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DESCRIPTION

Title of Invention
'CONTROL DEVICE FOR POWER CONVERSION DEVICE, AND MOTOR DRIVE
SYSTEM

Technical Field

Embodiments described herein relate generally to a control device for a power
conversion device and a motor drive system. |

This application is based upon and claims the benefit of priority from U.S.
Provisional Patent Application No. 62/737,125, filed on September 27, 2018; and from
U.S. Patent Application No. 16/264,031, filed on January 31, 2019; the entire contents of

which are incorporated herein by reference.

Background Art

A deadbeat direct torque and flux control (DB-DTFC) system has been known
as a control system directly controlling a magnetic flux and a torque of a motor. In the
DB-DTFC syétem, a range designated to a magnetic flux of a motor is represented as a
circle, and an equation of a change rate of a requested torque is represented as a straight
line in a two-dimensional magnetic flux space. A control device using the DB-DTFC
system controls a power conversion device by generating a command value used for
controlling a magnetic flux and a torque of a motor using a relation between a circle and
a straight line in a magnetic flux space. In a.control device using the DB-DTFC system,

it is desired that an induction motor is controlled with a high accuracy.

Citation List
Patent Literature

[Patent Document 1] U.S. Patent No. 9281772
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Summary of Invention
Technical Problem
An object of the present invention is to provide a control device for a power

conversion device and a motor drive system improving an accuracy of control of a motor.

Solution to Problem
A control device for a power conversion device drives a motor according to an
embodiment includes a drive control unit, a drive quantity adjustment unit, a magnetic

flux observer, a current observer, and an average correction unit. The drive control unit

controls a current which the power conversion device causes to flow through a stator

winding of the motor.  The drive quantity adjustment unit calculates a drive quantity
command value defining a drive quantity of the motor and controls the power conversion
device on the basis of the calculated drive quantity command Qalue. The magnetic flux
observer calculates a first estimated value of a stator magnetic flux of the motor and a
first estimated value of a rotor magnetic flux of the motor on the basis of at least the
calculated drive quantity command value. The current observer calculates a first
estimated value of the current flowing through the stator winding of the motor on the
basis of at least the calculated first estimated value of the stator magnetic flux. The
average correction unit includes a first transformation processing unit, a second
transformation processing unit, and a third transformation processing unit. The first
transformation processiﬁg unit calculates a second estimated value of the stator magnetic
flux of the motor for the first estimated value of the stator magnetic flux of the motor in
accordance with a first predetermined transformation rule based on an
synchronous/excitation angular frequency of the motor. The second transformation
processing unit calculates a second estimated value of the rotor magnetic flux of the
motor for the first estimated value of the rotor magnetic flux of the motor in accordance
with a second predetermined transformation rule based on the synchronous/excitation

angular frequency of the motor. The third transformation processing unit calculates a
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3
second estimated value of a stator current of the motor for a first estimated value of the
stator current of the motor in accordance with a third predetermined transformation rule
based on the synchronous/excitation angular frequency of the motor. The drive quantity
adjustment unit calculates a control quantity defining the drive quantity of the motor on
the basis of at least a torque command for the motor, the second estimated value of the
stator magnetic flux of the motor, the second estimated value of the rotor magnetic flux
of the motor, and the second estimated value of the current flowing through the stator

winding of the motor.

Brief Description of the Drawings

FIG. 1 is a block diagram illustrating a motor drive system according to a first
embodiment;

FIG. 2 is a block diagram illustrating a current/magnetic flux estimation unit
according to the first embodiment;

FIG. 3 is a diagram illustrating a predetermined transformation rule according to
the first embodiment;

FIG. 4 is a diagram illustrating advantages of an application of the
predetermined transformation rule based on a synchronous angular frequency of a motor
according to the first embodiment;

FIG. 5 is a timing diagram illustrating DB-DTFC according to the first
embodiment;

FIG. 6A is a diagram illustrating Voltage/forque control according to the first
embodiment;

FIG. 6B is a diagram illustrating voltage/torque control according to the first
embodiment;

FIG. 7 is a block diagram illustrating a DB-DTFC calculation unit according to
the first embodiment;

FIG. 8 is a diagram illustrating voltage/torque control according to a first
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modification of the first embodiment;

FIG. 9 is a block diagram illustrating a current/magnetic flux estimation unit
according to a second modification of the first embodiment;

FIG. 10 is a block diagram illustrating a motor drive system according to a
second embodiment;

FIG. 11 is a block diagram illustrating a DB-DTFC calculation unit according to
the second embodiment; A |

FIG. 12 is a block diagram illustrating a motor drive system according to a third
embodiment;

FIG. 13 is a block diagram illustrating a control device according to an
embodiment;

FIG. 14 is a diagram illustrating a result of evaluation of a motor drive system
according to a first example;

FIG. 15 is a diagram illustrating a result of evaluation of a motor drive system
according to a second example;

FIG. 16 is a diagram illustrating a result of evaluation of a motor drive system
according to a comparative example;

FIG. 17 is a diagram illustrating a result of evaluation of a step response test of
torque;

FIG. 18 is a diagram illustrating a result of evaluation of a current observer;

FIG. 19 is a diagram illustrating variables of complex vectors among variables
according to the embodiments;

FIG. 20 is a diagram illustrating variables of scalars among variables according
to.the embodiments;

FIG. 21 is a diagram illustrating variables of scalars among variables according
to the embodiments; and |

FIG. 22 is a diagram illustrating advantages of compensation for the amount of

lag in calculation of the current observer according to the embodiments.



10

15

20

25

WO 2020/067576 PCT/JP2019/038828

Description of Embodiments

Hereinafter, a control device for a power conversion device and a motor drive
system according to embodiments will be described with reference to the drawings. A
power conversion device and a motor drive system described below supply
predetermined AC power to a motor.

In the following description, a motor drive system according to an embodiment

will be identified as a discrete time system model. ~ As variables representing a time

history for identifying a calculation cycle, k, (k+1), and (k+2) will be used. A time
point in the future by one unit time with respect to a time point k, which is a start point of
a calculation cycle, will be represented as a time point (k+1), and a time point in the
future by one more unit time will be represented as a time point (k+2). Any given time
point (third time point) between the time point (k+1) and the time point (k+2) may be
represented as a time point (k+a). Here, a may be a real numberof 1to 2,and 1.51s a

representative value thereof. In the embodiment, in a calculation cycle assigned from a

‘time point (k+1) (first time point) as its start point to a time point (k+2) (second time

point) subsequent to the time point (k+1), an estimated value predicting a state at a time
point (k+a) may be used. A calculation cycle having the time point (k+1) as its start
point will be referred to as a current cycle, a calculation cycle having the time point k as
its start point will be referred to as a previous cycle, and a cycle having the time point
(k+2) as its start point will be referred to as a next cycle.

For example, a state quantity based on an operation state of the motor 2 in a
control cycle switched at the time point k may be sampled at the time point (k+1), and
data of results of this sampling and data of command values or the like generated from
the result of the sampling will be referred to as time history data.

(First embodiment)
Next, an example of the configuration of a motor drive system 1 will be

described. FIG. 1 is a block diagram illustrating the motor drive system 1 according to
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the embodiment.

The motor drive system 1 includes, for example, a motor 2, a power conversion
device 3, a current detector 9a, a current detector 9b, and a control device 10. As
illustrated in FIG. 1, the motor drive system 1 receives power from an AC power supply 5
(G). The control device 10 controlling the power conversion device 3 is applied to the
motor drive system 1.

The motor 2 is, for example, a three-phase induction motor (IM). A shaft of
the motor 2 is mechanically coupled with a shaft of a load which is not illustrated in the
drawings. A rotor of the motor 2 rotates by, for examplé, three-phase AC power
supplied to a stator winding, thereby rotating the shaft of the load. A sensor 2A s’
disposed on the shaft of the motor2. The sensor 2A includes, for example, a resolver, a
velocity sensor, and the like. The sensor 2A detects rotation of the shaft of the motor 2
and outputs an angle (phase) or an angular velocity of the shaft. A torque sensor is not
disposed in the motor 2.

The power conversion device ‘3 includes, for example, a rectifier 6, a capacitor 7,
and a power conversion unit 8.  The rectifier 6 rectifies an alternating current supplied
from the AC power supply 5 to the AC input of the rectifier 6. DC links are connected
to DC outputs of the rectifier 6. The capacitor 7 is disposed with the DC links. The
capacitor 7 smooths a voltage applied to the DC links.

The DC input of the power conversion unit 8 is connected to the DC links. The
power conversion unit 8 converts DC power supplied through the DC link into
three-phase AC power and supplies the three-phase AC power from the AC output of the
power conversion unit 8 to the motor 2. The power conversion unit 8 is a Voltage-type
inverter. For example, the power conversion unit 8 is driven in accordance with pulse
wide modulation (PWM) control from the control device 10 to be described later. The
power conversion unit 8 is controlled by the control device 10 with variable voltage
variable frequency (VVVF), and adjusts the velocity and the like of the motor 2.

The power conversion unit 8 includes a power conversion circuit corresponding
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to three phases of the AC output. The power conversion circuit includes an upper arm
and a lower arm for each phase. Each of the upper arm and the lower arm includes one
switching device.

The current detector 9a is disposed for v phase on the output side of the power
conversion unit 8. The current detector 9a detects v-phase stator current Ivs. The
current detector 9b is disposed for w phase on the output side of the power conversion
unit 8. The current detector 9b detects w-phase stator current Iws.  Although the
current detectors 9a and 9b illustrated in the drawing are respectively disposed for the
two phases, current detectors may be respectively disposed for three phases.

The control device 10 controls the power conversion device 3 on the basis of
command values given by a host device and detection results acquired by the current
detectors 9a and 9b.

Here, a coordinate system used by the control device 10 will be described.

The control executed by the control device 10 uses a plurality of coordinate
systems, i.e., first to third coordinate systems, according to purpoeses. |

Th¢ first coordinate system is a three-phase coordinate system. A three-phase
coordinate system includes components of three phases based on a voltage of the stator
winding (stator voltage) of the motor 2. For example, the stator voltage of the motor 2
can be represented using components of three phases including u phase, v phase, and w
phase (three-phase signal components). When a stator voltage of the motor 2 is
represented as a vector on a predetermined plane with respect to an origin, voltage
vectors of the phases have an angular difference of 2n/3 therebetween and are drawn
radially from the origin (center).

The second coordinate system is a dgs-axis coordinate system. A dgs-axis
coordinate system includes ds axis and gs axis that are orthogonal to each other. For
example, the three-phase coordinate system and the dqs-axis coordinate system may be
disposed on a predetermined plane, in such a manner that, with reference to the origin of

the dgs-axis coordinate system, the direction of the gs axis of the dgs-axis coordinate
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system is arranged to match the direction of a voltage vector of the u phase of the stator.
An arithmetic operation of transforming three-phase signal components of the
three-phase coordinate system into two-phase signal components of the ds axis and the gs
axis of the dgs-axis coordinate system will be referred to as "dgs-axis transformation".
In accordance with the "dgs-axis transformation", three-phase signal components are
transformed into two-phase signal components of the ds axis and the gs axis. An_
arithmetic operation of transforming two-phase signal components of the ds axis and the
gs axis of the dgs-axis coordinate system into three-phase signal components of the
three-phase coordinate system will be referred to as "dqs-axis inverse transformation".
In accordance with the "dgs-axis inverse transformation", the two-phase signal
components of the ds axis and the gs axis are transformed into three-phase signal
components. For example, the origin of the dgs-axis coordinate system is defined on
the basis of the stator magnetic flux. |

The third coordinate system is a re-aligned coordinate system. A re-aligned
coordinate system, similar to the second coordinate system (a stator-side coordinate
system), includes ds axis and gs axis that are orthogonal to each other. ~An arithmetic
operation of transforming two-phase signal components of the ds axis and the gs axis of
the stator-side coordinate system into two-phase signal components of the ds axis and the
gs axis of the re-aligned coordinate system will be referred to as "ras-axis
transformation”. In accordance with the "ras-axis transformation", two-phase signal
components of the ds axis and the gs axis of the stator-side coordinate system are
transformed into two-phase signal components of the ds axis and the gs axis of the
re-aligned coordinate system. An arithmetic operation of transforming two-phase signal
components of the ds axis and the gs axis of the re-aligned coordinate system into
two-phase signal components of the ds axis and the gs axis of the stator-side coordinate
system will be referred to as "ras-axis inverse transformation". In accordance with the
"ras-axis inverse transformation", two-phase signal components of the ds axis and the gs

axis of the re-aligned coordinate system are transformed into two-phase signal



10

15

20

25

WO 2020/067576 PCT/JP2019/038828
9
components of the ds axis and the gs axis of the stator-side coordinate system. The
re-aligned coordinate system is used in DB-DTFC to be described later. In the
embodiment, methods of defining the direction of an axis of the re-aligned coordinate
system include two techniques: a technique using the stator magnetic flux as a reference;
and a technique using the rotor magnetic flux as a reference are used. Details of the
re-aligned coordinate system will be described later. For example, the origin of the
re-aligned coordinate system is defined on the basis of the stator magnetic flux. |

In FIGS. 19 to 21, variables used in equations and drawings illustrating
embodiments as examples will be described. FIG. 19 is a diagram illustrating, as an
example, variables of complex vectors among variables accdrding to embodiments.
FIGS. 20 and 21 are diagrams illustrating, as an example, variables of scalars among
variables according to embodiments.

