to a
pair of switching elements corresponding to the U-phase on the basis of the
calculated U-phase duty command value and the calculated carrier signal.
The PWM converter 3 outputs each driving signal Puyw and Pu obtained by
adding the dead time to each pulse of the PWM signal to control terminals of a
pair of switching elements.
[0030] The PWM converter 3 outputs driving signals Pu and Pu to each
control terminal of a pair of switching elements corresponding to the U-phase
and outputs driving signals Py and Py to each control terminal of a pair of
switching elements corresponding to the V-phase. In addition, the PWM
converter 3 outputs driving signals Py, and Pw to each control terminal of a
pair of switching elements corresponding to the W-phase of the motor 6.
{0031] The inverter 4 controls AC power supplied to each phase of the
motor 6 by switching a connection state (ON/OFF) of a pair of switching
elements of each phase on the basis of the driving signals Puu, Put, Peu, Py, Pau,
and Pw generated from the PWM converter 3.
[0032] The inverter 4 has a pair of switching elements connected in parallel
with the battery 10 for each phase of the motor 6. A pair of switching
elements constitute a switching circuit in which two semiconductor devices
are connected in series. In the following description, the switching element
connected between a positive terminal of the battery 10 and a power terminal
of the motor 6 will be referred to as an “upper stage switching element,” and a

switching element connected between the power terminal of the motor 6 and a
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negative terminal of the battery 10 will be referred to as a “lower stage
switching element.”
[0033] The upper stage switching element supplies an electric potential
+V4c/2 generated in the positive terminal of the battery 10 in a conducted state
(ONj and stops supply of the electric potential in a non-conducted state (OFF).
Meanwhile, the lower stage switching element supplies the electric potential
-Vdae/2 generated in the negative terminal of the battery 10 to the motor 6 in a
conducted state and stops supply of the electric potential to the motor 6 in a
non-conducted state.
[0034] As the switching element, for example, a power element such as a
field effect transistor (FET) is employed. The switching element can be
switched to ON or OFF in response to a pulse supplied to its control terminal
(for example, gate terminal).
[0035] The inverter 4 converts the DC voltage V4c of the battery 10 to
three-phase PWM voltages vu, W, and vw on the basis of driving signals Puy, Pu,
Puw, Pu, Pwu, and Pw supplied to each switching element from the PWM
converter 3. The inverter 4 supplies the U-phase PWM voltage vy to the
U-phase coil of the motor 6, supplies the V-phase PWM voltage vv to the
V-phase coil, and supplies the V-phase PWM voltage vw to the V-phase coil.
As a result, AC currents iy, iv, and iw flow to the coils of each phase of the motor
6.
[0036]  In this manner, the inverter 4 converters the DC voltage from the
battery 10 into a three-phase pseudo-sine wave voltage and supplies it to the
motor 6. Thatis, the inverter 4 converts the DC power from the power source
to AC power and supplies the AC power to the electric motor apparatus.
[0037]  The current detectors 5y and 5y detect the U-phase current i, and
the V-phase current iy, respectively, supplied to the motor 6. The current

detector 5y is connected to a U-phase power line that connects the inverter 4
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and the U-phase coil of the motor 6 and is connected to a V-phase power line
that connects the inverter 4 and the V-phase coil of the motor 6. The current
detectors S5y and Sy output detection signals obtained by detecting the U-phase
current iy and the V-phase current iy to the PWM converter 3 and the
uvw-phase/dg-axis converter 9, respectively.
[0038] The uvw-phase/dqg-axis converter 9 has a conversion unit that
obtains detection signals of the U-phase current iy and the V-phase current iv
output from the current detectors 5y and 5v and performs A/D conversion for
each detection signal from an analog format to a digital format. In addition,
the uvw-phase/dqg-axis converter 9 calculates a W-phase current iw on the
basis of the U-phase current iy and the V-phase current iy subjected to the A/D
conversion using a relationship of the following Equation (2).
[0039]
[Equation 2]
i, =~i, ~i, @)

[0040] The uvw-phase/dq-axis converter 9 converts the three-phase
currents iy, iv, and iw flowing to the motor 6 into the d-axis current detection
value ig and the q-axis current detection value igon the basis of the electrical
angle detection value 0 from the rotor position detector 7 using the following
Equation (3).
[0041]
[Equation 3]
/ /
i cos@ sinf | |2 / 2 ot
[iq]:{— siné cas@jf\/—g J3 V3 " ()

0 = -2
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[0042] The uvw-phase/dqg-axis converter 9 outputs the d-axis current
detection value iq and the g-axis current detection value iq to the motor torque
control unit 1. The motor torque control unit 1 feeds back the d-axis current
detection value iq and the g-axis current detection value ig to the d-axis voltage
command value v¢* and the g-axis voltage command value vg* to control the AC
power supplied to the motor 6.
[0043] FIG. 2 is a timing chart illustrating a relationship between the
timings of the A/D conversion performed by the dg-axis/uvw-phase converter
2, the motor rotation speed calculator 8, and the uvw-phase /dqg-axis converter
9 and the carrier signals generated in the PWM converter 3.
[0044] FIG. 2(a} is a diagram illustrating the A/D conversion timing, and
FIG. 2(b) is a diagram illustrating a timing of control operation performed by
the motor torque control unit 1 and the PWM converter 3. FIG. 2(¢) is a
diagram illustrating a waveform of the carrier signal 301 generated by the
PWM converter 3. Note that the abscissas of each of FIGS. 2(a) to 2(c) are
cominon as a time axis.
[0045] As illustrated in FIG. 2(c), the PWM converter 3 generates a
triangular wave as the carrier signal 301 in order to generate the PWM signal.
An amplitude Kp and a cycle t; of the triangular wave are appropriately set
depending on a design of the control apparatus 100 or the like.
[0046] As illustrated in FIGS. 2(a) and 2(b), the A/D conversion is
performed at the timings t1 to t5 at which the triangular wave has a peak and
avalley. Thatis, the A/D conversion is performed at every half of the cycle tc
of the triangular wave (operation period). When the A/D conversion is
completed, a control operation for controlling the motor 6 is executed on the
basis of the detection values and the command values obtained through the
A/D conversion.

[0047] In this manner, since the current value of the motor 6 is sampled at
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peaks and valleys of the triangular wave, a center timing of the pulse of the
PWM voltage is delayed with respect to the A/D conversion timing if the PWM
converter 3 adds the dead time to the PWM signal.
[0048] If the A/D conversion timing and the center timings of the ON and
OFF periods of the PWM voltage are deviated, the A/D converted current data
represent a collapsed sinusoidal waveform. That is, the current data
subjected to the A/D conversion contains a harmonic component as a noise.
Therefore, the accuracy for detecting the AC current supplied to the motor 6 is
degraded.
[0049] In this regard, according to this embodiment, in order to suppress a
pulse delay of the PWM signal, the PWM converter 3 corrects a duty command
value depending on whether the carrier signal is increasing or decreasing.
[0050] FIG. 3 is a block diagram illustrating an exemplary configuration of
the PWM converter 3 according to this embodiment. In FIG. 3, a
configuration for generating driving signals Puy and Pu of a pair of switching
elements corresponding to the U-phase is illustrated.
[0051] The PWM converter 3 includes a carrier signal generating unit 30, a
duty command value calculation unit 31, a dead time compensation
processing unit 32, a pulse timing correction processing unit 33, a PWM
conversion processing unit 34, and a dead time addition processing unit 35.
[0052] The carrier signal generating unit 30 generates a carrier signal for
performing a PWM control for the power supplied to the motor 6. According to
this embodiment, the carrier signal generating unit 30 generates a triangular
wave as the carrier signal as illustrated in FIG. 2(c). For example, the carrier
signal generating unit 30 has a counter to generate a triangular wave by
increasing or decreasing a count value as time elapses. The carrier signal
generating unit 30 outputs the generated triangular wave to the pulse timing

correction processing unit 33 and the PWM conversion processing unit 34.
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[0053] The duty command value calculation unit 31 calculates the U-phase
duty command value Dui* for performing the PWM control for the power
supplied to the ‘U-phase of the motor 6 on the basis of the U-phase voltage
command value w* from the dg-axis/uvw-phase converter 2 and the battery
voltage detection value Vg from the battery voltage detector 11.

{0054] According to this embodiment, the duty command value calculation
unit 31 calculates the U-phase duty command value Dy:1* using the amplitude
Kp of the triangular wave generated from the carrier signal generating unit 30
on the basis of the following Equation (4). The amplitude Kp of the triangular

wave is held in the duty command value calculation unit 31 in advance.

[0055]
[Equation 4]
D, =Ko 4
de

[0056]  As expressed in Equation (4), the duty command value calculation
unit 31 increases the U-phase duty command value Dui* as the U-phase
voltage command value w* increases. In addition, the duty command value
calculation unit 31 increases the U-phase duty command value Dy1* as the
battery voltage detection value Vgc decreases. The duty command value
calculation unit 31 outputs the calculated U-phase duty command value Dy1*
to the dead time compensation processing unit 32.