For example, an estimated value of the stator magnetic flux in the dgs-axis
coordinate system is denoted as a stator qds-axis magnetic flux estimated value
Aqds_s_est in this embodiment. Here, "A" represents a magnetic flux. "qds" in a first
part of a suffix subsequent thereto represents a gs-axis component and a ds-axis
component of the dgs-axis coordinates. "s" in a second part of the suffix represents a
stationary coordinate system at the stator side (hereinafter, referred to as a stator-side
coordinate system). A stator qds-axis magnetic flux Aqds s cbllectively represents
two-phase components of the dgs-axis coordinates. In the above case, the two-phase
components include two components, i.e., a stator gs-axis magnetic flux Aqs_s and a
stator ds-axis magnetic flux Ads_s. The stator gs-axis magnetic flux Aqs_s fepresents
g-axis component in the stator-side dqs-axis coordinate system of the stator magnetic
flux. The stator ds-axis magnetic flux Ads_s represents d-axis component in the
stator-side dqs-axis coordinate system of the stator magnetic flux. In some cases,
information represented by two-phase components may be collectively handled as a
vector value in a complex vector space. "est" of a third part of the suffix represents an

estimated value. Information used for identifying chronological order information is
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written within parentheses following the third part. There are a command value (com),
a differential value (dot), a detection value (det), an average value (ave), and the like
other than those described above that are represented in the third part.

In the following calculation equations and drawings, denotations different from
denotations used in this description may be used. For example, the stator qds-axis flux
estimated value Aqds_s_est may be represented as in Equation (1).

[Math. 1]
AS
ﬂ’qu (1)

A subscript "qds" of "A" shown in Equation (1) illustrated above represents
information of a two-phase componerit of the dgs-axis coordinates. A superscript "s" of
"A" represents information of the stator-side coordinate system. Furthermore, "" above

"\" represents an estimated value. Other than above, symbols above a character include

nn

." representing a differential value. A command value is represented using "*" in a

superscript. Variables representing complex vectors include the flux magnetic flux &
described above, a voltage V, and a current i.  For details of others, please refer to FIGS.
19 to 21.

Referring back to FIG. 1, the control device 10 will be described.

The control device 10 includes, for example, a motion controller 12, a
velocity/phase estimation unit 13, a DB-DTFC calculation unit 14 (a drive quantity
adjustment unit), a first coordinate transformation unit 15, a PWM controller 16 (a drive
control unit), a second coordinate transformation unit 17, a slip frequency estimation unit
18, an adder unit 19, a current/magnetic flux estimation unit 20, a delay operation unit 23,
a delay operation unit 26, a multiplication unit 27, and an average correction unit 30.

The motion controller 12 calculates an air gap torque command value

* Te_com(k+1) on the basis of a rotor angular velocity command value (mechanical angle)

orm_com(k+1) and a rotor angular velocity estimated value (mechanical angle)

orm_est(k+1). For example, the rotor angular velocity command value (mechanical
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angle) orm_com(k+1) may be supplied from a device (a host device) external to the
control device 10. The rotor angular velocity estimated value (mechanical angle)
orm_est(k+1) is supplied from the velocity/phase estimation unit 13 to be described later.
Hereinafter, the rotor angular velocity estimated value (mechanical angle) orm_est will
be simply referred to as a rotor angular velocity estimated value orm_est. The motion
controller 12 calculates an air gap torque command value Te_com(k+1) such that the
rotor angular ve.locity estimated value orm_est(k+1) is caused to follow the rotor angulér
velocity command value (mechanical angle) orm_com(k+1). The air gap torque
command value Te_com(k+1) is a command value for the DB-DTFC calculation unit 14
to be described later.

The velocity/phase estimation unit 13 calculates, for example, the rotor angular
velocity estimated value orm_est(k+1) and a rotor angle estimated value (electrical
angle) Or_est(k+1) on the basis of a rotor mechanical angle 6rm(k) supplied from the
sensor 2A. Hereinafter, the rotor angle estimated value (electrical angle) 6r_est will be
simply referred to as a rotor angle estimated value Or_est.

For example, the velocity/phase estimation unit 13 includes a motion observer
that estimates a rotation state of the motor 2. The motion observer is equivalent to a
zero lag filter and decreases a lag of an output signal with reSpect to an input signal such
that the lag becomes less than a lag of a generally-used first-order lag filter. In other
words, the velocity/phase estimation unit 13 decreases lags of the rotor angular velocity
estimated value orm_est(k+1) and the rotor angle estimated value 6r_est(k+1) with
respect to the rotor mechanical angle 6rm(k). The velocity/phase estimation unit 13
estimates a value of a state quantity at a time point (k+1), i.e., a time point in the future
by one sampling, from a state quantity at a time point in the past including a detection lag
of the sensor 2A, for example, at a time point k.  The rotor angular velocity estimated
value orm_est(k+1) and the rotor angle estimated value 6r_est(k+1) respectively serve as
estimated values of the values of current state quantities. The velocity/phase estimation

unit 13 enables acquisition of output signals including low noise components by using
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12
such motion observer.

For example, the velocity/phase estimation unit 13 supplies the rotor angular
velocity estimated value wrm_est(k+1) to the motion controller 12 and the multiplication
unit 27. The rotor angular velocity estimated value or_est(k+1) transformed by the
multiplication unit 27 is supplied to the DB-DTFC calculation unit 14, the adder unit 19,
and the current/magnetic flux estimation unit 20. The velocity/phase estimation unit 13
supplies the rotor angle estimated value Or_est(k+1) to the delay operation unit 26. The
rotor angle estimated value 0r_est(k) delayed by the delay operation unit 26 is supplied to
the current/magnetic flux estimation unit 20.

It should be noted that any one of a phase and an angular velocity may be input
to the motion observer described above. When the phase sensor is used aé the sensor
2A, the input signal received by the velocity/phase estimation unit 13 is, for example, a
phase 6rm(k). When a velocity sensor is used as the sensor 2A; the input signal
received by the velocity/phase estimation unit 13 is, fof example, an angu.lar velocity
wor(k). A pulse generator (PLG) is an example of a velocity sensor.

When a physical sensor such as the sensor 2A is not used, a position tracking
observer may be used as the velocity/phase estimation unit 13. In this case, as an input
signal input to the position tracking observer may be any one of a current, a voltage, and
a magnetic flux. For an exampie of the configuration of the position tracking observer,
refer to Yang Xu et al., "Extending Low Speed Self-Sensing via Flux Tracking with
Volt-Second Sensing", [online], 2018, IEEE, [retrieved on September 13, 2018], Internet
(URL: https://ieeexplore.ieee.org/document/8344841).

The DB-DTFC calculation unit 14 (illustrated as DB-DTFC in the drawing) is a
controller that controls the motor 2 in accordance with a deadbeat-direct torque and flux
control (DB-DTFC) system. The DB-DTFC calculation unit 14 calculates a drive
quantity command value defining the drive quantity of the motor 2 on the basis of at least
a torque command for the motor 2, an estimated value of the stator magnetic flux of the

motor 2, and a reference value of the stator magnetic flux of the motor 2.
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For example, the DB-DTFC calculation unit 14 has an air gap torque command
value Te com(k+1), a stator qu-axi.s current estimated value Iqds_s_est(k+a), a stator
qds-axis magnetic flux estimated value Aqds_s_est(k+a), a rotor qds-axis magnetic flux
estimated value Aqdr_s_est(k+a), a stator qds-axis magnetic flux estimated value
Aqds_s_est(k+1), a rotor qds-axis magnetic flux estimated value Aqdr_s_est(k+1), and a
stator qds-axis magnetic flux command value Aqds_s com(k+2) as input variables and
calculates a stator qds-axis voltage command value Vqds_s_com(k+1) on the basis of the
input variables described above. The air gap torque command value Te_com(k+1) is
supplied from the motion controller 12. The stator qds-axis current estimated value
Iqds_s_est(k+a), the stator qds-axis magnetic flux estimated value Aqds_s_est(k+a), and
the rotor qds-axis magnetic flux estimated value Aqdr_s_est(k+a) are supplied from the
average correction unit 30 to be described later.  The stator qds-axis magnetic flux
estimated value Aqds_s_est(k+1) and the rotor qds-axis magnetic flux estimated value
Agdr_s_est(k+1) are supplied from the current/magnetic flux estimation unit 20 to be
described later.  The stator qds-axis magnetic flux command value Aqds_s_com(k+2),
for example, may be supplied from a host device or may be calculated in the control
device 10. The air gap torque command value Te_com(k+1) is an example of a torque
command for the motor 2. The stator qds-axis current estimated value qus_s_est(k+a)
is an example of a second estimated value of the stator current of the motor 2. The
stator qds-axis current estimated value Iqds_s_est(k+1) and the. stator qds-axis current
estimated value Iqds_s_est(k+a) are an example of an estimated value of the stator
current of the motor 2.  The stator qds-axis magnetic flux estimated value
Aqds_s est(k+a) is an example of an estimated value of the stator magnetic flux of the
motor 2.  The stator qds-axis magnetic flux estimated value Aqds_s_est(k+1) and the
stator qu-aXis magnetic flux estimated value Aqds_s_est(k+a) ére an example of an
estimated value of the stator magnetic flux of the motor 2.  The rotor gds-axis magnetic
flux estimated value Aqdr_s_est(k+a) is an example of an estimated value of the rotor

magnetic flux of the motor 2. The rotor qds-axis magnetic flux estimated value
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- Aqdr_s_est(k+1) and the rotor qds-axis magnetic flux estimated value Aqdr_s_est(k+a)

are an example of an estimated value of the rotor magnetic flux of the motor 2. The
stator qds-axis magnetic flux command value Aqds s com(k+2) is an example of a.
reference value of the stator magnetic flux of the motor 2.  The air gap torque command
value Te _com(k+1), for example, is acquired at a time point (k+1).

| When the DB-DTFC calculation unit 14 calculates the stator qds-axis voltage
command value qus_s_com(k+i), the DB-DTFC calculation unit 14 performs an RAS
coordinate transformation and an inverse RAS coordinate transformation with reference
to the rotor qds-axis magnetic flux estimated value Aqdr_s_est(k+a). This will be
described later.

The DB-DTFC calculation unit 14 outputs the calculated stator qds-axis voltage
command value Vqds_s com(k+1) to the first coordinate transformation unit 15 and the
delay operation unit 23. The DB-DTFC calculation unit 14 controls the power
conversion device 3 on the basis of the stator qds-axis voltage command value
Vqds s com(k+1). -

The first coordinate transformation unit 15 transforms the stator qds-axis voltage
command value Vqds s com(k+1) that is a voltage command value in the stator qds-axis
coordinate system into three-phase stator voltage command values Vus_s_com(k+1),
Vvs_s com(k+1), and Vws_s_com(k+1) that are Voltage comniand_values in the
three-phase stator coordinate system (stationary coordinate system). The transformation
executed by the first coordinate transformation unit 15 is a "dqs-axis inverse
transformation”.

The PWM controller 16 outputs a control signal based on a drive quantity
command value defining a drive quantity of the motor 2 to the power conversion device 3
that drives the motor 2. The PWM controller 16 compares, for example, the three-phase
stator voltage command values Vus_s_com(k+1), Vvs_s_com(k+1), and
Vws_s_com(k+1) transformed by the first coordinate transformation unit 15 with a

carrier signal and generates gate pulses GP for the power conversion unit 8 using pulse
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width modulation (PWM). The PWM controller 16 illustrated in FIG. 1 outputs the gate

pulse GP for each switching device to the switching device of the power conversion unit

8.

The second coordinate transformation unit 17 transforms stator currents Ivs and
Iws supplied from the current detectors 9a and 9b in discrete times and transforms the
stator currents into a stator qds-axis current detection value Iqds_s det(k) in the stator
gds-axis coordinate éystem. The transformation executed by the second coordinate
transformation unit 17 is a "dgs-axis transformation".

The dgs-axis transfdrmation is executed, for example, using the following
equation. A stator current Ius is calculated on the basis of the stator currents Ivs and
Iws. A relationship between three-phase stator currents Ius, Ivs, and Iws and stator
currents Iqs_s and Ids_s, which are obtained by the two-phase transformation, is
represented in the following Equation (2). The transformation represented in the
following Equation (2) is different from a generally-used Clarke transformation. Please
nbte that the dqs-axis inverse transformation is an inversion of the transformation
represented in Equation (2).