[0057] The dead time compensation processing unit 32 performs a dead
time compensation processing for the U-phase duty command value Dy;* to
compensate a deviation of the pulse width of the U-phase PWM voltage wy,
caused by adding the dead time tq; to the PWM signal. The dead time tq is a

constant delay time provided in a pair of PWM signals to prevent a pair of
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switching elements from being turned on simultaneously. A delay time
actually elapsing until the PWM signal is supplied to the motor 6 from
generation of the PWM signal may be added to the dead time ta:.
[0058] The dead time compensation processing unit 32 corrects the
U-phase duty command value Dui* such that a deviation of the pulse width of
the U-phase PWM voltage vy is cancelled out depending on a polarity of the
U-phase current iy.
[0059] If the U-phase current iy has a positive value, that is, the U-phase
current iy flows from the inverter 4 to the motor 6, the dead time compensation
processing unit 32 corrects the U-phase duty command value Dy:1* such that
the OFF period of the U-phase PWM voltage vy is reduced. The term "off
period” as used herein refers to a period during which the electric potential of
the negative terminal of the battery 10 is applied to the U-phase of the motor 6.
[0060] Meanwhile, if the U-phase current iy, has a negative value, that is, if
the U-phase current iy flows from the motor 6 to the inverter 4, the dead time
compensation processing unit 32 corrects the U-phase duty command value
Du1* such that the OFF period of the U-phase PWM voltage vy increases.
[0061] According to this embodiment, the dead time compensation
processing unit 32 calculates the duty command value Dy>* subjected to the
compensation processing by correcting the U-phase duty command value Dy1*
on the basis of the U-phase current iy using the following Equation (5).
[0062]
[Equation 5]
D

u

*

2= D]+ sgnfi, ) 2K, (5)
[0063] On the basis of Equation (5), the dead time compensation
processing unit 32 calculates a correction amount 2Kptat/tc for correcting the

U-phase duty command value Du:* using the amplitude Kp of the triangular
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wave, the cycle t, and the dead time tq of FIG. 2(c). This correction amount
2Kptat/tc is a value obtained by converting a half of the dead time ta from a
time domain to a count value domain of the triangular wave.
[0064] If the U-phase current iy is greater than zero (0}, the dead time
compensation processing unit 32 adds the aforementioned correction value to
the U-phase duty command value Du1* to output a duty command value Dyu2*
subjected to the compensation processing. Otherwise, if the U-phase current
Iy is smaller than zero, the dead time compensation processing unit 32
subtracts the aforementioned correction amount from the U-phase duty
command value Dy1* to output the duty command value Dy2* subjected to the
compensation processing.
[0065] The pulse timing correction processing unit 33 performs a pulse
timing correction processing for correcting a deviation of the pulse timing of
the U-phase PWM voltage vy, caused by adding the dead time to the PWM
signal, for the duty command value Du2* subjected to the compensation
processing.
[0066] According to this embodiment, the pulse timing correction
processing unit 33 calculates the corrected duty command value Dus* by
correcting the duty command value Dus* subjected to the compensation
processing depending on whether the carrier signal is increasing or decreasing.
The pulse timing correction processing unit 33 changes a sign of the correction
amount for correcting the duty command value Dus* subjected to the
compensation processing depending on a polarity of the change amount AC of
the triangular wave on the basis of the following Equation (6).
[0067]

[Equation 6]

D}, =D, +sgn(AC)x 2K, " (6)

<
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[0068] A coefficient 2Kpta:/ tc associated with a sign function sgn(AC) of the
second term of the right side of Equation (6) is the correction amount. This
correction amount 2Kptat/tc is a value obtained by converting a half of the dead
time tg from a time domain to a count value domain of the triangular wave.
[0069] The change amount AC of the triangular wave is a difference
between count values of two triangular waves obtained at different timings
during the first control operation. According to this embodiment, the change
amount AC of the triangular wave is calculated by subtracting a value C;
obtained from the first triangular wave from a value Cz obtained from the
second triangular wave on the basis of the following Equation (7).
[0070]

[Equation 7]

AC=C,-C, (7)

[0071] If the change amount AC of the triangular wave calculated on the
basis of Equation (7) is greater than zero, the pulse timing correction
processing unit 33 determines that the triangular wave is in an increasing
period. If the change amount AC of the triangular wave is smaller than zero,
the triangular wave is in a decreasing period.

[0072] That is, the pulse timing correction processing unit 33 determines
whether the triangular wave generated from the carrier signal generating unit
30 is increasing or decreasing. Note that, although the pulse timing
correction processing unit 33 obtains the count values of two triangular waves
in this embodiment, three or more count values of the triangular wave may be
obtained at different timings, and it may be determined whether the triangular
wave is increasing or decreasing on the basis of a plurality of the count values.

[0073] If the triangular wave is in an increasing period, the pulse timing
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correction processing unit 33 adds the correction amount 2Kptat/ tc to the duty
command value Dyu2* subjected to the compensation processing without
switching the sign of the correction value from a positive value (+) to a negative
value (-)
[0074] Meanwhile, if the triangular wave is in a decreasing period, the pulse
timing correction processing unit 33 subtracts the correction amount 2Kptat / te
from the duty command value Dy2* subjected to the compensation processing.
That is, if the triangular wave is in a decreasing period, the pulse timing
correction processing unit 33 switches the sign of the correction amount from
a positive value to a negative value.
[0075] In this manner, the pulse timing correction processing unit 33
calculates the corrected duty command value Dus* by changing the sign of the
correction amount for correcting the duty command value Dy2* in the
increasing period and the decreasing period of the triangular wave. The pulse
timing correction processing unit 33 outputs the corrected duty command
value Dy3* to the PWM conversion processing unit 34.
[0076] The PWM conversion processing unit 34 generates the PWM signals
Puuwo and Puo for driving a pair of switching elements corresponding to the
U-phase on the basis of the corrected duty command value Dus* and the
triangular wave obtained from the carrier signal generating unit 30.
[0077] According to this embodiment, as the corrected duty command
value Dys* is obtained, the PWM conversion processing unit 34 switches the
triangular wave from an increasing period to a decreasing period or from a
decreasing period to an increasing period and then compares the corrected
duty command value Dus* with the triangular wave from the carrier signal
generating unit 30.
[0078] When the corrected duty command value Dys* is smaller than the

count value of the triangular wave, the PWM conversion processing unit 34
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sets the PWM signal Puuo to a high (H) level in order to turn on the upper stage
switching element. Meanwhile, when the corrected duty command value Dus*
is greater than the count value of the triangular wave, the PWM conversion
processing unit 34 switches the PWM signal Puyo from the H-level to a low (L)
level in order to turn off the upper stage switching element.
[0079] In addition, when the corrected duty command value Dus* is smaller
than the count value of the triangular wave, the PWM conversion processing
unit 34 sets the PWM signal Pyjp to an L-level in order to turn off the lower stage
switching element. Meanwhile, when the corrected duty command value Dys*
is greater than the count value of the triangular wave, the PWM conversion
processing unit 34 switches the PWM signal Pyio from an L-level to an H-level in
order to turn on the lower stage switching element.
[0080] The PWM conversion processing unit 34 outputs the PWM signals
Puuo and Puo generated in response to the corrected duty command value Dy3*
to the dead time addition processing unit 36.
[0081] The dead time addition processing unit 35 prepares the dead time ta:
in the PWM signal in order to allow a pair of switching elements to have a
non-conductive state (OFF) simultaneously. The dead time addition
processing unit 35 generates driving signals Pyy and Py to a pair of switching
elements corresponding to the U-phase by adding the dead time tg to each
pulse of the PWM signals Puuo and Puo from the PWM conversion processing
unit 34.
[0082] According to this embodiment, as the PWM signal Pyyo is received
from the PWM conversion processing unit 34, the dead time addition
processing unit 36 generates the driving signal Puw to the upper stage
switching element by delaying the rising timing of the PWM signal Puuo by the
dead time tqt.
[0083] As the PWM signal Py is received from the PWM conversion
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processing unit 34, the dead time addition processing unit 36 generates the
driving signal Py to the lower stage switching element by delaying the rising
timing of the PWM signal Puio by the dead time tq:.
[0084] The dead time addition processing unit 36 outputs the driving
signals Puyy and Py to the control terminals of a pair of switching elements
corresponding to the U-phase.
[0085] Note that, although FIG. 3 shows a configuration for generating
driving signals Puyy and Py on the basis of the U-phase duty command value
Dui*, the configuration for generating the V-phase driving signals Py, and Py
and the configuration for generating the W-phase driving signals Pwu and Puw
are also similar to those of FIG. 2. For this reason, the V-phase and W-phase
configurations of the PWM converter 3 will not be described.
[0086] FIG. 4 is a timing chart illustrating an example of the U-phase PWM
voltage vu generated on the basis of the U-phase duty command value Dyi*
when the U-phase current iy has a negative value.
[0087] FIG. 4(a) is a diagram illustrating the A/D conversion timing
performed by the dq-axis/uvw-phase converter 2, the motor rotation speed
calculator 8, and the uvw-phase/dq-axis converter 9. FIG. 4(b) is a diagram
illustrating a timing of the control operation performed by the motor torque
control unit 1 and the PWM converter 3. FIG. 4(c¢) is a diagram illustrating a
relationship between the U-phase duty command values Dy1*, Du2*, and Dys*
and the carrier signal 301.
[0088] FIGS. 4(d) and 4(e) are diagrams illustrating pulse waveforms of the
PWM signals Puuwo and Puo generated by the PWM conversion processing unit
34. FIGS. 4(f) and 4(g) are diagrams illustrating pulse waveforms of the
driving signals Py, and Py generated by the dead time addition processing unit
35.
[0089] FIG. 4(h) is a diagram illustrating a pulse waveform of the U-phase
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PWM voltage vu generated by the inverter 4 on the basis of the driving signals
Puu and Py. Note that abscissas of FIGS. 4(a) to 4(h) are common as a time
axis.
{0090} As illustrated in FIG. 4(b), the U-phase duty command value Du1* is
calculated during the control operation before the timing t10. Here, since the
U-phase current iy, has a negative value, the duty command value Du2* is
calculated by subtracting the correction amount 2Kptat/tc from the U-phase
duty command value Dyu1* on the basis of Equation (5). As a result, since the
OFF period of the U-phase PWM voltage vy increases. Therefore, a deviation
of the pulse width caused by adding the dead time is compensated.
[0091] In this case, as illustrated in FIGS. 4(b) and 4(c), the pulse timing
correction processing unit 33 obtains the count value of the triangular wave
two times and calculates a change amount AC by subtracting the first count
value C; from the second count value C, on the basis of Equation (7). In
addition, the pulse timing correction processing unit 33 determines whether
the change amount AC of the triangular wave is greater or smaller than zero.
[0092] Since the change amount AC of the triangular wave before the
timing t10 is smaller than zero, the pulse timing correction processing unit 33
determines that the next operation period from the timing t10 to the timing t13
is in an increasing period of the triangular wave and switches the sign of the
correction amount to a negative value. In addition, the pulse timing
correction processing unit 33 calculates the corrected duty command value
Dus* by subtracting the correction amount from the duty command value Dyo*
subjected to the compensation processing on the basis of Equation (6).
[0093] At the timing t10, the triangular wave is in a valley as illustrated in
FIG. 4(c), so that the triangular wave is switched from a decreasing period to
an increasing period. In addition, the corrected duty command value Dys*