[Math. 2]

Tlus+Ivs+Iws =0

I, = lus
5, = (Ius +2bws) /3 @
The slip frequency estimation unit 18 calculates a slip angle frequency estimated
value wsl_est(k+1) relating to a slip of the motor 2 on the basis of an air gap torque
estimated value Te_est(k+1) calculated by a calculation block 1410 (an estirhated torque
calculation unit) to be described later, a larger amplitude of the rotor qds-axis magnetic
flux estimated value qur_é_est(k+1) calculated by a magnetic flux observer 22 to be
described later, and a rotor resistance Rr. Alternatively, for example, the slip frequency

estimation unit 18 may calculate the slip angle frequency estimated value sl _est(k+1)

using commonly used calculation methods for the slip angle frequency estimating.
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The adder unit 19 calculates a synchronous angular frequency estimated value
we_est(k+1) of the motor 2 by adding the slip angle frequency estimated value
wsl_est(k+1) calculated by the slip frequency estimation unit 18 to the rotor angular
velocity estimated value or_est(k+1).

The current/magnetic flux estimation unit 20 includes, for example, a current
observer 21 and the magnetic flux observer 22.

The current observer 21 calculates an estimated value of a current flowing
through the stator winding of the motor 2 on the basis of at least a drive quantity
command value and an estimated value of the stator magnetic flux. The drive quantity
command value is, for example, the stator qds-axis voltage command value Vqds_s_com
calculated by the DB-DTFC calculation unit 14.

The current observer 21 outputs an estimated value of the stator current with
feduced fluctuation on the basis of time history data of the estimated value of the stator
magnetic flux calculated by the magnetic flux observer 22 to be described later in the
calculation process described above. The estimated value of the stator magnetic flux
described above, for example, is a stator qds-axis magnetic flux estimated value
Aqds_s_est as chronological order information.

For example, the current observer 21 has the stator qds-axis voltage command
value Vqds_s_com(k) held by the delay operation unit 23, the stator qds-axis magnetic
flux estimated value Aqds_s_est(k+1) calculated by the magnetic flux observer 22, the
stator qds-axis current detection value Iqds_s_det(k) transformed by the second
coordinate transformation unit 17, and the rotor angular velocity estimated value
or_est(k+1) calculated by the multiplication unit 27 as input variables and calculates a
stator qds-axis current estimated value Iqds_s_est(k+1) on the basis of the input variables
described above.

The stator qds-axis magnetic flux estimated value Aqds_s_est(k+1) described
above is an example of a first estimated value of the stator magnetic flux. The stator

qds-axis magnetic flux estimated value Aqds_s_est(k) is an example of a previous-cycle
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estimated value of the stator magnetic flux. The current observer 21 performs a
calculation having, as an input variable, the stator qds-axis magnetic flux estimated value
Aqds_s_est(k) (an estimated value in the past) in a previous-cycle calculation process
corresponding to a time in the past from the calculation process of the current cycle
corresponding to the time point (k+1). The current observer 21 uses the stator qds-axis
magnetic flux estimatéd value Aqds_s_est(k) described above for the calculation process
of the current cycle. The current observer 21 includes a calculation block 218. The
calculation block 218 includes, for example, a zero order hold circuit. Details of the
current observer 21 will be described later.

The magnetic flux observer 22 calculates at least an estimated value of the stator
magnetic flux of the motor 2 on the basis of at least the drive quantity command value
calculated by the DB-DTFC calculation unit 14 and the output current of the power
conversion device 3.  The magnetic flux observer 22 Ihay use, as one of the variables
calculation of the estimated value of the rotor magnetic flux of the motor 2, an estimated
value of the current flowing through the stator winding of the motor 2, and calculate the
estimated value of the rotor magnetic flux of the motor 2. The magnetic flux observer
22 may calculate an estimated value of the stator magnetic flux of the motor 2 described

above further using the rotor angle estimated value 0r_est(k) (simply referred to as a

© rotor angle 8r(k)). The magnetic flux observer 22 may calculate at least an estimated

value of the stator magnetic flux of the motor 2 further using the rotor angle 6r(k). The
magnetic flux observer 22 calculates an estimated value of the rotor magnetic flux of the
motor 2 using the estimated value of the stator magnetic flux of the motor 2. The output
current of the power conversion device 3 described above is a measured value of the
output current of the power conversion device 3 and data generated on the basis of the
output current of the power conversion device 3.

For example, the magnetic flux observer 22 has variables including a stator
qds-axis voltage command value Vqds_s_com(k) held by the delay operation unit 23,a

stator qds-axis current detection value Iqds_s_det(k) transformed by the second
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coordinate transformation unit 17, a stator qds-axis current estimated value
Iqds_s_est(k+1) calculated by the current observer 21, anci a rotor angle estimated value
Or_est(k), and calculates a stator qds-axis magnetic flux e‘stimated value Aqds_s_est(k+1)
and the rotor gds-axis magnetic flux estimated value Aqdr_s_est(k+1) on the basis of the
input variables described above. The stator qds-axis voltage command value
Vqds_s_com(k) is an example of the drive quantity command value éalculated by the
DB-DTFC calculation unit 14. The stator qds-axis current estimated value
qus_é_est(kﬂ) is an example of the output current of the power conversion device 3.
The stator gds-axis magnetic flux estimated value Aqds_s est(k+1) is an example of a
first estimated value of the stator magnetic flux of the motor 2. Details of the magnetic
flux observer 22 will be described later. |

The delay operation unit 23 holds the stator qds-axis voltage command value
qus_s_cdm(k) calculated by the DB-DTFC calculation unit 14 in a storage unit until
calculation of the next cycle. The delay operation unit 23 outputs the stator qds-axis
voltage command value Vqds_s com(k) held in the storage unit to the current/magnetic
flux estimation unit 20 for a calculation of the current cycle performed by each unit in a
later stage. The stator gds-axis voltage command value Vqds s com(k) is an example
of a second value calculated on the basis of the drive quantity command value.

The delay operation unit 26 holds the rotor angle estimated value 0r_est(k+1)
calculated by the velocity/phase estimation unit 13 in a storage unit until next-cycle
calculation. The delay operation unit 26 outputs the rotor angle estimated value
Or_est(k) that has been held in advance for a calculation of the current cycle performed
by each unit in a later stage.

The multiplication unit 27 calculates a rotor angular velocity estimated value
or_est(k+1) by multiplying the rotor angular velocity estimated value orm_est(k+1)
calculated by the Vélocity/phase estimation unit 13 by (P/2) that is the number of pairs of
poles. Here, "P" is the number of poles.

The average correction unit 30 receives input variables including the stator
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qds-axis current estimated valﬁe Igds s est(k+1), the stator qds-axis current estimated
value Aqds_s_est(k+1), and the rotor qds-axis magnetic flux estimated value
Aqdr_s_est(k+1) calculated.by the current/magnetic flux estimation unit 20, and generates
a stator qds-axis current estimated value Iqds s _est(k+a), the stator qds-axis magnetic
flux estimated value Aqds_s_est(k+a), and the rotor qds-axis magnetic flux estimated
value A\qdr_s_est(k+a) corrected on the basis of the synchronous angular frequency
estimated value we_est(k+1) calculated by the adder unit 19. The average correction
unit 30 includes, for example, a first transformation précessing unit 31, a second
transformation processing unit 32, and a third transformation processing unit 33. A
result of calculation executed by the average correction unit 30 is used for calculation
executed by the DB-DTFC calculétion unit 14 in a later stage. Details of the average
correction unit 30 will be described later.

Here, an overview of the control device 10 according to the embodiment will be
described.

For example, by using the current/magnetic flux estimation unit 20 as below, the
control device 10 achieves improvement of the accuracy of estimation of a current and
improvement of the éccuracy of estimation of a magnetic flux.

1: The current observer 21 uses an estimated value of a stator magnetic flux as
input information used for estimating a stator current.

2: The current observer 21 transforms input information of a stator magnetic
flux into chronological order information in a discrete time systém, and estimates a
current value corresponding to the input information described above. In this
calculation process,v the current observer 21 performs smoothing of continuous input
information which is to be made into the chronological order information.

The current/magnetic flux estimation unit 20 achieves improvement of the
accuracy of estimation of a rotor magnetic flux by further improving the accuracy of
estimation of a stator current. As described above, the DB-DTFC calculation unit 14

calculates a drive quantity command value defining a drive quantity of the motor 2 by
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using at least the estimated value of the stator magnetic flux of the motor 2.  Further

increasing the accuracy of estimation of a magnetic flux may contribute to increasing of

the accuracy of estimation of a torque calculated on the basis of the magnetic flux.

Since the DB-DTFC calculation unit 14 calculates an estimated value of a torque and
uses a result thereof for torque control, the accuracy of estimation of the stator current
may contribute to improvement of the accuracy of the torque control.

For example, by using information relating to an estimatéd state quantity of the
motor 2 at a time point different from a sampling time point relating to the discrete time
process as the input information of the DB-DTFC calculation unit 14, the control device
10 achieves improvement of the accuracy of torque estimation and improvement of the
accuracy of a voltage command for the motor 2.

A time point differenf from the sampling time point in the time axis direction
may be defined, and information at the defined tfme point is given the DB-DTFC
calculation unit 14. For example, although information estimated by the
current/magnetic flux estimation unit 20 is information at the sampling time point
described above, the average correction unit 30 may correct the information to
information of a time point different from the sampling time point in the time axis
direction.

Hereinafter, details thefeof will be sequentially described.

FIG. 2 is a block diagram illustrating the current/magnetic flux estimation unit
20 according to the embodiment.

The current/magnetic flux estimation unit 20 includes a current observer 21 and
a.magnetic flux observer 22.

The current observer 21 includes, for example, a calculation block 210, a
calculation block 211 (an average calculation unit), a calculation block 212, a calculation
block 213, a calculation block 214, a calculation block 215, a calculation block 216, a
calculation block 217, and a calculation block 218.

The calculation block 211 calculates a moving average value using time history
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data of the stator qds-axis magnetic flux estimated value Aqds_s_est, thereby smoothing
the stator qds-axis magnetic flux estimated value Aqds_s_est. For example, the
calculation block 211 is a sampler of the current observer 21 and may derive an average
value of acquired values. In a more specific example, the calculation block 211 stores
the stator qds-axis magnetic flux estimatéd value Aqds_s_est(k) (a previous-cycle
estimated value of the rotor magnetic flux) calculated by the magnetic flux observer 22 in
a previous (k) calculation cycle in the storage unit. After completion of calculation of
an average value to be described later, the calculation block 211 updates the value stored
in the storage unit from the stator qds-axis magnetic flux estimated value Aqds_s_est(k)
to the stator qu-axis magnetic field estimated value Aqds_s_est(k+1). The calculation
block 211 temporarily stores the stator qds-axis magnetic field estimated value
Aqds_s_est(k+1) until it is used in the calculation of the next (k+2) calculation cycle.
The calculation block 211 uses the stator qds-axis magnetic field estimated value
Aqds_s_est(k+1) in the calculatioﬁ of the next (k+2) calculation cycle.

The calculation block 211 _calculates a moving-time average value
hqds_s_ave(k) (simply referred to as a moving time average value Aave) that is an

average of the stator qds-axis magnetic flux estimated value Aqds_s_est(k) and the stator

qds-axis magnetic flux estimated value Aqds_s_est(k+1) on the basis of the stator

qds-axis magnetic flux estimated value Aqds_s_est(k) (a preVious—cycle estimated value
of the stator magnetic flux) and the stator qds-axis magnetic flux estimated value (a first
estimated value of the stator.magnetic flux) stored in the storage unit. The stator
qds-axis magnetic flux estimated value Aqds_s_est(k) and the stator qds-axis magnetic
flux estimated value Aqds_s_est(k+1) are examples of estimated values of the rotor
magnetic flux of the motor 2 calculated by the magnetic flux observer 22. |

| As explained above, it is preferable for the calculation block 211 to use two
samples, i.e., the stator qds-axis magnetic flux estimated value Aqds s est(k) and the
stator qds-axis magnetic flux estimated value Aqds_s_est(k+1), for the moving average

calculation. The reason why the calculation block 211 uses two samples is to get an
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accurate estimation of the moving time average value Aave for the physical system with
no delay. For example, when the stator qds-axis magnetic flux estimated value
Aqds_s_est(k+1) is used without moving average calculation, this will result in phase lead.
When the number of samples used for the moving average calculation is more than two
samples, this will result in phase lag. Therefore, it is preferable for the calculation
block 211 to use two samples for the moving average calculation. When the sampling
frequehcy fs (fs is a reciprocal of the sampling period ts) is sufficiently higher than a
fundamental frequency f1 (a synchronous angular frequency we), the mathematical
model constituted by the current observer 21 is accurate. However, when the sampling
frequency fs cannot be made to be sufficiently higher than the fundamental frequency f1,
the mathematical model constituted by the current observer 21 is inaccurate, and limit
cycle is more likely to occur as explained below.