calculated during the decreasing period is compared with the triangular wave.
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[0094] At the timing t11, the signal levels of the PWM signals Pyuo and Puo
are switched as illustrated in FIGS. 4(d) and 4(e). By correcting the duty
command value Dy2* subjected to the compensation processing in this manner,
the switching timings of the PWM signals Puuo and Puio can be expedited by the
dead time tg from the switching timing based on the U-phase duty command
value Dur*.
[0095] Then, since the dead time addition processing unit 36 delays the
rising timing of the PWM signal Puo from the timing t11 by the dead time tat,
the pulse of the driving signal Py rises at the timing t as illustrated in FIG. 4(g).
[0096] At the timing t12, the lower stage switching element is switched to
the OFF state while the upper stage switching element is turned on.
Therefore, as illustrated in FIG. 4(h), the pulse of the U-phase PWM voltage vy
supplied to the motor 6 falls.
[0097] In this manner, by using the duty command value Dyz* obtained by
“subtracting the correction amount from the duty command value Dy2* during
the increasing period of the carrier signal, it is possible to match the
decreasing timing of the pulse of the U-phase PWM voltage vu with the
switching timing based on the duty command value Dy:*.
[0098] In this case, as illustrated in FIGS. 4(b) and 4(c), the pulse timing
correction processing unit 33 obtains the count value of the triangular wave
two times and calculates the change amount AC of the triangular wave. In
addition, the pulse timing correction processing unit 33 determines that the
next operation period is a decreasing period of the triangular wave and
switches the sign of the correction amount to a positive value because the
change amount AC of the triangular wave is greater than zero.
[0099] The pulse timing correction processing unit 33 calculates the
corrected duty command value Du3* by adding the correction amount to the

duty command value Dys* subjected to the compensation processing. As a
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result, the corrected duty command value Dys* becomes equal to the U-phase

duty command value Dui*.

[0100] At the timing t13, the triangular wave is in a peak as illustrated in
FIG. 4(c), and the triangular wave is switched from an increasing period to a
decreasing period, so that the corrected duty command value Dys* calculated
during the increasing period is compared with the triangular wave.

[0101] At the timing t14, the signal levels of the PWM signals Puuo and Pupo
are switched as illustrated in FIGS. 4(d) and 4(e). In addition, as illustrated in
FIG. 4(f), the dead time addition processing unit 36 delays the rising timing of
the driving signal Py from the timing t14 by the dead time tq:.

[0102] In this case, since the lower stage switching element is switched to
the ON state while the upper stage switching element is turned off, the pulse of
the U-phase PWM voltage vy supplied to the motor 6 rises as illustrated in FIG.
4(h).

[0103] In this manner, by using the duty command value Dy3* obtained by
adding the correction amount to the duty command value Dy»* during the
decreasing period of the carrier signal, it is possible to match the rising timing
of the pulse of the U-phase PWM voltage vy with the switching timing based on
the duty command value Dy1*.

[0104] As described above, when the U-phase current iy has a negative
value, the duty command value Dy2* subjected to the compensation processing
is corrected such that the A/D conversion timing matches with the center
timing of the pulse of the three-phase PWM voltage. Similarly, even when the
U-phase current iy has a positive value, the duty command value Dys*
subjected to the compensation processing is corrected such that the A/D
conversion timing matches with the center timing of the pulse of the
three-phase PWM voltage.

[01035] In general, if the dead time is added to the PWM signal, the pulse
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width of the actual PWM voltage applied to the motor 6 changes depending on
a flow direction of the current. In addition, the phase of the PWM voltage is
delayed by a half of the dead time with respect to the triangular wave.
[0106] In comparison, the U-phase duty command value Dy1* is corrected
such that a deviation of the pulse width is cancelled out by the dead time
compensation processing unit 32 of FIG. 3. In addition, the U-phase duty
command value Dyu1* is corrected such that a deviation of the phase of the
PWM voltage is cancelled out by the pulse timing correction processing unit 33.
For this reason, it is possible to suppress a phase deviation of the three-phase
PWM voltages as well as a deviation of the pulse width of the three-phase PWM
voltages.
[0107] In particular, a phase deviation is suppressed without changing the
pulse width of each PWM voltage by correcting the duty command value Dy2*
depending on whether the carrier signal is increasing or decreasing.
Therefore, it is possible to match the A/D conversion timing with the center
timing of the pulse of the three-phase PWM voltage.
[0108] As a result, it is possible to suppress a harmonic component caused
by a waveform collapse from being mixed with the current data obtained by
A/D converting the current of the motor 6. It is possible to suppress
degradation of torque control accuracy using the motor torque control unit 1
that performs a feedback control using the current data.
[0109] Note that, when the U-phase current iy has a negative value, the
duty command value Duy2* subjected to the compensation processing is
corrected such that the OFF period of the U-phase PWM voltage v, matches
with the OFF period based on the U-phase duty command value Dyi* as
illustrated in FIG. 4. Meanwhile, when the U-phase current iy has a positive
value, the OFF period of the U-phase PWM voltage vy is corrected to be shorter
than the OFF period based on the U-phase duty command value Dy:*.
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[0110] FIG. 5 is a flowchart illustrating an exemplary processing sequence
of the control method of the control apparatus 100 according to this
embodiment. This control method is repeatedly executed at the timing when
the triangular wave generated by the carrier signal generating unit 30 is in a
peak and a valley.
[0111] In step S901, the uvw-phase/dq-axis converter 9 performs A/D
conversion for the detection signal from the current detector 5, and 5y to
obtain current data representing the U-phase current iy and the V-phase
current iy. In addition, the motor rotation speed calculator 8 performs A/D
conversion for the detection signal from the rotor position detector 7 to obtain
the electrical angle detection value 6.
[0112] In step S902, the uvw-phase/dg-axis converter 9 converts the
U-phase current iy and the V-phase current iv of the current data and the
W-phase current iy obtained from Equation (2) into the d-axis current
detection value iy and the g-axis current detection value ig on the basis of the
electrical angle detection value 6 as expressed in Equation (3). In addition,
the uvw-phase/dq-axis converter 9 feeds back the d-axis current detection
value 14 and the g-axis current detection value ig to the motor torque control
unit 1.
[0113] In step S903, the motor rotation speed calculator 8 calculates the
motor rotation speed N on the basis of the electrical angle detection value 6.
In addition, the motor rotation speed calculator 8 outputs the motor rotation
speed N to the motor torque control unit 1.
[0114] In step S904, the motor torque control unit 1 calculates the d-axis
voltage command value vg* and the g-axis voltage command value vq* on the
basis of the torque command value T*, the battery voltage detection value Vg,
the motor rotation speed N, the d-axis current detection value i, and the

g-axis current detection value i4.
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[0115] In step S905, the dg-axis/uvw-phase converter 2 converts the d-axis
voltage command value v¢* and the g-axis voltage command value vq* into the
three-phase voltage command values w,*, w*, and vy* on the basis of the
electrical angle detection value 6 as expressed in Equation (1). In addition,
the dg-axis/uvw-phase converter 2 outputs the converted three-phase voltage
command values vw,*, w*, and vy* to the PWM converter 3.
[0116] In step S906, the duty command value calculation unit 31
calculates three-phase duty command values Dyi, Dyvi, and Dy: on the basis of
the three-phase voltage command values w*, v*, and vw* and the battery
voltage detection value Vqc as expressed in Equation (4).
[0117] In step S907, the dead time compensation processing unit 32
performs a dead time compensation processing for the duty command values
Dui, Dvi, and Dwi of each phase. Specifically, the dead time compensation
processing unit 32 calculates the duty command value Dyz, D2, and Dwa
subjected to the compensation processing on the basis of the three-phase
currents iy, iv, and iy of the motor 6 and the three-phase duty command value
Dui, Dvi, and Dwi as expressed in Equation (5). As a result, it is possible to
suppress a deviation of the pulse width between the PWM voltages vy, vy, and
vw supplied to each phase of the motor 6.
[0118] In each processing of the steps S908 to S910, the pulse timing
correction processing unit 33 calculates the corrected duty command values
Dus, Dvs, and Dy3 by performing pulse timing correction processing for the duty
command values Du2, Dv2, and Dw2 subjected to the compensation processing.
[0119] In step S908, the pulse timing correction processing unit 33
determines whether the operation period in which the count value of the
triangular wave is obtained is in an increasing period or a decreasing period of
the triangular wave.