A limit cycle may occur in a discrete time system. The limit cycle is a
phenomenon in which a periodical vibration of an output value occurs in synchronization
with the sampling frequency fs. The limit cycle tends to have a larger amplitude as a
ratio (fs/f1) of the sampling frequency fs to the fundamental frequency f1 decreases.

For example, the ratio (fs/f1) decreases when a calculation period (the sampling period ts)
increases, or when the fundamental frequency f1 increases.

The calculation block 211 has an effect of suppressing a frequency component
of a half of the sampling frequency fs by taking a moving-time average of two
consecutive samples. Even when the ratio (fs/f1) described above becomes high, and
this limit cycle occurs in a signal of a sampling target, the calculation block 211 reduces
the influence of noise having a vibrating property by taking a moving-time average.

" The calculation block 212 calculates a voltage correction value |
Vqds_s_compl(k) (simply, referred to as a voltage correction value Vcompl) on the
basis of the moving-time average value Aave and the rotor velocity or. For example, the
calculation block 212 calculates a voltage correction value Vcompl by multiplying the

moving-time average value Aave by a transfer function represented in Equation (3)
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having variables including the rotor resistance Rr, a rotor winding inductance Lr, and a

rotor velocity or.

[Math. 3]

L ©)

Equation (3) shown above is an approximation equation for a case where a value
of the rotor velocity or is a constant.  Alternatively, for example, the value of the rotor
velocity or described above may be replaced with any one of the rotor angular velocity
estimated value wr_est(k), the rotor angular velocity estimated value or_est(k+1), a value
acquired by executing a transformation using a predetermined transformation rule on the
basis of any one of the values described above, and a value defined on the basis of values
of both the rotor angular V_elocity estimated value or_est(k) and the rotor angular velocity
estimated value or_est(k+1). In the above-described case, the value of the rotor
velocity or can be updated.

The calculation block 213 is an adder. The calculation block 213 adds a
voltage correction value Vcompl calculated by the calculation block 212, the stator
gds-axis voltage command value Vqds s com, a calculation result acquired by the
calculation block 215, and a calculation result acquired by the calculation block 216 and
outputs the result of addition as é voltage sum value Vgds s sum(k+1) (simply referred
to as a voltage sum value Vqds_sum).

For example, the calculation block 213 may add at least the voltage correction
value Vcompl1 calculated by the calculation block 212 and the stator qds-axis voltage
command value Vqds_s_com(k) and set a sum thereof as the voltage sum value
Vqds_s tot (simply referred to as a voltage sum value Vtot). The voltage correction
value Vcomp1 calculated by the calculation block 212 is an example of a first value that
is calculated on the basis of a moving-time average value. The stator qds-axis voltage
command value qus_s_com is an example of a drive quantify command value.

The calculation block 210 is a delay operation circuit. The calculation block
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210 holds an estimation result calculated by the current observer 21 in the previous

calculation cycle. For example, a value held by the calculation block 210 is the stator

qds-axis current estimated value Iqds_s_est(k).

The calculation block 214 is a subtractor. The calculation block 214 subtracts
the stator qds-axis current estimated value Iqds_s_est(k) that is an estimation result of the
previous calculation cycle acduired by the current observer 21 from the stator qds-axis
current detection value Iqds_s_det(k) calculated by the second coordinate transformation
unit 17 and outputs a difference (a deviation Alqds) thereof. The calculation block 215
amplifies the deviation Alqds calculated by the calculation block 214 by multiplying it by
a gain K3. The calculation block 216 performs an integration operation with a gain K4
for the deviation Alqds described above. The calculation block 215 and the calculation
block 216 form a proportional integration type compensator relating to the current
observer 21. The calculation block 215 and the calculation block 216 generate
correction quantities such that the stator qds-axis current estimated value Iqds_s_est(k)
follows the stator qds-axis current detection value Iqds_s_det(k). Calculation results
acquired by the calculation block 215 and the calculation block 216 are added in the
calculation block 213 described above.

The calculation block 217 divides the voltage sum value Vqds_sum calculated
by the calculation block 213 by (yoLs) and outputs a quotient thereof. Here, y is
defined as represented in the following Equation (4). o denotes a leakage coefficient.
Ls denotes a stator winding inductance.

[Math. 4]

o @)
The calculation block 218 has gain characteristics including characteristics of a
latch intérface. The characteristics of the latch interface are characteristics of execution
of zero-order hold of an input signal. The calcuiation block 218 performs zero-order

hold of a calculation result acquired by the calculation block 217 and calculates a stator
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gds-axis current estimated value Iqds_s_est(k+1) (first estimated value of a current
flowing through a stator winding of the motor) of a current flowing through the stator
winding of the motor 2 on the basis of a result of the zero-order hold. The calculation
result acquired by the calculation block 217 is an example of a value calculated on the
basis of the moving-time average value Aave described above. For example, the
calculation block 218 calculates a stator qds-axis current estimated value Iqds_s_est(k+1)
by multiplying the calculation result acquired by the calculation block 217 by a transfer
function represented in Equation (5-1) having a variable Al. An example of the
variable Al is represénted in Equation (5-2).
[Math. 5] |

1-A,
1—Alz'1

(-1

— s
A=e (5-2)

The description of the configuration of the current observer 21 will be
continued.

In the following description, a basic range of the current observer 21 in which
the calculation block 216 is omitted from the calculation block 210 and the calculation
block 214 will be described.

The current observer 21 uses a latch interface of the calculation block 218 for a
transformation from a continuous system to a discrete system. This latch interface
functions as a zero-order hold function. Since the stator qds-axis voltage command
value Vqds_s_com which is a voltage input to the current observer 21 is based on a
command value, the fluctuation of the stator qds-axis voltage command value
Vqds_s com during a normal operation are relatively small. Meanwhile, the stator
qds-axis magnetic field estimated value Aqds_s_est of a magnetic flux input may include
a component of a measured value (a stator gds-axis current measured value
Iqgds s det(k)). For this reason, while the current observer 21 can acquire a relatively

accurate value of a voltage input, a magnetic flux input may be affected by an influence
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of an external disturbance or the like. Thus, for the magnetic flux input, the current
observer 21 takes a moving average value of a value acquired in the current cycle and a
value acquired in the previous cycle in order to derive an accurate magnetic flux
estimated value without phase lead or lag even at a low fs/f1 ratio.
An equation of a current observer defined in a continuous time system is

represented in the following Equation (6). Here, "p" denotes a differential operator.

[Math. 6]

. 1| . s s s
Pl = E[Vm +(§’——]a)r)/lm ~R iy +]a),0'Lszng]

5 r

(6)

A sum Vtot of a term of a stator voltage (first term) and a term of a stator
magnetic flux (second term) in Equation (6) described above is defined in the following
Equation (7). By transforming Equation (7) into an equation of a discrete time system
including average value calculation, Equation (7) can bé rewritten into Equation (8).
[Math. 7]

Vo=V +(%—jw,]ﬂ»;d§ |

(g

(7
[Math. 8]

7, (k) :z];(k)+(_LRL~ jwr(k)jiz;;(k) +j;dg(k+1)] 2

{a

®

By using Equation (7) described above, Equation (6) is rewritten into Equation
®).
[Math. 9]

pils= ! [V = Rogisys + jo,0Lisy, |

tot eq”qds qds

ol s (9)
By applying a Laplace transformation to Equation (9), Equation (10) is acquired.
"s" in Equation (10) denotes a Laplace operator.

[Math. 10]
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(SO'LS_ +R, —jco,O'Ls)i;ds(s) o (s)+o* R (t = 0)

(10)
Here, a latch interface having the following Equation (11) as an initial condition
is applied.
[Math. 11]
V() =Ll =0)
S (11)

Accordingly, Equation (10) described above is transformed into the following

Equation (12).
[Math. 12]
-5 1 Vnsn (t - 0) ’ldJ (t - O)
fas () oL, s(s+ ) s+
V4 X (12)
"¥" in Equation (12) described above is defined as represented in the following

Equation (13).
[Math. 13]

R, .
VA I J@,

o (13)

In accordance with an inverse Laplace transformation, Equation (12) in
s-domain is transformed into Equation (14) in time domain.
[Math. 14]

(0= — Vot =0)— ( )i (1= 0) ™
L (14)

Equation (14) described above is transformed into Equation (15) of the discrete
time system. This Equation (15) is an example of an equation representing basic
characteristics of the current observer 21.

[Math. 15]
(kD)= —— Vo () — ( )i, ()™ (15)

S

The calculation block 210, the calculation block 212, the calculation block 213,
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the calculation block 214, the calculation block 215, the calculation block 216, the
calculation block 217, and the calculation block 218 described above are an example of a
current estimated value calculation unit.

The calculation block 210, the calculation block 212, calculation block 213,
calculation block 214, calculation block 215, calculation block 216, calculation block
217, and calculation block 218 calculate an estimated value (a first estimated value of a
current flowing through a stator winding of the motor) of a current flowing through the
stator winding.of the motor 2 on the basis of a moving-time average value Aave that is an
average value of the stator magnetic flux of the motor 2.

The calculation block 218 is an example of a smoothing calculation unit that
smooths a continuous output value of the observer described above in discrete time
control. With the calculation block 218, the current observer 21 outputs the stator
qds-axis current estimated value qus_s_;est(k+1) smoothed by the célculation block 218.
The current/magnetic flux estimation unit 20 and the current observer 21 are an example
of the observer including the calculation block 218.

[0100]

Since a process of moving average of the stator qds-axis magnetic flux estimated
value Aqds_s_est(k+1) is included and executed in an approximation calculation process
of transforming the stator qds-axis magnetic flux estimated value Aqds_s_est(k+1) into an
average value for the discrete time model, the current observer 21 can improve the
accuracy of estimation of the stator qds-axis current estimated value Iqds_s_est(k+1)
using a simple process. The stator qds-axis magnetic flux estimated value
Aqds_s est(k+1) is an example of input information used for estimating the stator
qds-axis current estimated value Iqds_s_est(k+1).

Constants that are appropriate for the characteristics of the motor 2 are defined
as the gain K3 of the calculation block 215 and the gain K4 of the calculation block 216
illustrated in FIG. 2, so that the characteristics of the current observer 21 can be made to

be closer to the characteristics of an actual motor 2, and the influence of external
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disturbances can be decreased. In the case described above, Equation (15) described
above may be transformed into an equation including at least any one of the gain K3 and
the gain K4. A part or the whole 6f the calculation block 216 may be omitted from the
calculation block 210 and the calculation block 214.

Next, the magnetic flux observer 22 will be described. The magnetic flux
observer 22 illustrated in FIG. 2 includes, for example, a first magnetic flux estimation
unit 221 and a second magnetic flux estimation unit 222.

The first magnetic flux estimation unit 221 will be described.

The first magnetic flux estimation unit 221 calculates an estimated value of a
magnetic flux (a rotor qds-axis magnetic flux estimated value Aqdr_s_cmest(k))
generated by the stator winding of the motor 2 on the basis of the stator qds-axis current
measured value Iqds_s_det(k) and the rotor angle 0r(k), which are measured values, and
a calculation equation defined in accordance wifh a predetermined model. The first
magnetic flux estimation unit 221 uses a rotary coordinate system having the rotor angle
or(k) as a reference phase.

For example, the first magnetic flux estimation unit 221 includes a coordinate
transformation block 221 1, a calculation block 2212, and a coordinate transformation
block 2213.

The coordinate transformation block 2211 transforms a stator qu-éxis current
measured value Iqds_s_det(k) into a stator qdr-axis current measured Qalue Iqds_r_det(k)
that is a variable of the rotary coordinate system using a rotor angle 6r(k) as a reference
phase.

The calculation block 2212 calculates a rotor qdr-axis magnetic flux estimated
value Aqdr _r_est(k) by multiplying a transfer function represented in the following
Equation (16) by a stator qds-axis current measured value Iqds r det(k) calculated by the
coordinate transformation block 2211.  The transfer function of the calculation block
2212 is acquired by representing a magnetic flux observer of the motor 2 using an

equation in a discrete time system using a current model of the motor 2.
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[Math. 16]

LIA-7,/t +7, /te" ™ ) + (zr,/t,—1, /te™" -e*'")z]

1- (e-ts/r, )Z—.1 (16)

The coordinate transformation block 2213 transforms the rotor qdr-axis
magnetic flux estimated value Aqdr_r_est(k) calculated by the calculation block 2212 into
a magnetic flux estimated value of a variable of a stationary coordinate system using the
rotor angle Or(k) as a reference phase. A magnetic flux estimated value that is a result
of this calculation is calculated on the basis of a current model. The coordinate
transformation block 2213 acquires a rotor qds-axis magnetic flux estimated value
Mdr_s_cmest(k) through the transformation described above.

The second magnetic flux estimation unit 222 will be described.

The second magnetic flux estimation unit 222 calculates an estimated value of -
the magnetic flux generated by the stator winding of the motor 2 (a stator qds-axis
magnetic flux estimated value Aqds_s_est(k)) and a rotor qds-axis magnetic flux
estimated value Aqdr_s_est(k) on the basis of the stator qds-axis current measured value
Igds_s_det(k), the stator qds-axis voltage command value Vqds s_com(k), the rotor
gds-axis magnetic flux estimated value Aqdr_s_cmest(k), and the stator qds-axis current
estimated value Iqds_s_est(k+1). The second magnetic flux estimation unit 222 uses a
calculation equation defined in accordance with a voltage model of the motor 2 for the
calculation described above.

The second magnetic flux estimation unit 222 includes, for example, a
calculation block 2221, a calculation block 2222, a calculation block 2223, a calculation
block 2224, a calculation block 2225, a calculation block 2226, a calg:ulation block 2227,
a calculation block 2228, a calculation block 2229, a calculation block 2230, and a
calculation block 2231.

The calculation block 2221 calculates a stator qds-axis voltage measured value
Vqds_s_det(k) corresponding to the stator qds-axis current measured value Iqds_s_det(k)

by multiplying the stator qds-axis current measured value Iqds_s_det(k), which is a
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measured value, by the stator resistance Rs.

The calculation block 2222 is a subtractor. The calculation block 2222
subtracts the stator qds-axis voltage measured value Vqds_s_det(k), which is a
calculation result acquired by the calculation block 2221, from the stator qds-axis voltage
command value Vqds_s com(k) ,and outputs a deviation AVqds1 that is a difference |
therebetween.

The calculation block 2223 is a subtractor. The calculation block 2223
subtracts the rotor qdr-axis magnetic flux estimated value Aqdr_s_est(k) from the rotor
qds-axis magnetic flux estimated value Aqdr_s_cmest(k), and outputs a deviation AAqds2
that is a difference therebetween. The calculation block 2224 amplifies the deviation
A\qds2 calculated by the calculation block 2223 by multiplying it by a gain Kp.  The
calculation block 2225 performs an integration operation with a gain K for the deviation
Alqds2 described above. The calculation block 2224 and the calculation block 2225 a a
compensator of a proportional integration type relating to the current observer 21. The

calculation block 2224 and the calculation block 2225 generate a correction quantity for

-causing the rotor qds-axis magnetic flux estimated value Aqdr_s_est(k) to follow the rotor

qds-axis magnetic flux estimated value qur_s_cmest(k).. The calculation results
acquired by the calculation block 2224 and the calculation block 2225 are added by the
calculation block 2226 described above.

The calculation block 2226 is an adder. The calculation block 2226 adds the
deviation AVqds] calculated by the calculation block 2222, the calculation result
acquired by the calculation block 2224, and the calculation result acquired by the
calculation block 2225, and outputs the result of addition as a voltage adjustment value
Vgds_vsum.

The calculation block 2227 calculates a stator qds-axis magnetic flux estimated
value Aqds_s_est(k+1) by integrating the voltage adjustment value Vqds_vsum calculated
by the calculation block 2226.

The calculation block 2228 multiplies the stator qds-axis current estimated value
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Iqds s est(k+1) calculated by the current observer 21 by a gain (cLs).

The calculation block 2229 is a subtractor. The calculation block 2229
subtracts a calculation result acquired by the calculation block 2228 from the stator
qds-axis magnetic flux éstimated value Aqds_s_est(k+1), and outputs a rotor magnetic
flux adjustment value that is a difference therebetweén.

The calculation block 2230 multiplies the rotor magnetic flux adjustment value,
which is a calculation result acquired by the calculation block 2229, by (Lr/Lm) and
outputs a rotor qds-axis magnetic flux estimated value Aqdr_s_est(k+1). Lm denotes
magnetizing inductance.

The calculation block 2231 is a delay operation circuit. The calculation block
2231 holds the rotor qds-axis magnetic flux estimated value Aqdr_s est(k) that is a
estimation result calculated by the calculation block 2230 in a previous calculation cycle.
The calculation block 2231 maintains the rotor qds-axis magnetic flux estimated value
Aqdr_s_est(k+1) in the current calculation cycle.

[0120]

For detailed description of the- magnetic flux observer 22, for example, please
refer to literatures such as R.D. Lorenz, "The Emerging Role of Dead-beat, Direct Torque
and Flux Control in the Future of Indication Machine Drives", [online], 2008; IEEE,
[retrieved on September 13, 2018], Internet (URL:
https://ieecexplore.ieee.org/document/4602331/).

Since the current/magnetic flux estimation unit 20 includes the combination of
the current observer 21 and the magnetic flux observer 22, the current/magnetic flux
estimation unit 20 achieve characteristics appropriate for the characteristics of the motor
2. The current observer 21 of the current/magnetic flux estimation unit 20 uses the
stator qds-axis magnetic field estimated value Aqds_s_est(k+1) as an input variable. As
a result, the interference with the magnetic flux observer 22 can be alleviated.

An average correction using the average correction unit 30 will be described

with reference to FIG. 1 described above.
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The first transformation processing unit 31 of the average correction unit 30
calculates the stator qds-axis magnetic flux estimated value Aqds_s_est(k+a) (a second
estimated value of the stator magnetic flux of the motor 2) for the stator qds-axis
magnetic flux estimated value Aqds_s_est(k+1) (a first estimated value of the stator
magnetic flux of the motor 2) using a first predetermined transformation rule based on
the synchronous angular frequency oe of the motor 2.

The second transformation processing unit 32 calculates the rotor qds-axis
magnetic flux estimated value Aqdr_s_est(k-+a) (a second estimated value of the rotor
magnetic flux of the motor 2) for the rotor gds-axis magnetic flux estimated value -
Aqdr_s_est(k+1) (a first estimated value of the rotor magnetic flux of the motor 2) in
accordance with a second predetermined transformation rule based on the synchronous
angular frequency we of the motor 2.

The third transformation processing unit 33 calculates a stator qds-axis current
estimated value Iqds_s_est(k+a) (a second estimated value of the stator current of the
motor 2) for the stator qds-axis current estimated value Iqds_s_est(k+1) (a first estimated
value of the stator current of the motor 2) in accordance with a third predetermined
transformation rule based on the -synchronous angular frequency we of the motor 2. It
should be noted that the first predetermined transformation rule, the second
predetermined transformation rule, and the third predetermined transformation rule may
be the same as each other, or may be different from each other. |

The average correction unit 30 described above improves the approximation
accuracy when an equation is transformed from a continuous system to a discrete time
system using an estimated value of a time point that cannot be generated in a period of a
calculation cycle by performing a calculation process according to the predetermined
transformation rule to be described next. The estimated value described above is
calculated in accordance with the predetermined transformation rule based on the
synchronous angular frequency we. The average correction unit 30 adjusts a correction

coefficient according to the predetermined transformation rule in accordance with the
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magnitude of the synchronous angular frequency we of the motor 2.

For example, the averagé. correction unit 30 advances the phases of the stator
qds-axis magnetic flux estimated value Aqds_s_est(k+1), the rotor gqds-axis magnetic flux
estimated value Aqdr_s_est(k+1), and the stator qds-axis current estimated value
Iqds s est(k+1) by the predetermined angle explained above to yield the stator
qds-axis magnetic flux estimated value Aqds_s_est(k+a), the rotor qds-axis magnetic flux
estimated value Aqdr_s_est(k+a), and a stator qds-axis current estimated value
Igds s _est(k+a). In this way, by performing calculation of adjusting a phase of a fixed
quantity, each signal described above can be generated.

A predetermined angle corresponding to the synchronous angular frequency we
of the motor 2 described above is defined by a period in whiéh the drive quantity
adjustment unit calculates a drive quantity command value and the synchronous angular
frequency we. The sampliﬁg period ts is an exémple of the period in which the drive
quantity édjustment unit calculates a drive quantity command value.

The synchronous angular frequency we of the motor 2 described above is an
example of an estimated value of a control state of the motor. The average correction
unit 30 calculates a feedback quantity of feedback control for the DB-DTFC calculation
unit 14 by adjusting the stator qds-axis magnetic flux estimated value Aqds_s_est(k+1),
the rotor qds-axis magnetic flux estimated value Aqdr_s_est(k+1), and the stator qds-axis
current estimated value Iqds_s_est(k+1) on the basis of the estimated value of the control
state of the motor 2.

The predetermined transformation rule based on the synchronous angular
frequency we according to the embodiment will be described with reference to FIGS. 3
and 4. FIG 3 is a diagram illustrating the predetermined transformation rule according
to the embodiment. In a dgs coordinate system illustrated in the drawing, a ds axis
directed downWard in the drawing and a gs axis that is orthogonal to the ds axis are
illustrated. The gs axis is located at a position rotated by (2/x) (radian) in the

counterclockwise direction from the ds axis with reference to an intersection between the
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ds axis and the gs axis, that is, the origin of the dqs coordinate system. A plurality of
arrows having the origin of the dqs coordinate system as start points thereof are
illustrated. Each of these arrows is a complex vector representing a magnitude and a
direction of the magnetic flux A in the dgs coordinate system. For example, when the
starting point (tail) of the complex vector of the magnetic flux is disposed at the origin of
the dgs coordinate system, for example, the magnetic flux rotates in the counterclockwise
direction about the origin of the dgs coordinate system in order the following order: a
rﬁagnetic ﬂux Mk+1), a magnetic flux A(k+1.5), ahd a magnetic flux A(k+2). The
magnétic flux A(k+1) illustrated in the drawing is an example of the stator qds-axis
magnetic flux estimated value Aqds s _est(k+1), the rotor qds-axis magnetic flux
estimated value Aqdr_s_est(k+1), and the stator qds-axis current estimated value
Iqds_s_est(k+1).

By rotating the magnetic flux A(k+1) as a start point around the origin by (we x
ts), it reaches the magnetic flux A(k+2). For example, by rotating the magnetic flux
X(k-Fl) as a start point by (we x ts)/2, it reaches the maghetic flux Ak+1.5). Itis
expected for the magnetic flux M(k+1.5) to take a value close to an average of the
magnetic flux Mk+1) and the magnetic flux A(k+2). The description presented above is
a basis of the predetermined transformation rule based on the synchronous angular
frequency we of the motor 2. In the above explanation, for example, the starting point
(tail) of the complex vector of the magnetic flux is disposed at the origin of the dqs
coordinate system. However, the present embodiment is not limited thereto.
Alternatively, the pointing end (tip) of the complex vector of the magnetic flux may be
aligned with the origin of the dgs coordinate system.

Meanwhile, although there is a calculation cycle having the time point (k+1) as a
start point in a period from the time point (k+1) to the time point (k+2), there is no
calculation cycle of which start point is a time point between the time point (k+1) and the
time point (k+2). Thus, in the embodiment, the magnetic flux A(k+1.5) is estimated on

the basis of the magnetic flux A(k+1). The magnetic flux A(k+1.5) can be derives by
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rotating the magnetic flux A(k+1) by a predetermined angle in a rotating direction of the
rotor.

A transformation fof rotating the magnetic flux A(k+1) by (we x ts)/2 is
represented in the following EQuation (17).

[Math. 17]

A(k+15) = [ 2k +1)e dt

5/

= A(k+1) jf e/ dt

(k)2

jo, 5
=Ke/1(k+1) a7
Ke represented in Equation (17) described above ié defined in the following
Equation (18).
[Math. 18]
Ke= ——-2——sin (%)e%
Lt 2

(18)

FIG. 4isa diagram illustrating advantages of an application of the
predetermined transformation rule based on the synchronous angular frequency we of the
motor 2 according to the embodiment. In a graph illustrated in FIG. 4, an air gap torque
(Nm) corresponding to an elapse of time (seconds) is represented.

In the DB-DTFC, a torque change rate during one sampling is necessary for
torque control. .Here, a method of calculating a change rate of the torque on the basis of
an actual air gap torque Te_act will be described.

Although an actual air gap torque Te_act can be measured using a torque sensor,
the cost increases énd the measured torque has a delay of one sampling period. For this
reason, instead of the value measured with the torque sensor; the actual air gap torque
Te act may also use an estimated value at the time point (k+1) as a value at the time

point (k+1) and a command value at the time point (k+1) that is a command value for
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commanding a value at the time point (k+2) as a value at the time point (k+2)..

The reason for this is that a torque response follows a torque reference in one
sampling in accordance with deadbeat control. A torque at the time point (k+1) will be
indicated by the air gap torque estimated value Te est(k+1), and a torque at the time
point (k+2) will be indicated by the air gap torque command value Te_com(k+1).

While the time elapses from the time point (k+1) to the time point (k+2), the air
gap torque Te changes from the actual air gap torque Te;_act(k+1) to the air gap torque
Te_act(k+2); For the simplification of description, it is assumed that the actual air gap
torque Te_act(k+1) at the time point (k+1) coincides with the air gap torque estimated
value Te_est(k+1), and the air gap torque Te at the time point (k+2) coincides with the air
gap torque command value Te_cmd(k+1). A curve Te(k) illustrated in FIG. 4 represents
the actual air gap torque Te_act assumed at the time point (k+1).