[0120] In step S909, the pulse timing correction processing unit 33 adds
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the correction amount 2Kptai/ tc to the duty command values Dy2, Dv2, and Dyw2
subjected to the compensation processing because the next operation period is
in a decreasing period if the triangular wave is in the increasing period as
expressed in Equation (6). As a result, it is possible to delay the switching
timing of the PWM signals Puyo and Py by a half of the dead time tat while the
triangular wave is decreasing.
[0121] In step S910, the pulse timing correction processing unit 33
subtracts the correction amount 2Kptg:/tc from the duty command values Dy,
Dy2, and Dw2 subjected to the compensation processing because the next
operation period is in the increasing period if the triangular wave is in the
decreasing period. As a result, it is possible to expedite the switching timing
of the PWM signals Puuwo and Puio by a half of the dead time tat while the
triangular wave is increasing.
[0122] In this manner, the pulse timing correction processing unit 33
switches a sign of the correction amount depending on whether the carrier
signal is increasing or decreasing. Therefore, it is possible to suppress a
phase deviation of the pulses of the three-phase PWM voltages vy, v, and vy as
illustrated in FIG. 4(h).
[0123] In step S911, the PWM conversion processing unit 34 generates
PWM signals Puuo, Puio, Pruo, Puo, Pewo, and Pyg to a pair of switching elements of
each phase on the basis of the corrected duty command values Dus*, Dvs*, and
Dw3z*. In addition, the dead time addition processing unit 35 generates driving
signals Puu, Pui, Pw, Pv, Pwu, and Pw by adding the dead time to the PWM
signals Puuo, Puio, Pvuo, Pvio, Pwuo, Pwio of each phase as illustrated in FIGS. 4(d)
to 4(g).
[0124] The dead time addition processing unit 35 outputs the driving
signals Puyy and Py to each control terminal of a pair of switching elements

corresponding to the U-phase, outputs the driving signals Pvwu and Py to each
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control terminal of a pair of switching elements corresponding to the V-phase,
and outputs the driving signals Pyy and Pw to each control terminal of a pair of
switching elements corresponding to the W-phase.
[0125] In step S912, the inverter 4 drives a pair of switching elements of
each phase on the basis of each driving signals Puy, Pu, Pw, Pu, Puwu, and Pw
and supplies the PWM voltages vu, v, and vw to each phase of the motor 6,
respectively. Then, a series of processing procedures of the control method of
the control apparatus 100 are terminated.
[0126] According to the first embodiment of the present invention, the
control apparatus 100 has a pair of switching elements that convert the power
from the power source 10 into AC power and supply the AC power to the
electric motor apparatus. The control apparatus 100 obtains a current or
voltage signal supplied to the motor 6 and performs A/D conversion from an
analog format to a digital format for the obtained signals.
[0127] In addition, the control apparatus 100 has the duty command value
calculation unit 31 that calculates the duty command value for performing a
PWM control for the electric motor apparatus on the basis of the A/D
converted signal, and the PWM conversion processing unit 34 that generates
the PWM signal on the basis of the duty command value and the carrier signal.
In addition, the control apparatus 100 has the inverter 4 that controls driving
of the electric motor apparatus by switching the connection state of the
switching element on the basis of the PWM signal.
[0128] Furthermore, the control apparatus 100 has a pulse timing
correction processing unit 33 that determines whether the carrier signal is
increasing or decreasing and corrects the duty command value on the basis of
the determination result on whether the carrier signal is increasing or
decreasing.

[0129] As a result, it is possible to adjust a shift of the switching timing of a
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pair of switching elements for the timing for initiating A/D conversion through
the calculation processing of the duty command value. For this reason, a
middle timing of the ON period of the PWM voltage for a pair of switching
elements can be adjusted to the A/D conversion timing. Therefore, compared
to the configuration of the related art in which the A/D conversion timing is
uniformly shifted by a predetermined time, it is possible to suppress
degradation of detection accuracy for the AC current supplied to the electric
motor apparatus regardless of the duty ratio.
(0130] According to this embodiment, a motor is employed as the electric
motor apparatus, and the inverter 4 is provided with a plurality of pairs of
switching elements for each phase of the motor 6. In addition, the pulse
timing correction processing unit 33 corrects the duty command value on the
basis of whether the carrier signal is increasing or decreasing. Therefore, it is
possible to suppress a collapse of the waveform of the current data sampled
through the A/D conversion.
[0131] Therefore, it is possible to suppress a harmonic component caused
by the collapse of the waveform from being mixed with the current data
obtained through the A/D conversion. Accordingly, it is possible to suppress
degradation of detection accuracy for the AC power supplied to the motor 6.
Furthermore, since the control apparatus 100 calculates the duty command
value by feeding back the current data of the motor 6, it is possible to suppress
degradation of accuracy for controlling the motor torque by suppressing a
noise included in the current data.
(0132] According to this embodiment, the control apparatus 100 further
has the dead time addition processing unit 35 having a PWM signal provided
with the dead time at which a pair of switching elements have a non-conducted
state simultaneously. In addition, the pulse timing correction processing unit

33 corrects the duty command values Dy1* and Dyo* on the basis of the dead
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time tqt and the cycle te of the carrier signal. As a result, it is possible to
suppress a phase delay of the PWM voltage caused by adding the dead time to
the PWM signal.
[0133] According to this embodiment, the pulse timing correction
processing unit 33 switches the correction amount for correcting the duty
command value between the increasing period and the decreasing period of the
carrier signal.
[0134] Specifically, since the duty command value is corrected by switching
the sign of the correction amount without changing the correction amount as
illustrated in FIG. 5, an absolute value of the correction amount is fixed.
Therefore, it is possible to reduce calculation of the correction amount.
Accordingly, it is possible to suppress an increase of the control operation
caused by the correction processing of the pulse timing. Furthermore, it is
possible to suppress deviations of both the pulse width and the phase of the
PWM voltage caused by adding the dead time by changing the correction
amount for the duty command value Du:i* between the increasing period and
the decreasing period of the carrier signal as illustrated in FIG. 4.
[0135] According to this embodiment, the control apparatus 100 further
has the dead time compensation processing unit 32 that performs a
compensation processing for compensating a deviation of the pulse width of
the PWM voltage supplied to the motor 6 for the U-phase duty command value
Du1*. In addition, the pulse timing correction processing unit 33 corrects the
duty command value Dy2* subjected to the compensation processing on the
basis of whether the carrier signal is increasing or decreasing as expressed in
Equation (6).
[0136] In this manner, by executing the correction processing of the pulse
timing after the compensation processing of the pulse width, it is possible to

suppress deviations of both the pulse width and the phase of the PWM voltage
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while suppressing an increase of the control operation caused by the
correction processing. In addition, it is possible to perform mounting on the
control apparatus already provided with the dead time compensation
processing unit 32 using a simple configuration.

[0137] According to this embodiment, the pulse timing correction
processing unit 33 obtains the value of the carrier signal several times during
the operation period of FIG. 2 as expressed in Equation (6) and determines
whether the carrier signal is increasing or decreasing. In addition, the pulse
timing correction processing unit 33 increases or decreases the correction
amount of the duty command value on the basis of the determination result.
Furthermore, the PWM conversion processing unit 34 generates the PWM
signal by comparing the corrected duty command value and the carrier signal
in the next operation period after the operation period in which the value of the
carrier signal is obtained as illustrated in FIG. 4.

[0138] In this manner, by increasing or decreasing the correction amount
of the duty command value subjected to the compensation processing
depending on whether the carrier signal is increasing or decreasing, it is
possible to simultaneously compensate a delay in both the rising and falling
timings of the PWM voltage supplied to the motor 6. In addition, by
determining whether the carrier signal is increasing or decreasing during the
operation period before the operation period in which the corrected duty
command value is set, it is possible to reliably set the corrected duty command
value at the timing for initiating the A/D conversion.

[0139] Note that, although the duty command value subjected to the dead
time compensation processing on the basis of Equation (5) is corrected in this
embodiment, the dead time compensation processing may be performed for
the duty command value using a method different from Equation (5). In this

regard, in the following embodiment, a control apparatus that executes the
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dead time compensation processing using a method different from Equation (5)
and a method of correcting the duty command value subjected to the dead

time compensation processing will be described.

<Second Embodiment>

[0140] A configuration of a control apparatus according to a second
embodiment of the present invention will be described.

[0141] A basic configuration of the control apparatus according to this
embodiment is similar to that of the control apparatus 100 of FIG. 1. For this
reason, each configuration of the control apparatus according to this
embodiment will be described, in which like reference numerals denote like
elements as in FIGS. 1 and 3.

[0142] According to this embodiment, the processing caused by the dead
time compensation processing unit 32 and the pulse timing correction
processing unit 33 of the PWM converter 3 of FIG. 3 is different from that of the
first embodiment. For this reason, here, only configurations of the dead time
compensation processing unit 32 and the pulse timing correction processing
unit 33 will be described in details, and other configurations will not be
described repeatedly because they are similar to those of the first embodiment.
[0143] Configurations of each phase of the PWM converter 3 are basically
similar. Therefore, here, only the configuration of the U-phase will be
described.