In the embod'iment, two solutions including the first and second solutions are
given as techniques for acquiring a change rate of the air gap torque Te. In any of the
two solutions, a change rate (Te_dot(k+1)) of the air gap torque Te ét the time point (k+1)
is approximated as a change rate (ATe_est(k+1)/ts) per unit time of the air gap torque Te.

In the first solution, a change rate of the air gap torque Te in a section from the
time point (k+1) to the time point (k+2) is calculated using a state quantity at the time
point (k+1). In the first solution described above, a change rate (Te_dot(k+1)) of the air

gap torque Te at the tirhe point (k+1) is defined as in the following Equation (19).

[Math. 19]
F (k +1) AT, (tk+1) T (k+1)t-fe(k+1)
3 PL,
= m[Vqs (k+1) 4, (k+1) =V, (k+1) 4, (k+1)
~o, (k1) (A, (k1) A, (k+1) + A, (k+1) 4, (k+1))] (19)
(B e
ol ol

In the case of the first solution, as represented in Equation (19) described above,
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a change rate (Te_dot(k+1)) of the air gap torqué Te is defined as a function having
variables including the air gap torque estimated value Te_est(k+1), the air gap torque
command value Te_com(k+1), and the sampling period ts. Since the sampling period ts
is a constant, the equation described above can be defined without depending on the
status of the change in the actual air gap torque Te_act. In the case of Equation (19)
described above, the change rate of the air gap torque Te is calculated from a state
quantity at the time point (k+1). There is an approximation technique of Euler relating
to the description presented above. In the approximation technique of Euler, an air gap
torque estimated value Te_est(k+2) is calculated from a slope of the air gap torque Te at
the time point (k+1).  The first solution is different from a so-called approximation
technique vo‘f Euler.

In the second solution, a change rate of the torque in a section of the time point
(k+1) to the tirﬁe point (k+2) is calculated using a state quantity of a time point (k+a).

For example, when a torque in the section from the time point (k+1) to the time |
point (k+2) linearly increases as represented as a linear function with respect to an elapse
of time, a line representing the torque is a curved line. In such a case, it is preferable
that a change rate of the torque in a section from the time point (k+1) to the time point
(k+2) is calculated as a change rate at the time point (k+1.5) which is a central value
thereof. Hereinafter, (k+1.5) will be referred to as (1+a).

During a control cycle from the time point (k4-1) to the time point (k+2), a
voltage output by the power conversion device 3 is constant. A change rate of the
rotation velocity during the control period is much smaller than a change rate of the
current or the magnetic flux. Accordingly, for the voltage and the rotation velocity, a
state quantity at the time point (k+1) is used for calculation of a change rate of the torque
in the section from the time point (k+1) to the time point (k+2).

Here, the waveforms of the magnetic field and the current are sinusoidal waves,
and instant values thereof change in accordance with elapse of time. In a case in which

a change rate of the torque in the section from the time point (k-+1) to the time point
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(k+2) is approximated using state quantities of the magnetic flux and the current at the

time point (k+1), approximation error included in the change rate of the torque increases

because the values will change after the time point (k+1).

Thus, for the magnetic flux and the current, instead of using the values at the
time point (k+1), an estimated value at a time point (k+a) is used. This is schematically
illustrated in FIG. 4. A straight line Tsoll is a line that represents a change rate of the
torque approximated using the state quantity at the time point (k+1). A straight line
Tsol2 is a line that represents a change rate of the torque approximated using the state
quaﬁtity at the time point (k-+a).

In the second solution described above, the change rate of the air gap torque Te

at the time point (k+a) is defined as represented in the following Equation (20).

[Math. 20]
A I A D RAGE

3 PL

= wor 1 Vo () A (k@)= Vi (k1) 4, (k+ )

o, (H1)(2 (i a) &y (k0 2, (k+ 0 2, (it ) 20)

O'L

; JT (k+1)l

In the following embodiment, the second solution described above will be
illustrated as an example, and an operation thereof will be described.

FIG. 5 is a timing diagram illustrating DB-DTFC according to the embodiment.
In the timing diagram illustrated in the drawing, time (seconds) is assigned to the
horizontal axis, steps are divided into first to third steps in the vertical axis, and a process
of each step is represented in the vertical axis. Times k, (k+1), and (k+2) respectlvely
represent times at start points of calculation cycles in discrete time control.

In this timing diagram illustrated in FIG. 5, the first step (STEP 1) in the upper
row includes a sampling process, the second step (STEP 2) in the middle row includes a

calculation process, and the third step (STEP 3) in the lower row includes an output



10

15

20

25

WO 2020/067576 PCT/JP2019/038828
40

control process.

Hereinafter, a calculation cycle of which start point is a time point (k+1) will be
described as an example.

In a sampling process of the first step (STEP1), the velocity/phase estimation
unit 13-acquires rotor mechanical angle 8rm. For exémple, the rotor mechanical angle
Orm is detected using a sensor 2A.  The second coordinate transformation unit 17
generates a stator qds-axis current detection value Iqds_s_det(k) on the basis of v-phase
stator current Ivs and w-phase stator current Iws of the motor 2 operating in accordance
with a command value of a calculation cycle of which start point is a time poinf k. The
v-phase stator current Ivs and the w-phase stator current Iws are respectively acquired
from the current detectors 9a and 9b.  The rotor mechanical angle Orm, the v-phase
stator current Ivs, the w-phase stator current Iws, and the stator qds-axis current detection‘
value Iqds_s_det(k) are examples of state quantities representing the control state of the
motor 2. |

In the first step described above, the control device 10 acquires a state quantity
representing at least a control state of the motor 2.  The control device 10 may acquire
an air gap torque Te(k) and may calculate an air gap torque Te(k+1) on the basis of a
rotor angular velocity command value (mechanical angle) corm_com(k+1).

In the second step (STEP2), the process is executed on the basis of a result of the
sampling process executed in the first step. In the second step, calculation processes of
the current/magnetic flux estimation unit 20, the average correction unit 30, the
DB-DTFC calculation unit 14, and the first coordinate transformation unit 15 are
executed, and a stator qds-axis voltage command value Vqds_s _com(k+1) that is a drive
quantity command value for the motor 2 is calculated.

First, as described above, the current/magnetic flux estimation unit 20 calculates
the stator qds-axis magnetic flux estimated value Aqds_s_est(k+1), the stator qds-axis
current estimated value Iqds s est(k+1), and the rotor qds-axis magnetic flux estimated

value Aqdr_s_est(k+1). During the calculation cycle, first, the éurrent/magnetic flux
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estimation unit 20 calculates the stator qds-axis magnetic flux estimated value

Aqds_s_est(k+1), subsequently calculates the stator qds-axis current estimated value

Igds_s_est(k+1), and thereafter calculates the rbtor qds-axis magnetic flux estimated

value Aqdr_s_est(k+1).

Next, the average correction unit 30 calculates the stator qds-axis magnetic flux
estimated value Aqds_s_est(k+a), the stator qu—axis current estimated value |
Iqds_s_est(k+a), and the rotor quéaxis magnetic flux estimated value Aqdr_s_est(k+a)
on the basis of the stator qdé—axis magnetic flux estimated value Aqds_s_est(k+1), the
stator qds-axis current estimated value Iqds_s_est(k+1), and the rotor qds-axis magnetic
flux estimated value Aqdr_s_est(k+1). | |

Next, the DB-DTFC calculation unit 14. calculates ATe_est(k+1) and the stator
qds-axis voltage command value Vqds_s com(k+1) using the input variables including at
léast the stator qds-axis magnetic flux estimated value Aqds_s_est(k+a), the stator
qds-axis current estimated value Iqds_s_est(k+a), and the rotor qds-~axis magnetic flux
estimated value Aqdr_s_est(k+a).

Next, the first coordinate transformation unit 15 generates a three-phase stator
voltage command value Vuvws_com(k-+1) that is a voltage reference by performing a
dgs-axis inverse transformation for the stator qds-axis voltage command value
Vqds_s_com(k+1).

In the second step described above, a drive quantity command value 1s
calculated by the control device 10 on the basis of at least the state quantities acquired in

the first step, an estimated value of the stator magnetic flux of the motor 2, an estimated

value of a current flowing through the stator winding of the motor 2, and an estimated

value of the rotor magnetic flux of the motor 2.

In the third step (STEP3), an output process of supplying a control signal based
on the drive quantity command value to the power conversion device is executed by the
control device 10.

The third step is executed on the basis of the detection results acquired in the
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second step. At a calculation start time point at the time point (k+1), the PWM
controller 16 outputs a gate pulse Duty(k) on the basis of a result of comparison between
a three-phase stator voltage command value Vuvws_com(k) and carrier signal. ~ Ata
calculation start time point at the time point (k+2), the PWM controller 16 updates the
three-phase stator voltage command value with Vuvws_com(k+1) and generates a gate
pulse GP of Duty(k+1) on the basis of comparison with the carrier signal. ~Accordingly,
the PWM controller 16 supplies the gate pulse GP of Duty(k+1) to the power conversion
device 3.

Also after the time point (k+2), a process similar to that of the calculation cycle
of the time point (k+1) is repeated. |

Voltage/torque control according to the embodiment will be deséribed with
reference to FIGS. 6A and 6B. 'FIGS. 6A and 6B are diagrams illustrating
voltage/torque control according to the embodiment.

FIG. 6A illustrateé an example of a magnetic flux plane of a stator-side
coordinate system. FIG. 6B illustrates an example of a magnetic flux plane of a
re-aligned coordinate system aligned with reference to the rotor qds-axis magnetic flux
estimated value Aqdr_s_est(k+a). In FIGS. 6A and 6B, ds axis is disposed downward in
the drawing, and gs axis is disposed rightward iﬁ the drawing. In the re-aligned
coordinate system illustrated in FIG. 6B, a direction of a vector (arrow) of the rotor
qds-axis magnetic flux estimated value Aqdr_s_est(k+1) is aligned with the direction of
the ds axis, and is illustrated as the rotor qds-axis magnetic flux estimated value
Aqdr ras_est(k+a). Each magnetic flux plane includes a torque line Te(k+2) derived
from a physical model of the motor 2, a magnetic flux circle Ac(k+2) representing the
instructed intensity of the stator magnetic flux, ‘and a range of the stator magnetic flux
that can be output in the next cycle. The example illustrated in FIG. 6B is acquired by
transforming a state of the stator-side coordinate system illustrated in FIG. 6A into a
re-aligned coordinate system.

First, FIG. 6A will be described.
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Control variables used by the DB-DTFC include an air gap torque command
value Te_com(k+1) and a stator magnetic flux cofnmand value Aqds_s com(k+2). A

radius of the magnetic flux circle Ac(k+2) is defined by a magnitude of the stator

- magnetic flux command value Aqds_s_com(k+2).

Here, in the power conversion unit 8, each of an upper arm and a lower arm is
composed of one switching device. Accordingly, the power conversion unit 8 is
composed of six switching devices. There are a total of eight switching patterns of the
six switching devices. In accordance with these eight switching patterns, a voltage
Vectof that can be output from the power conversion unit 8, as illustrated in FIG. 6A, has
a hexagonal shape. Accordingly, a range of the output from the power conversion unit 8
stays the inside of the hexagon. For example, the dqs-axis coordinate system is
disposed so that its origin matches the center of the hexagon. Likewise, the re-aligned
coordinate system of FIG. 6B is also disposed so that its origin matches the center of the
hexagon.

A torque line is a set of points representing a condition in which the amount of
change in the torque is constant. A torque line Te(k+2) projected onto a magnetic flux
plane of the stator qds-axis coordinate system is drawn as a straight line in which the
points are connected together. The torque line Te(k+2) defines a stator qds-axis
magnetic flux command value qu_s_com(k+2)‘ for acquiring a desired torque in the next
control cycle. This torque line Te(k+2) is determined using an air gap torque
Te_com(k+1), the rotor qds-axis magnetic flux estimated value Aqdr_s_est(k+a), and the
stator qds-axis magnetic flux estimated value Aqds_s_est(k+a).

Here, for the sake of facilitating analysis, a magnetic flux plane of the re-aligned
coordinate system illustrated in FIG. 6B will be used. Variables depending on the
coordinate system are transformed through a coordinate transformation. For example,
the.rotor’ gds-axis magnetic flux estimated value Aqdr s_est(k+a) and the stator qds-axis
magnetic flux estimated value Aqds_s_est(k-+a) of the stator magnetic flux coordinate

system are respectively transformed into a rotor qds-axis magnetic flux estimated value
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Aqdr_ras_est(k+a) and a stator qds-axis magnetic flux estimatedvvalue Aqds_ras_est(k+a)

of the re-aligned coordinate system. As illustrated in FIG. 6B, when the rotor qds-axis

magnetic flux estimated value Aqdr_ras_est(k+a) is aligned in parallel with the ds axis,

the torque line Te(k+2) is parallel to the ds axis. This drawing corresponds to second

solution to be described later.

In order to achieve the desired torque, it is necessary io supply a certain stator
qds—axis voltage command value Vqds_ras_com(k+1) in a period (the sampling period
ts) of one control cycle using the power conversion device 3.  That the pointing end (tip)
of the stator qds—axis voltage command value Vqds ras_com(k+1) in a period is on the
torque line Te(k+2) means the desired torque is achieved after a sampling period. The
summation of the stator qds-axis magneﬁc flux estimated value Aqds ras_est(k+1) and
the stator qds—axis voltage command value qus;as_‘com(kﬂ) in a sampling period is
the new resultant stator qds-axis magnetic flux Aqds_ras(k+2) after a sampling period.

As described above, the instructed intensity of the stator magnetic flux is defined
as a magnetic flux circle Ac(k+2). An intersection between the torque line Te(k+2) and
the magnetic flux circle Ac(k+2) is a point representing a required torque. There are two
intersections between the torque line Te(k+2) and the magnetic flux circle Ac(k+2). Out
of these, a point disposed on the inside of the hexagon that can be reached from the
origin through control is extracted as a innt representing the required torque. The

DB-DTFC calculation unit 14 may determine the stator qds-axis voltage command value

| Vqds ras com(k+1) x ts such that the pointing end (tip) of the arrow (vector), of which

starting point (tail) is disposed at the origin, representing the stator qds-axis voltage
command value Vqds_ras com(k+1) reaches the intersection described above.

The DB-DTFC calculation unit 14 will be described with reference to FIG. 7.
FIG. 7 is a block diagram illustrating the DB-DTFC calculation unit 14 according to the
embodiment.

The DB-DTFC calculation unit 14, for example, includes a torque line

processing unit 141, a magnetic flux circle processing unit 142, voltage conversion units
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' 143 and 144, and an inverse RAS coordinate transformation unit 145.

The torque line processing unit 141 calculates a voltage time product command

value by performing a calculation process for specifying a torque line for the air gap

torque command value Te_com(k+1). The voltage time product command value
Vqds ras_com(k+1) X ts is an example of the voltage time product command value.

For example, the torque line processing unit 141 receives input variables
including the air gap torque command value Te_com(k+1), the stator qds-axis magnetic
flux estimated value Aqds_s_est(k+1), the rotor qds-axis magnetic flux estimated value
Aqdr_s_est(k+1), the stator gds-axis magnetic flux estimated value Aqds_s_est(k+a), the
rotor qds-axis magnetic flux estimated value Aqdr_s_est(k+a), and the rotor angular
velocivty estimated value or_est(k+1), and calculateé a voltage time product command
value Vqds_ras_com(k+1) x ts corresponding to the air gap torque command.value
Te_com(k+1).

The magnetic flux circle processing unit 142 performs a calculation process for
determining a voltage x time product defining a magnitude and a direction of a maghetic
flux of the motor 2 using the re-aligned coordinate system.

For example, the magnetic flux circle processing unit 142 receives input
variables including the stator qds-axis magnetic flux estimated value Aqds_s_est(k+a),
the stator qds-axis magnetic flux estimated value Aqds_s_est(k+1), the stator qds-axis
magnetic flux command value Aqds_s com(k+2), and the voltage time product command
value Vqds_ras_com(k+1) x t;, and derives a desired voltage time product command
value Vds_ras_com(k+1) X ts on the basis of the magnetic flux circle Ac on the magnetic
flux plane of the re-aligned coordinate system and the torque line Te described above.

The voltage conversion unit 143 calculates at least a g-axis component of the
voltage time product command value Vgs_ras_com(k+1) by dividing, by thevsampling
period ts, the voltage time product command value Vgds _ras_com(k+1) x ts calculated by
the torque line processing unit 141.

The voltage conversion unit 144 calculates the voltage time product command
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value Vds_ras_com(k+1) of the d-axis component by dividing, by the sampling periodv ts,
 the voltage time product command value Vqds_ras_com(k+1) x t; calculated by the
magnetic flux circle processing unit 142.

The inverse RAS coordinate transformation unit 145 calculates the stator
qds-axis voltage command value Vqds_s com(k+1) by performing an inverse RAS
transformation for the voltage time product command value Vgs_ras_com(k+1)
calculated by the voltage conversion unit 143 and the voltage time product command
value Vds_ras_com(k+1) calculated by the voltage conversion unit 144 on the basis of
the rotor qds-axis magnetic flux estimated value Aqdr_s_est(k+a). |

For example, the RAS transformation is defined using the following Equation

Q1).

[Math. 21]

A = rEe g

A =0
N S A+ A

B = By d =L
]’dr ' /Idr /i‘dr

irﬂs — 'ls Xj‘;r—‘i'ls % ﬂ;" — -/’{‘;Sl;r +/1£;S/11§r

R

1)
For example, an inverse RAS transformation corresponding to the description

presented above is defined using the following Equation (22).

[Math. 22]
2 A ASE AR
T A i i
Air A Zh
P . 2
qs ds /I(;ras gs ﬂgzs /I(;;Js

(22)

A more specific example of each unit of the DB-DTFC calculation unit 14 will
now be described.

The torque line processing unit 141 includes, for example, the calculation block

1410, a calculation block 1411A, a calculation block 1411B, a calculation block 1412, a
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calculation block 1413, a calculation block 1414, a calculation block 1415, a calculation
block 1416, a calculation block 1417, a calculation block 1418, and a calculation block
1419.

The calculation block 1410 is an example of th¢ estimated torque calculation
~unit.  For example, the calculation block 1410 receives input variables including the
stator qds-axis magnetic flux estimated value Aqds_s_est(k+1) and the rotor qds-axis
magnetic flux estimated value Aqdr_s_est(k+1), and calculates an air gap torque
estimated value Te_est(k+1) (a torque estimated value). The calculation block 1410
calculates an inner product of two vectors, i.e., the stator qds-axis magnetic flux
estimated value Aqds_s_est(k+1) and the rotor qds-axis magnetic flux estimated value
Aqdr_s_est(k+1), and multiplies the inner product by a predetermined coefficient K,
thereby calculating an air gapi torque estimated value Te_est(k+1). The proceés

described above is represented in Equation (23).

[Math. 23]

ﬁ(k+1)=(i;(k+4)i;(k+1)-i;(k+4)i;(k+1))xx; @3)

The calculation block 1412 multiplies the air gap torque estimated value
Te_est(k+1) by a coefficient represented in the following Equation (24).
[Math. 24]

R, R
+ —
( oL, oL, j

The calculation block 1411 A is a subtractor. The calculation block 1411 A

24

subtracts the air gap torque estimated value Te _est(k+1) from the air gap torque
command value Te_com(k+1) to acquire a difference thereof as ATe_est(k+1). The
calculation described above is represented in Equation (25).

[Math. 25]

AT, (k+1) =T (k+1)-T, (k+1) 25)

The calculation block 1411B is an adder. The calculation block 1411B adds
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ATe_est(k+1) calculated by the calculation block 1411A and the result calculated by the
calculation block 1412.

The calculation block 1413 multiplies a result calculated by the calculation
block 1411B by the following Equation (26).
[Math. 26]

4oL L,

3PL 2 (k+1) 26)

The calculation block 1414 normalizes a result calculated by the calculation
block 1413 on the basis of the rotor qds-axis magnétic flux estimated value
Aqdr_s est(k+a). For example, the calculation block 1414 divides a result acquired by
the calculation block 1413 by the result calculated by the calculation block 1415. The
output of the calculation block 1414 represents a torque reference in the re-aligned
coordinate system.

The calculation block 1415 calculates an absolute value (norm) of the rotor
qds-axis magnetic flux estimated value Aqdr ras_est(k+a) on the basis of the rotor
qds-axis magnetic flux estimated value Aqdr_s_est(k+a). By using the reéult calculated

by the calculation block 1415, the re-aligned coordinate system can be made to match the

- stator-side coordinate system.

The calculation block 1416 executes an RAS coordinate transformation of the
stator qds-axis magnetic flux estimated value Aqds_s_est(k+a) with reference to the rotor
qds-axis magnetic flux estimated value Aqdr_s_est(k+a).

The calculation block 1417 multiplies the rotor angular velocity estimated value
or_est(k+1) by the sampling period t;. The calculation block ‘141 8 calculates an inner
product of a vector represented by a result calculated by the calculation block 1416 and a
vector represented by a result calculated by the calculation block 1417.

The calculation block 1419 adds the result calculated by the calculation block
1414 and the result calculated by the calculation block 1418 to yield a voltage time |

product command value Vgs_ras_com(k+1) x to corresponding to the air gap torque
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command value Te_com(k+1).

The calculati_on block 1411A, the calculation Block 1411B, the calculation block
1412, the calculation block 1413, the calculation block 1414, the calculation block 1415,
the calculation block 1416, the calculation block 1417, the calculation block 1418, and
the calculation block 1419 described above are an example of a tofque line processing
unit.

As described above, the torque line processing unit 141 calculates a voltage x
time product corresponding to the product of the average voltage and the control period
on the basis of at least the air gap torque command value Te com(k+1) (the torque
command for the motor 2), the air gap torque estimated value Te_est(k+1) (the torque
estimated value for the motor 2), the stator qds-axis magnetic flux estimated value
Mds_s_est(k+a) (the second estimated value of the stator magnetic flux of the motor 2),
the rotor qds-axis magnetic flux estimated value Aqdr_s_est(k+a) (the second estimated
value of the rotor magnetic flux of the motor 2), and the rotation velocity er of the rotor
magnetic flux of the motor 2.

The magnetic flux circle processing unit 142 includes, for example, a calculation
block 1420; a calculation block 1421, a calcu]ation block 1422, a calculation block 1423,
a calculation block 1424, a calculation block 1425, and a calculation block 1426.

The calculation block 1420 calculates a stator qds-axis magnetic flux estimated
value Aqds_ras_est(k+1) by executing a RAS coordinate transformation of the stator
qds-axis magnetic flux estimated value Aqds_s_est(k+1) with reference to the rotor
qds-axis magnetic flux estimated value Aqdr_s_est(k+a).

The calculation block 1422 calculates a stator qds-axis current estimated value
Iqds_ras_est(k+a) by executing a RAS coordinate transformation of the stator qds-axis
current estimated value Iqds_s_est(k+o)) with reference to the rotor qds-axis magnetic
ﬂux‘ estimated value Aqdr_s_est(k+a). The calculation block 1423 multiplies the stator

gds-axis magnetic flux estimated value Aqds_ras_est(k+a) by (ts X Rs). The calculation

. block 1421 is a subtractor. The calculation block 1421 subtracts the product of the
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stator qds-axis current estimated value Iqds_ras_est(k+a) and (ts x Rs) from the rotor
qds-axis magnetic flux estimated value Aqdr_ras_est(k+1). In accordance with a result
of the calculation described above, the center of the magnetic flux circle is corrected
using the product of the magnitude of the stator qds-axis current estimated value
Igds_ras_est(k+a) and the stator resistance Rs, and accordingly, the accuracy of the
position of the magnetic flux circle Ac is improved. When the product of the magnitude
of the stator qds-axis current estimated value Iqds_ras_est(k+a) and the stator resistance
Rs is sufficiently small with respect to the radius of the magnetic flux circle, the process
of correcting the center of the magnetic flux circle may be omitted.

By using the process of each of the calculation block 1420 to the calculation
block 1423 described above, a voltage x time product corresponding to a voltage drop
according to the stator qds-axis current estimated value Iqds_ras_est(k+a) flowing
through the stator resistance Rs is subtracted from the stator qds-axis magnetic flux
estimated value Aqds_ras_est(k+1) in re-aligned coordinates, whereby a stator qds-axis
magnetic flux estimated value Aqds_ras_est(k+1)P reflecting the influence of the stator
resistance Rs is acquired. The stator qds-axis magnetic flux estimated value
Aqds_ras_est(k+1)B depends on the magnitude of the stator qds-axis current estimated
value Iqds_ras_est(k+a). B

The calvculation block 1424 adds the result calculated by the torque line
processing unit 141 and the result calculated by the calculation block 1421.

The calculation block 1425 includes a D-axis coordinate calculation unit. For
example, the calculation block 1425 calculates a position of an intersection between the
torque line and the magnetic flux circle Ac on the basis of the stator qds-axis magnetic
flux command value Aqds_s_com(k+2) and the result calculated by the calculation block
1424 as the D-axis coordinate calculation unit. Details thereof will be described later.

The calculation block 1426 subtracts the result calculated by the calculation
block 1421 from the result calculated by the calculation block 1425.