[0144] Similar to the first embodiment, the dead time compensation
processing unit 32 calculates the duty command value Dyz2* subjected to the
compensation processing by correcting the U-phase duty command value Dy *
on the basis of the U-phase current iy.

[0145] According to this embodiment, the dead time compensation

processing unit 32 corrects the U-phase duty command value Du1* such that
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the OFF period of the U-phase PWM voltage vy, increases only in a case where

the U-phase current iy has a negative value as expressed in the following

Equation (8).
[0146]
[Equation 8]
. 2t, .
* - ! 0
D, - D, -2K, ) (i,<0) 8)
D, (i,20)

[0147] On the basis of Equation (8), if the U-phase current iy is equal to or
greater than zero, the dead time compensation processing unit 32 outputs the
U-phase duty command value Du1* as the duty command value Du2* subjected
to the compensation processing without correction. Otherwise, if the U-phase
current iy is smaller than zero, the dead time compensation processing unit 32
subtracts the correction amount 2Kp2t4:/tat from the U-phase duty command
value Dy1* and outputs the duty command value Du2* subjected to the
compensation processing. As a result, it is possible to compensate a
deviation of the pulse width of the U-phase PWM voltage vy generated by
adding the dead time ta: to the PWM signal from the PWM conversion
processing unit 34.

[0148] Similar to the first embodiment, the pulse timing correction
processing unit 33 calculates the corrected duty command value Dyz* by
performing a pulse timing correction processing for the duty command value
Du2* subjected to the compensation processing depending on whether the
carrier signal is increasing or decreasing.

[0149] According to this embodiment, the pulse timing correction
processing unit 33 switches the correction amount for correcting the duty

command value Du2* subjected to the compensation processing to a different
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value depending on a polarity of the change amount AC of the triangular wave
as expressed in the following Equation (9). The change amount AC of the

triangular wave is calculated on the basis of the aforementioned Equation (7).
[0150]

[Equation 9]
D, (AC<0)

Ds=vpr 42K, Zt’f“ (AC20) ©)

¢

[0151] The second term 2Kp2tq:/tc of the right side of Equation (9) is the
correction amount. This correction amount 2Kp2t4t/tc is a value obtained by
converting a period of the dead time tq; from a time domain to a count value
domain of the triangular wave.

[0152] On the basis of Equation (9), if the change amount AC of the
triangular wave is smaller than zero, the pulse timing correction processing
unit 33 determines that the triangular wave is in a decreasing period. If the
change amount AC of the triangular wave is equal to or greater than zero, it is
determined that the triangular wave is in the increasing period. That is, the
pulse timing correction processing unit 33 determines whether the triangular
wave output from the carrier signal generating unit 30 is increasing or
decreasing.

[0153] If the triangular wave is in a decreasing period, the pulse timing
correction processing unit 33 outputs the duty command value Dy2* subjected
to the compensation processing as the corrected duty command value Dys*
because the next operation period is the increasing period of the triangular
wave.

[0154] Otherwise, if the triangular wave is in an increasing period, the

pulse timing correction processing unit 33 adds the correction amount



CA 02983441 2017-10-19

- 34 -
2Kp2tai/tc to the duty command value Duo* subjected to the compensation
processing because the next operation period is in a decreasing period of the
triangular wave. That is, if the triangular wave is in an increasing period, the
pulse timing correction processing unit 33 switches the correction amount
subtracted from the duty command value Du2* subjected to the compensation
processing from zero to a predetermined value 2Kp2ta:/tc.
[0155] In this manner, similar to the first embodiment, the pulse timing
correction processing unit 33 calculates the corrected duty command value
Du3* by changing the value of the correction amount for correcting the duty
command value Dy2* between an increasing period and a decreasing period of
the triangular wave.
[0156] FIG. 6 is a timing chart illustrating an example in which a U-phase
PWM voltage vy is generated from the PWM converter 3 according to this
embodiment on the basis of the U-phase duty command value Dyu:1* when the
U-phase current iy has a negative value.
[0157] The ordinates of FIGS. 6(a) to 6(h) are similar to those of FIGS. 4(a)
to 4(h). In addition, the abscissas of FIGS. 6(a) to 6(h) are common as a time
axis.
[0158] In the control operation before the timing t20, the U-phase duty
command value Dy;* is calculated as illustrated in FIG. 6(c). Here, since the
U-phase current iy has a negative value, the duty command value Dys* is
calculated by subtracting the correction amount 2Kp2t4/tc from the U-phase
duty command value Dy1* on the basis of Equation (8).
[0159] In this case, as illustrated in FIGS. 6(b) and 6(c), the pulse timing
correction processing unit 33 obtains the count value of the triangular wave
two times and calculates the change amount AC by subtracting the first count
value C; from the second count value Cz on the basis of Equation (7).

[0160] Since the change amount AC of the triangular wave before the
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timing t20 is smaller than zero, the pulse timing correction processing unit 33
determines that the next operation period from the timing t20 to the timing t23
is in an increasing period of the triangular wave and switches the correction
amount to zero as expressed in Equation (9). For this reason, the pulse
timing correction processing unit 33 sets the duty command value Dyo*
subjected to the compensation processing as the corrected duty command
value Dys*.
[0161] As a result, as illustrated in FIGS. 6(d} and 6(e}, the switching
timings of the PWM signals Puuo and Puo advances by the dead time tq from the
switching timing t22 based on the U-phase duty command value Du1*. For
this reason, the PWM signals Puuo and Puio are switched at the timing t21.
[0162] As illustrated in FIG. 6(g), the dead time compensation processing
unit 32 delays the rising timing of the PWM signal Pyjo by the dead time tg from
the timing t21. As a result, the pulse of the driving signal Py rises at the
switching timing t22 based on the U-phase duty command value Dui*.
[0163] As a result, at the switching timing t22 based on the U-phase duty
command value Dui*, the pulse of the U-phase PWM voltage vy falls, and the
U-phase PWM voltage vy is in the OFF period as illustrated in FIG. 6(h).
[0164] In this case, as illustrated in FIGS. 6(b) and 6(c), the pulse timing
correction processing unit 33 obtains the count value of the triangular wave
two times and calculates the change amount AC of the triangular wave. Since
the change amount AC of the calculated triangular wave is greater than zero,
the pulse timing correction processing unit 33 determines that the next
operation period is in a decreasing period of the triangular wave and switches
the correction amount to a value greater than zero, 2Kp2tqt/te.
[01695] The pulse timing correction processing unit 33 calculates the
corrected duty command value Dys* by subtracting the correction amount

from the duty command value Duz* subjected to the compensation processing
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on the basis of Equation (9). As a result, the corrected duty command value
Du3* becomes equal to the duty command value Dy3* of FIG. 4.
[0166] As a result, at the timing t24, the signal levels of the PWM signals
Puuo and Py are switched as illustrated in FIGS. 6(d) and 6(e), so that the
driving signal Pu of the lower stage switching element falls as illustrated in FIG.
6(g). Therefore, at the switching timing t24 based on the U-phase duty
command value Dy1*, the pulse of the U-phase PWM voltage vy rises as
illustrated in FIG. 6(h).
[0167] In this manner, by switching the correction amount for correcting
the duty command value Dy2* subjected to the compensation processing
between an increasing period and a decreasing period of the carrier signal, it is
possible to match the switching timing of the pulse of the PWM voltage vu with
the switching timing based on the U-phase duty command value Dui*.
[0168] FIG. 7 is a flowchart illustrating an exemplary processing sequence
of the control method according to this embodiment. This control method is
executed repeatedly in every operation period of FIG. 2.
[0169] In the control method according to this embodiment, each
processing of steps S917 and S919 is added instead of each processing of steps
S907, S909, and S910 of FIG. 5. For this reason, here, only each processing
of steps S917 and S919 will be described in details.
[0170] In step S917, the dead time compensation processing unit 32
performs a dead time compensation processing for the duty command value
Dui, Dvi1, and Dw1 calculated in step S906. According to this embodiment, the
dead time compensation processing unit 32 calculates the duty command
values Duy2, Dv2, and Dw2 subjected to the compensation processing on the
basis of the currents iy, iv, and iy of the motor 6 of each phase and the duty
command values Du1, Dvi, and Dyw: as expressed in Equation (8). As a result,

it is possible to suppress a deviation of the pulse width of the three-phase PWM
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voltage supplied to the motor 6.
[0171] In step S908, the pulse timing correction processing unit 33
determines whether the triangular wave is in an increasing period or a
decreasing period. If the triangular wave is in a decreasing period, the pulse
timing correction processing unit 33 advances to the processing of step S911
without correcting the duty command values Du2*, Dv2*, and Dw2* subjected to
the compensation processing.
[0172] As a result, as illustrated in FIG. 6, the rising timing of the PWM
signal Puio advances by the dead time tq;. Therefore, it is possible to match the
falling timing of the U-phase PWM voltage v, with the switching timing based
on the U-phase duty command value Duy:*.
[0173] In step S919, if the triangular wave is in an increasing period, the
pulse timing correction processing unit 33 adds the correction amount
2Kp2tat/te to the duty command value Dus*, Dwo*, and Dw2* subjected to the
compensation processing as expressed in Equation (9), and the process
advances to step S911.
[0174] As a result, as illustrated in FIG. 6, the falling timing of the driving
signal Py becomes the switching timing based on the U-phase duty command
value Du1*. Therefore, it is possible to match the rising timing of the PWM
voltage vu with the switching timing based on the U-phase duty command
value Du1*.
[0175]  According to the second embodiment of the present invention, the
pulse timing correction processing unit 33 switches the correction amount of
the duty command value calculated on the basis of Equation (8) into different
values between an increasing period and a decreasing period of the carrier
signal as expressed in Equation (9). As a result, similar to the first
embodiment, it is possible to suppress a deviation of both the pulse width and

the phase of the PWM voltage caused by adding the dead time.
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<Third Embodiment>

[0176] A configuration of a control apparatus according to a third
embodiment of the present invention will be described.

[0177] According to this embodiment, the processings of the dead time
compensation processing unit 32 and the pulse timing correction processing
unit 33 performed by the PWM converter 3 of FIG. 3 are different from those of
the first and second embodiments.

[0178] Here, only the dead time compensation processing unit 32 and the
pulse timing correction processing unit 33 will be described in details, and
other configurations will not be described repeatedly because they are similar
to those of the first embodiment. In addition, since each phase of the PWM
converter 3 basically has the same configuration, only the configuration of the
U-phase will be described.

[0179] According to this embodiment, the dead time compensation
processing unit 32 corrects the U-phase duty command value Dy1* such that
the OFF period of the U-phase PWM voltage vy decreases only in a case where
the U-phase current iuv has a positive value as expressed in the following
Equation (10).

[0180]

[Equation 10]
D, (i,<0)
b2 = D;,+2K,)3t’ﬂ (i,20) (10)

c

[0181] On the basis of Equation (10), if the U-phase current i, is smaller
than zero, the dead time compensation processing unit 32 outputs the

U-phase duty command value Dyu1* as the duty command value Dy2* subjected



CA 02983441 2017-10-19

-39 -
to the compensation processing without correction. Otherwise, if the U-phase
current iy is equal to or greater than zero, the dead time compensation
processing unit 32 adds the correction amount 2Kp2tg/ta to the U-phase duty
command value Du1* and outputs the duty command value Dy2* subjected to
the compensation processing.
[0182] According to this embodiment, the pulse timing correction
processing unit 33 switches to each other the correction amount of the duty
command value Duz* subjected to the compensation processing to a different
value depending on a polarity of the change amount AC of the triangular wave
as expressed in the following Equation (11).
[0183]
[Equation 11]
2t

. D, -2K, =4 (AC<0
Du_;: u2 D ‘ ( )

D), ( (AC20)

[0184] The second term of the right side of Equation (11) is the correction
amount. This correction amount 2Kp2tqt/tc is a value obtained by converting
a period of the dead time tq; from a time domain to a count value domain of the
triangular wave.

[0185] On the basis of Equation (11), if the change amount AC of the
triangular wave is smaller than zero, the pulse timing correction processing
unit 33 determines that the triangular wave is in a decreasing period. If the
change amount AC of the triangular wave is equal to or greater than zero, the
pulse timing correction processing unit 33 determines that the triangular wave
is in an increasing period. That is, the pulse timing correction processing

unit 33 determines whether the triangular wave output from the carrier signal

generating unit 30 is increasing or decreasing.
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[0186] If the triangular wave is in a decreasing period, the pulse timing
correction processing unit 33 subtracts the correction amount 2Kp2tqt/ tc from
the duty command value Dys* subjected to the compensation processing
because the next operation period is in the increasing period of the triangular
wave. That is, if the triangular wave is in a decreasing period, the pulse
timing correction processing unit 33 switches the correction amount
subtracted from the duty command value Du2* subjected to the compensation
processing from zero to a predetermined value 2Kp2tg:/ te.
[0187] Otherwise, if the triangular wave is in an increasing period, the
pulse timing correction processing unit 33 outputs the duty command value
Du2* subjected to the compensation processing as the corrected duty
command value Du3* because the next operation period is in the decreasing
period of the triangular wave.
[0188] In this manner, similar to the aforementioned embodiments, the
pulse timing correction processing unit 33 calculates the corrected duty
command value Dus* by changing the correction amount of the duty command
value Dyy* between an increasing period and a decreasing period of the
triangular wave such that a phase delay of the PWM voltage is compensated.
[0189] FIG. 8 is a timing chart illustrating an example in which the PWM
converter 3 according to this embodiment generates the PWM voltage vy on the
basis of the U-phase duty command value Dy1* in a case where the U-phase
current iy has a negative value,
[0190] The ordinates of FIGS. 8(a) to 8(h) are similar to those of FIGS. 4(a)
to 4(h). In addition, the abscissas of FIGS. 8(a) to 8(h) are common as a time
axis.
[0191] During the control operation before the timing t30, the U-phase duty
command value Dy1* is calculated as illustrated in FIG. 8(c). Here, since the

U-phase current iy has a negative value, the U-phase duty command value
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Dui* is set as the duty command value Dyz* without correction on the basis of
Equation (10). In this case, as illustrated in FIGS. 8(b) and 8(c), the pulse
timing correction processing unit 33 calculates the change amount AC by
subtracting the first count value C; from the second count value C> on the
basis of Equation (7).
[0192] The change amount AC of the triangular wave before the timing t30
is smaller than zero. Therefore, the pulse timing correction processing unit
33 determines that the next operation period from the timing t30 to the timing
t33 is in an increasing period of the triangular wave and switches the
correction amount to a value 2Kp2ty/ta: greater than zero as expressed in
Equation (11). In addition, the pulse timing correction processing unit 33
calculates the corrected duty command value Dus* by subtracting the
correction amount 2Kp2t¢/ta: from the duty command value Dy2* subjected to
the compensation process.
[0193] As a result, as illustrated in FIGS. 8(d) and 8(e), the switching
timings of the PWM signals Pyuo and Puo advance from the switching timing t32
based on the U-phase duty command value Du1* by the dead time ta. For this
reason, at the timing t31, the PWM signals Puuwo and Pup are switched to each
other.
[0194] Accordingly, as illustrated in FIG. 8(g), the rising timing of the PWM
signal Pupo is delayed from the timing t31 by the dead time ta. Therefore, at
the timing t32, the pulse of the driving signal Py rises.
[0195] As a result, at the switching timing t32 based on the U-phase duty
command value Dui*, the pulse of the U-phase PWM voltage vy falls, and the
U-phase PWM voltage wy is in the OFF period as illustrated in FIG. 8(h).
[0196] In this case, as illustrated in FIGS. 8(b) and 8(c), the pulse timing
correction processing unit 33 calculates the change amount AC of the

triangular wave by obtaining the count value of the triangular wave two times
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on the basis of Equation (7). Since the calculated change amount AC of the
triangular wave is greater than zero, the pulse timing correction processing
unit 33 determines that the next operation period is in a decreasing period of
the triangular wave and switches the correction amount to zero.
[0197] At the timing t33, the pulse timing correction processing unit 33
sets the duty command value Du2* subjected to the compensation processing
as the corrected duty command value Dys* on the basis of Equation (11). This
corrected duty command value Dys* is equal to the duty command value Dy3*
of FIGS. 4 and 6.
[0198] As a result, at the timing t34, the signal levels of the PWM signals
Puuwo and Puo are switched as illustrated in FIGS. 8(d) and 8(e). Accordingly,
the driving signal Pu falls as illustrated in FIG. 8(g). Therefore, at the
switching timing t34 based on the U-phase duty command value Dui*, the
pulse of the U-phase PWM voltage vy rises as illustrated in FIG. 8(h).
[0199] In this manner, by switching the correction amount of the duty
command value Dy2* subjected to the compensation processing depending on
whether the carrier signal is increasing or decreasing, it is possible to match
the switching timing of the U-phase PWM voltage vy with the switching timing
based on the U-phase duty command value Du:*.
[0200] FIG. 9 is a flowchart illustrating an exemplary processing sequence
of the control method according to this embodiment. This control method is
executed repeatedly in every operation period of FIG. 2.
[0201] In the control method according to this embodiment, each
processing of steps S920 and S927 is added instead of each processing of steps
S907, 8909, and S910 of FIG. 5. For this reason, here, only each processing
of steps S920 and S927 will be described in details.
[0202] In step §927, the dead time compensation processing unit 32

performs the dead time compensation processing for the three-phase duty
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command values Du1*, Dvi*, and Dwi* calculated in step S906. According to
this embodiment, the dead time compensation processing unit 32 calculates
the duty command values Du>*, Dyv2*, and Dwo* subjected to the compensation
processing on the basis of the currents iy, iy, and iw of each phase of the motor
6 and the duty command value Du1*, Dvi*, and Dw1* as expressed in Equation
(10). Asaresult, it is possible to suppress a deviation of the pulse width of the
PWM voltage supplied to each phase of the motor 6.
[0203] In step S908, the pulse timing correction processing unit 33
determines whether the triangular wave is in an increasing period or a
decreasing period. If the triangular wave is in an increasing period, the pulse
timing correction processing unit 33 advances to the processing of step S911
without correcting the duty command values Dyu2*, Dvo*, and Dw2* subjected to
the compensation processing.
[0204] As a result, as illustrated in FIG. 8, the rising timing of the PWM
signal Puio advances by the dead time te;. Therefore, it is possible to match the
falling timing of the U-phase PWM voltage vu with the switching timing based
on the U-phase duty command value Dy;.
[0205] In step S920, if the triangular wave is in a decreasing period, the
pulse timing correction processing unit 33 subtracts the correction amount
2Kp2tat/tc from the duty command values Dy2*, Dv2*, and Dyw2* subjected to the
compensation processing as expressed in Equation (11), and the process
advances to step S911.
[0206] As a result, as illustrated in FIG. 8, the falling timing of the driving
signal Pu becomes the switching timing based on the U-phase duty command
value Dui*. Therefore, it is possible to match the rising timing of the U-phase
PWM voltage vy with the switching timing based on the U-phase duty
command value Dy;*.

[0207] According to the third embodiment, the pulse timing correction
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processing unit 33 switches to each other the correction amounts of the duty
command values subjected to the compensation processing calculated using
Equation (10) to different values between an increasing period and a
decreasing period of the carrier signal as expressed in Equation (11). As a
result, similar to the aforementioned embodiments, it is possible to suppress a
deviation of both the pulse width and the phase of the PWM voltages vy, v, and
vy of each phase caused by adding the dead time.

[0208] Note that, in the aforementioned embodiments, the control
apparatus 100 compensates a phase deviation of the PWM voltage caused by
adding the dead time to the PWM signal. However, a phase deviation of the
PWM voltage may occur even by a delay occurring in a signal transmission
circuit disposed in the control apparatus 100 or a response delay of the

switching element of the inverter 4 as well as by adding the dead time.

<Fourth Embodiment>

[0209] In this regard, an embodiment of a control apparatus capable of
compensating a delay in the transmission circuit of the PWM signal and a
phase deviation of the PWM voltage caused by a response delay of the
switching element as well as a phase delay caused by the dead time will be
described.

[0210] FIG. 10 is a block diagram illustrating a configuration of a PWM
converter 3 according to a fourth embodiment of the invention.

[0211] According to this embodiment, the PWM converter 3 has a control
delay information holding unit 331 and a pulse timing correction processing
unit 332 instead of the pulse timing correction processing unit 33 of FIG. 3.
Here, configurations other than the control delay information holding unit 331
and the pulse timing correction processing unit 332 will not be described

because they are similar to those of FIG. 3, in which like reference numerals
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denote like elements.
[0212] The control delay information holding unit 331 holds control delay
information representing delay times of the driving signals Puy and Pu of a pair
of switching elements. According to this embodiment, the control delay
information contains a dead time tq, a delay time tgy ¢ of the transmission
circuit used to transmit the PWM signal generated from the PWM converter 3,
and a response delay time tgy s of the switching element of the inverter 4.
[0213] The delay time tqiy_c of the transmission circuit is a value determined
in advance from experimental data and the like. The transmission circuit is a
circuit inserted between the dead time addition processing unit 35 and the
inverter 4 and includes a noise cut-off filter, a photo-coupler, and the like.
[0214] The response delay time tayy_s of the switching element is an average
value of a delay caused by a turn-on time and a delay caused by a turn-off time
and is determined in advance from experimental data and the like. The
turn-on time is a time taken to turn on the switching element from an OFF
state, and the turn-off time is a time taken to turn off the switching element
from an ON state.
[0215] The pulse timing correction processing unit 332 corrects the duty
command value Du2* subjected to the compensation processing on the basis of
the control delay information. That is, the pulse timing correction processing
unit 332 corrects the duty command value Dyo* to compensate a phase
deviation of the PWM voltage on the basis of at least one of the dead time tqt,
the response delay time tay s of the switching element, and the response delay
time tay_s of the switching element.
[0216] According to this embodiment, the pulse timing correction
processing unit 332 switches the sign of the correction amount for correcting
the duty command value Dy2* subjected to the compensation processing

depending on the change amount AC of the triangular wave as expressed in the
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following Equation (12).
[0217]

[Equation 12]
D;,=D,,+sgn(AC)x K, (12)

[0218] A coefficient Kay relating to the second term of the right side of
Equation (12) is the correction amount, and this correction amount Kay is
calculated on the basis of the following Equation (13).
[0219]

[Equation 13]

Ly + 2ty 421, (13)

Ky =2K, y

[0220] On the basis of Equation (12}, if the change amount AC of the
triangular wave is smaller than zero, the pulse timing correction processing
unit 332 determines that the triangular wave is in a decreasing period. If the
change amount AC of the triangular wave is greater than zero, the pulse timing
correction processing unit 332 determines that the triangular wave is in an
increasing period.

[0221] If the triangular wave is in an increasing period, the pulse timing
correction processing unit 332 calculates the corrected duty command value
Dus* by adding the correction amount Kay to the duty command value Dyz*
subjected to the compensation processing without changing the sign of the
correction amount.

[0222] Otherwise, if the triangular wave is in a decreasing period, the pulse
timing correction processing unit 332 calculates the corrected duty command

value Dus* by subtracting the correction amount Kgy from the duty command
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value Du2* subjected to the compensation processing. That is, if the
triangular wave is in a decreasing period, the pulse timing correction
processing unit 332 switches the sign of the correction amount from a positive
value to a negative value.

[0223] In this manner, the pulse timing correction processing unit 33
calculates the corrected duty command value Duz* by changing the sign of the
correction amount for correcting the duty command value Dy2* between the
increasing period and the decreasing period of the triangular wave. The pulse
timing correction processing unit 33 outputs the corrected duty command
value Dy3* to the PWM conversion processing unit 34.

[0224] FIG. 11 is a timing chart illustrating an example in which the PWM
converter 3 according to this embodiment generates the U-phase PWM voltage
vy on the basis of the U-phase duty command value Dy:* in a case where the
U-phase current iy has a negative value.

[0225] The ordinates of FIGS. 11(a) to 11(h) are similar to those of FIGS.
4(a) to 4(h). In addition, the abscissas of FIGS. 11(a) to 11(h) are common as a
time axis.

[0226] In the control operation before the timing t40, the U-phase duty
command value Dy1* is calculated as illustrated in FIG. 11{c). Here, since the
U-phase current i, has a negative value, the duty command value Duo* is
calculated by subtracting the correction amount 2Kpt4:/tc from the U-phase
duty command value Dy1* on the basis of Equation (5).

[0227] In this case, as illustrated in FIGS. 11(b) and 11(c), the pulse timing
correction processing unit 332 calculates the change amount AC by
subtracting the first count value C; from the second count value Cz on the
basis of Equation (7). In addition, the pulse timing correction processing unit
332 determines whether the change amount AC of the triangular wave is

smaller than or greater than zero.
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[0228] Since the change amount AC of the triangular wave before the
timing t40 is smaller than zero, the pulse timing correction processing unit
332 determines that the next operation period of the timings t40 to t43 is in an
increasing period of the triangular wave and switches the sign of the correction
amount to a negative value.
[0229] On the basis of Equation (12), the pulse timing correction processing
unit 33 calculates the corrected duty command value Dyz* by subtracting the
correction amount Kqiy from the duty command value Du2* subjected to the
compensation processing. As a result, a phase deviation of the U-phase PWM
voltage vy caused by adding the dead time ts: is compensated, and phase
deviation of the U-phase PWM voltage vy caused by a control delay of the
transmission circuit and the switching element is compensated.
[0230] At the timing t40, as illustrated in FIG. 11(c}, the corrected duty
command value Dy3* calculated during the decreasing period of the triangular
wave is compared with the triangular wave. At the timing t41, as illustrated
in FIGS. 11(d) and 11(e), the signal levels of the PWM signals Puuo and Puio are
switched. As a result, it is possible to advance the switching timings of the
PWM signals Puyyo and Puo from the switching timing based on the U-phase
duty command value Dui* by the delay time tay obtained by adding the control
delay time (tay_c+tay s) to a half of the dead time tq.
[0231]  Then, the dead time addition processing unit 36 delays the rising
timing of the PWM signal Pyo from the timing t41 by the dead time ta:.
Therefore, as illustrated in FIG. 11(g), the pulse of the driving signal Py rises
before the timing t42.
[0232] At the timing when the pulse of the driving signal Pu rises, the lower
stage switching element is switched to the ON state. In this case, as
llustrated in FIG. 11(h), the pulse of the PWM voltage v, supplied to the

U-phase of the motor 6 at the timing t42 falls due to a delay of the
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transmission circuit and a delay caused by the turn-on time of the lower stage
switching element.
[0233] In this manner, by considering a delay of the transmission circuit or
a response delay of the switching element, it is possible to match the falling
timing of the pulse of the U-phase PWM voltage vy, with the switching timing
based on the U-phase duty command value Duy:*.
[0234] In this case, as illustrated in FIGS. 11(b) and 11(c), the pulse timing
correction processing unit 332 calculates the change amount AC of the
triangular wave and determines that the next operation period is in a
decreasing period of the triangular wave because the change amount AC of the
triangular wave is larger than zero. Then, the pulse timing correction
processing unit 332 switches the sign of the correction amount to a positive
value.
[0235] In addition, the pulse timing correction processing unit 332
calculates the corrected duty command value Dus* by adding the correction
amount Kgy to the duty command value Dy,2* subjected to the compensation
processing on the basis of Equation (12). As a result, the corrected duty
command value Dys* increases over the U-phase duty command value Dui* by
the delay of the transmission circuit and the response delay of the switching
element.
[0236] At the timing t43, the corrected duty command value Dys*
calculated during the increasing period of the triangular wave is compared
with the triangular wave.
[0237] At the timing t44, as illustrated in FIG. 11(e), the signal levels of the
PWM signals Puuo and Puio are switched to a L-level, so that the lower stage
switching element is switched to an ON state. In this case, as illustrated in
FIG. 11(h), the pulse of the U-phase PWM voltage vy rises at the switching

timing t45 based on the U-phase duty command value Du1* due to the delay of
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the transmission circuit and the response delay of the lower stage switching

element.

[0238] In this manner, by considering the delay of the transmission circuit
or the response delay of the switching element, it is possible to match the
rising timing of the pulse of the U-phase PWM voltage vy with the switching
timing based on the U-phase duty command value Du1*. N

[0239]  Therefore, by adding the delay time tay ¢ of the transmission circuit
and the response delay time tay s of the switching element in addition to the
dead time tat, it is possible to allow the switching timing of the U-phase PWM
voltage to approach the switching timing based on the U-phase duty command
value Du1*.

[0240] Note that, although a control delay such as a delay of the
transmission circuit or a response delay of the switching element is added to
the pulse timing correction processing of the first embodiment according to
this embodiment, the control delay may also be included in the pulse timing
correction processing of the second and third embodiments in a similar way.
[0241] FIG. 12 is a flowchart illustrating an exemplary processing sequence
of the control method according to this embodiment. This control method is
executed repeatedly in every operation period of FIG. 2.

[0242] In the control method according to this embodiment, each
processing of steps S939 and S940 is added instead of each processing of steps
S909 and S910 of FIG. 5. For this reason, here, only each processing of steps
S939 and S940 will be described in details.

[024 3] If it 1s determined that the triangular wave is in an increasing period
in step S908, the pulse timing correction processing unit 332 calculates the
corrected duty command value Dy3*, Dy3*, and Dws* on the basis of Equation
(12) in step S939. Specifically, if the triangular wave is in an increasing

period, the pulse timing correction processing unit 332 adds the correction
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amount Kqy obtained by reflecting the contro!l delay to the duty command
values Duyo*, Dy2*, and Dwp* calculated in step S907. Then, the process
advances to step S911.
[0244] As a result, as illustrated in FIG. 11, the falling timing of the driving
signal Pu advances from the switching timing t45 based on the U-phase duty
command value Dui* by the control delay time (tay cttay.s) caused by the
transmission circuit and the switching element.
[0245] In step S940, if the triangular wave is in a decreasing period, the
pulse timing correction processing unit 332 subtracts the correction amount
Kaiy obtained by reflecting the control delay from the duty command value Dy2*,
Dy2*, and Dwo* calculated in step S907. Then, the process advances to step
S911.
[0246] As aresult, as illustrated in FIG. 11, the rising timing of the driving
signal Pu advances from the switching timing t42 based on the U-phase duty
command value Du1* by the control delay time (tay cttay, s)-
[0247] According to the fourth embodiment of the present invention, the
pulse timing correction processing unit 332 corrects the three-phase duty
command values Du2*, Dvo*, and Dw2* on the basis of the delay tay ¢ of the
transmission circuit that transmits a signal from the dead time addition
processing unit 35 to the switching element of the inverter 4.
[0248] As a result, it is possible to reduce the phase deviation of the PWM
voltages vy, w, and vw of each phase caused by the delay of the transmission
circuit. Therefore, it is possible to allow the center timing of the ON period of
the PWM voltage to more approach the A/D conversion timing.
[0249] According to this embodiment, the pulse timing correction
processing unit 332 corrects the three-phase duty command values Duo*, Dyo*,
and Dw2* on the basis of the response delay of the switching element. That is,

the pulse timing correction processing unit 332 corrects the duty command
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values Du2*, Dv2*, and Dw2* of each phase on the basis of a response delay
caused by switching from a conduction state to a non-conduction state of the
switching element or a response delay caused by switching from the
non-conduction state to the conduction state.
[0250]  As a result, it is possible to reduce a phase deviation of the PWM
voltages wu, w, and vw of each phase caused by a response delay of the
switching element. Therefore, it is possible to allow the A/D conversion
timing and the center timing of the ON period of the PWM voltage to approach
each other and more improve the detection accuracy of the motor current.
[0251] While the embodiments of the present invention have been
described hereinbefore, the aforementioned embodiments are merely for an
illustrative purpose regarding a part of applications of the invention and are
not intended to limit the technical scope of the invention to specific
configurations of the embodiments.
[0252] For example, in the aforementioned embodiments, the motor 6 is
employed as an example of the electrical unit driven by an AC current.
However, the present invention is not limited thereto. For example, the motor
6 may be a motor of an electric pump or the like or may be any apparatus
driven by AC power.
[0253] In addition, in the aforementioned embodiments, the present
invention is applied to a control apparatus that controls the PWM voltage
supplied to each phase of the motor 6 by detecting a current supplied to each
phase of the motor 6 and feeding back the current data obtained by A/D
conversion for the detection signal. Similarly, the present invention may also
be applied to a control apparatus that controls the PWM voltage supplied to the
electric motor apparatus by detecting a voltage supplied to the electric motor
apparatus and feeding back the voltage data obtained by A/D conversion for

the detection signal. In this case, the same functional effects as those of the
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aforementioned embodiments can be achieved by providing a voltage detector
for detecting a voltage supplied to the motor 6 instead of the current detectors

54 and 5..

[0254] Note that the aforementioned embodiments can be appropriately

combined.
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The embodiments of the invention in which an exclusive property or

privilege is claimed are defined as follows:

1. A control apparatus for controlling an electrical unit driven by AC
power, the control apparatus comprising:

a pair of switching elements configured to convert power from a power
source into AC power and supply the AC power to the electrical unit;

a conversion unit configured to obtain a current or voltage signal
supplied to the electrical unit and convert the signal from an analog format
to a digital format;

a calculation unit configured to calculate a duty command value for
performing a pulse width modulation (PWM) control for the electrical unit on
the basis of the signal converted by the conversion unit;

a generating unit configured to generate a PWM signal on the basis of
the duty command value calculated by the calculation unit and a carrier
signal for performing the PWM control;

a control unit configured to control the AC power supplied to the
electrical unit by switching a connection state of a switching element on the
basis of the PWM signal generated by the generating unit;

a dead time compensating unit configured to provide the PWM signal
with a dead time in which the pair of switching elements are in a non-
conduction state simultaneously, and compensate the duty command value
on the basis of the dead time; and

a correction unit configured to determine whether an amplitude of the

carrier signal increases or decreases, and to adjust a switching timing of the
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switching element by correcting the duty command value compensated by
the dead time compensating unit on the basis of whether the amplitude of
the carrier signal is increasing or decreasing determined by the correction

unit.

2. The control apparatus according to claim 1, wherein the conversion
unit is configured to obtain the current or voltage signal and convert the
signal from an analog format to a digital format at a middle of switching

timings for the pair of switching elements.

3. The control apparatus according to claim 1 or 2, wherein the
correction unit switches a correction amount for correcting the duty
command value between an increasing period and a decreasing period of the

carrier signal.

4. The control apparatus according to any one of claims 1 to 3,
further comprising a compensation unit configured to perform a
compensation processing for compensating a deviation of a pulse width of
the PWM voltage supplied to the electrical unit for the duty command value,

wherein the correction unit corrects the duty command value
subjected to the compensation processing on the basis of whether the
amplitude of the carrier signal is increasing or decreasing determined by the
correction unit to compensate a phase deviation of the PWM voltage

supplied to the electrical unit.
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5. The control apparatus according to any one of claims 1 to 4,
wherein the correction unit corrects the duty command value further

on the basis of a cycle of the carrier signal.

6. The control apparatus according to any one of claims 1 to 5,
wherein the correction unit corrects the duty command value on the basis of
a delay generated in a circuit used to transmit a signal from the generating

unit to the switching element.

7. The control apparatus according to any one of claims 1 to 6,
wherein the correction unit corrects the duty command value on the basis of

a response delay of the switching element.

8. The control apparatus according to any one of claims 1 to 7,
wherein the electrical unit is a motor,

a plurality of the pairs of switching elements are provided for each
phase of the motor, and

the correction unit corrects the duty command value on the basis of
whether the amplitude of the carrier signal is increasing or decreasing
determined by the correction unit so as to suppress a collapse of a voltage

or current waveform of at least two phases obtained by the conversion unit.

9. The control apparatus according to any one of claims 1 to 4,

wherein the correction unit obtains a value of the carrier signal several

times in an operation period in which the calculation unit calculates the

Date Reg¢u/Date Received 2021-10-13
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duty command value and determines whether the amplitude of the carrier
signal is increasing or decreasing,

the correction unit increases or decreases a correction amount for
correcting the duty command value on the basis of a result of the
determination, and

the generating unit generates the PWM signal by comparing the
corrected duty command value and the carrier signal in an operation period
next to the operation period in which the correction unit obtains the value of

the carrier signal.

10. A control method of a control apparatus provided with a pair of
switching elements configured to convert power from a power source into AC
power and supply the AC power to an electrical unit, a conversion unit
configured to obtain a current or voltage signal supplied to the electrical
unit and convert the signal from an analog format to a digital format, a
calculation unit configured to calculate a duty command value for
performing a pulse width modulation (PWM) control for the electrical unit on
the basis of the signal converted by the conversion unit, and a dead time
compensating unit configured to provide a PWM signal with a dead time in
which the pair of switching elements are in a non-conduction state
simultaneously, and compensate the duty command value on the basis of
the dead time, the control method comprising the steps of:

determining whether a amplitude of a carrier signal for the PWM
control is increasing or decreasing;

correcting a duty command value compensated by the dead time

Date Reg¢u/Date Received 2021-10-13



- 58 -

compensating unit on the basis of whether the amplitude of the carrier
signal is increasing or decreasing determined in said determining so as to
adjust a switching timing of a switching element ;

generating a PWM signal on the basis of the duty command value
corrected in said correcting and the carrier signal; and

controlling the AC power supplied to the electrical unit by switching a
connection state of the switching element on the basis of the PWM signal

generated by a generating unit.
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