The magnetic flux circle processing unit 142 described above determines the
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radius of the magnetic flux circle on the basis of a command value of the rotor magnetic
flux of the motor 2. The magnetic flux circle processing unit 142 determines the
position of the center of the magnetic flux circle Ac on the basis of the stator qds-axis
magnetic flux estimated value Aqds_ras_est(k+a) (the second estimated value) and the
stator qds-axis magnetic flux estimated value Aqds_ras_est(k+1) (the first estimated
value) of the stator magnetic flux of the motor 2. The magnetic flux circle processing
unit 142 adjusts the position of the center of the magnetic flux circle Ac on the basis of
the stator qds-axis current estimated value Iqds ras_est(k-+a) (the second estimated
value) and the résistance value Rs of the stator winding. In this way, the influence of a
voltage drop occurring in accordance with the resistance value Rs of the stator winding is
alleviated using the stator qds-axis current éstimated value Iqds ras est(k+a) (the second
estimated value), whereby the accuracy of fhe control can be improved.

Details of the DB-DTFC will be described.

First, equivalent équations of an induction motor in an arbitrary coordinate

system are represented in Equation (27-1) to Equation (27-4).

[Math. 27]
Ve = Ry +(p+jo,) Ay 27-1)
0=Ri, +[p+j(@, — o)Ay (27-2)
. ]’qu = Lsiqu +Lmiqdr (27 -3)
Agar = Liglyas + Lol gy (27-4)

By solving Equation (27-3) and Equation (27-4) described above, a stator

current and a rotor current are acquired using the following Equation (28-1) and Equation

(28-2).

[Math. 28]

, L L 1 L

N A A A A LR it L L
L. L L 1

T LT e e e e

Here, a leakage coefficient o is defined as represented in the following Equation
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29).

' [Math. 29]

2
o= LL-L, (29)
LSLI'

By substituting Equation (28-1), Equation (28-2), and Equation (29) into
Equation (27-1) and Equation (27-2), the following Equation (30-1) and Equation (30-2)

are acquired.

[Math. 30]
R, RL_ )
qu.s = O_LS /’{’qu - LS Z’qdr +(p+.]we)j‘qu (30_1)
RL, R .
Oz_gis_l—l:lqdv+0_—Ilsﬂ’qdr+[p+](a)e_a)r)]ﬂ’qdr (30—2)

The following Equation (31-1) and Equation (31-2) are calculated by
transforming the following Equation (30-1) and Equation (30-2).
[Math. 31]

R RIL. '
p/lquzl/qu-(aLs+]weJ2,qu+o_Tl‘;—/1qdr (31-1)

s I

_[& . R L,
pﬂ’qdr_-|:o__L+J(a)e_.wr) /’i’qdr+;_L_L_ﬂ’qu (31_2)

In Equation (31-1) and Equation (31-2) described above, by substituting "0" into
we using the characteristics of the rotary coordinate system through the RAS coordinate
transformation, the following Equation (32-1) and Equation (32-2) are calculated.

[Math. 32]

s s Rs s RsLm s
Phoss =Voas =i +mﬂqdr (32-1)

s S

; s RLm s . N .
p/’l’qdr = O'.’l';L /qus _(O-RLY +.]a)rj2‘qdr (32-2)

The following Equation (33) is an equation used for calculating the tbrque of the
motor 2. |

[Math. 33]
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3PL_ (.. ..\ 3P L
]; :-——f——(lqsldr—ldglq,)zjr?l;r(lqsﬂ’dr+/1d9/1‘1r) (33)

By differentiating Equation (33) described ébove, the following Equation (34)

representing a change rate of the torque is calculated.

© [Math. 34]
. 3P L . o .
=Ll (Agsar + Ay = A Dy = APy )

(34)
Equation (31-1) and Equation (31-2) described above can be transformed into

Equation (35-1) to Equation (35-4) denoted as scalars.

[Math. 35]

Ay =V, - URL Ay = O Ay + fLLz . (35-1)
Ay =V, 'a—st,:’i"-‘ -0, A+ ffz Ay (35-2)
}iqr = "ULLI}“"’ (@, ~w,) A, + RLLZ Ay (35-3)
Ay = 'aLer'l"’ -(©,-w,)4, + sz Ay (35-4)

By substituting Equation (35-1) to Equation (35-4) into Equation (34) described

above, the following Equation (36) can be represented.

[Math. 36]
3PL_ R, R
[3 = 4 O'Ler |:vqu'dr '—vds/’{’qr —a)r (ﬂ’qsﬂqr + ﬂ’dsﬂ‘dr ):| -(O'LS + O'Lr J e (36)

When Equation (36) described in a continuous time system is transformed into
the following Equation (37) in a discrete time system.

[Math. 37]

. ,
T'e(k+1)zAtTE _ L (k+1)-T, (k+1)

t

s s
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3PL_
= 2o Ve (k+1) 4, (k+ ) -V, (k+1) 4, (k+a)

sr

—o, (k+1)(4,, (k+ @) 4,, (k+ @) + 4, (kt+ @) 4, (k+ @))] (37)

R R A
— £ LT (k+1
(Lov 27 o)

oL,

r

By transforming Equation (37) representing the change rate of the torque,
Equation (38) is calculated.

[Math. 38]

>

k+

Vo, (k+1)t, =-Aﬂ(—ﬂ-Vdg (k+1)t,
ﬂ’dr(k+a)

AT (k+1)+ KR T.(k+1),

oL L

s r

4oL L,
3PL A, (k+1)
A k+a)d (k+a)+ A (k+a)i (k+
+a)r (k + l)ts qs ( a) qr ( ,\CZ) ds ( a) dr ( a)

+

Equation (38) described above is an equation representing a torque line. By
defining a variable m as represented in Equation (39-2) and defining a variable b as

represented in Equation (39-3), Equation (38) can be simplified as Equation (39-1).

[Math. 39]
10 Vo (k+Dt, =mxV, (k+1)t +b (39-1)

Ay (K +1)

A, (k+1) (39-2)

___d4oLl, AT (k+1)+ R R T.(k+1),
3PL A, (k+1) oL, oL
t ):qs(k+l)/:tq,(k4:l)+):dy(k+1)/id,(k +1)
Ay (k1) (39-3)

As described above, in the case of second solution, m corresponds to the slope
- with respect to the ds axis in FIG. 6B, and thus m=0. Whenm is "0", a gs-axis
15 component Vgs_ras_com(k+1) of the voltage command value in the re-aligned

coordinate system is calculated using the following Equation (40). -
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[Math. 40]

V (k+D)=b/t, (40)

Next, the process relating to the magnetic flux circle Ac will be described.
A differential value of the stator qds-axis magnetic flux Aqds can be represented
5  asin the following Equation (41).
[Math. 41]

p/lqu = qus - Rsiqu - ja)eﬂ’qu (41)
Equation (41) described above is transformed into Equation (42) of a discrete

time system.

10 [Math. 42]

Ay (k+2) = (V;s (k+1)=Ri; (k+a))t, + Az, (k+1)

(42)
The Equation (42) is separated into gs-axis component and ds-axis component
as shown in Equation (43).

[Math. 43]

rqs=(V (k+1)»Rsz°;(k+a))xtS+i;s’(k+1)
s Tw = (Ve (B ) =R (k+a))xtg + A (k+1) @)

In Equation (43) described above, the qs-axis component Vgs_s_com(k+1) of
~ the voltage command value in the stator stationary coordinate system can be acquired as
a known variable using Equation (42). By solving Equation (43) described above, the
ds-axis component Vds_s com(k+1) of the voltage command value is calculated.

20 In the description presented above, although the stator qds-axis magnetic flux
estimated value Aqds_s_est(k+2) has been used, it can be substituted for by the stator
qds-axis magnetic flux command value Aqds_s_com(k+1) as described above.

In the description presented above, although the stator stationary coordinate

system has been illustrated as an example, the re-aligned coordinate system can also be
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used in a similar manner. The gs-axis component Vqs_ras_com(k+1) of the voltage

command value can be acquired as a known variable using an equation of the re-aligned

coordinate system transformed from Equation (42). By solving the equationv of the

re-aligned coordinate system transformed from Equation (43), the ds-axis component

Vds ras _com(k+1) of the voltage command value can be acquired.

According to the embodiment described above, the current/magnetic flux
estimation unit 20 generafes the stator qds-axis current estimated value Iqds_s_est(k+1),
the stator qds-axis magnetic flux estimated value Aqds_s_est(k+1), and the rotor qds-axis
magnetic flux estimated value Aqdr_s_est(k+1) at a higher degree of estimation accuracy.
The average correction unit 30 generates the stator qds-axis current estimated value
Iqds_s_est(k+a), the stator qds-axis magnetic flux estimated value Aqds_s_est(k+a), and
the rotor qds-axis magnetic flux estimated value Aqdr_s_est(k+a) on the basis of the

stator qds-axis current estimated value Iqds_s_est(k+1), the stator qds-axis magnetic flux

~ estimated value Aqds_s_est(k+1), and the rotor qds-axis magnetic flux estimated value

Aqdr_s est(k+1). The DB-DTFC calculation unit 14 generates the stator dqs-axis
voltage command value Vdqs_ras_com(k-+1) using at least the stator qds-axis magnetic
flux estimated value Aqds_s_est(k+a) and the rotor qds-axis magnetic flux estimated
value Aqdr_s_est(k+a). In this way, the control device 10 can improve the accuracy of
control of the motor 2.

In some cases, the accuracy of control may be improved by compensating the
amount of delay in the calculation executed by the current observer 21. This will be
described with reference to FIG. 22. FIG. 22 is a diagram illustrating advantages of a
compensation for the amount of delay in calculation executed by the current observer 21
according to the embodiment. In graphs illustrated in FIG. 22, a stator magnetic flux
Aqds_s corresponding to elapse of time (seconds) is represented by a thick solid line, a
stator current Iqds_s is represented by a thin soiid line, and a rotor magnetic flux Aqdr_s
is represented by double lines. Each line represents actual changes from a time point k

to a time point (k+1). Each line later than the time point (k+1), including a time point
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(k+2), represents the behavior of the motor 2 estimated at the time point (k+1).

The current observer 21 calculates a moving-time average value Aave of the
stator magnetic flux that is an average of the stator magnetic flux measured value
Aqds_s_est(k) and a stator magnetic flux measured value Aqds_s_est(k+1) at the time
point (k+1). A value represented by a point G11 in FIG. 22 is a moving-time average
value Aave of the stator magnetic flux.  As illustrated in FIG. 22, the point G11 is away
from the line of the stator magnetic flux A. ~ A point G12 on the line of the stator
magnetic flux A representing the same value as the point G11 i§ in the past from the time
point (k+1) by (t5/2).

The current observer 21 calculates a stator current estimated value
Iqds_s_est(k+1) using the moving average value Aave of the stator magnetic flux as
described above. A value represented by a point G21 in FIG. 22 is a stator current

estimated value Iqds_s _est(k+1). However, like the case of the stator magnetic flux

- Aqds_s, the point G21 in FIG. 22 is away from the line of the stator current Iqds_s at the

time point (k+1). A point G22 on the line of the stator current I representing the same
magnitude as the point G21 is in the past from the time point (k+1) by (t5/2).

In the process of calculating fhe rotor magnetic flux estimated value
Aqdr_s_est(k+1), the magnetic flux observer 22 uses the stator current estimated value
Iqds_s est(k+1) described above. The rotor magnetic flux estimated value
Aqdr_ s est(k+1) includes a component of the stator current estimated value
Iqds_s_est(k+1).. In the rotor magnetic flux estimated value Aqdr_s_est(k+1), a delay of
about (ts/2) sﬁbstantially occurs as described above.

The delay described above may be included in values of the state variables of
the motor 2 calculated by the current observer 21 aﬁd the magnetic flux observer 22.

A state from the time point k to the time point (k+2) changes in accordance with
elapse of time. However, when variation in the value of the synchronous angular
frequency we is deemed to be a constant and it is assumed that the tendency of change in

the state from the time point k to the time point (k+2) is continuous, the change in the
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state can be predicted. The average correction unit 30 calculates a state quantity at a
time point (k+a) using the value of the state variable of the time point (k+1) using the
synchronous angular frequency we. In this way, the DB-DTFC calculation unit 14 can
use the predicted value of the state quantity of the time point (k+a) as a value of the state
variable for the time point (k+1). For example, when the time point (k+a) is adjusted to
be in the future from the time point (k+1) by (ts/2), the delay occurring in the process of
calculation executed by the current observer 21 matches the period of time from the time
point (k+1) to the time point (k+a), thus offsetting the influences thereof.

For example, when about a time of (ts/2) elapses from the time point at the point
G?22 illustrated in the graph in the middle of FIG. 22, it will be the time point (k+1).
During that period, the state at the time point of the point G22 changes along the line of
the stator current Iqds_s and is detected as a stator current measured value
Iqds s det(k+1). Since much noise is included in the stator current measured value
Iqds s det(k+1), the stator current estimated value Iqds_s_est(k+1) calculated by the
current observer 21 is used for control instead of the stator current measured value.

Thus, the average correction unit 30 estimates the stator current estimated value
Iqds_s_est(k+a) using the synchronous angular frequency we on the basis of the stator

current estimated value Iqds_s_est(k+1) corresponding to the point G21, whereby

acquiring the state quantity at the position of the point G23 of the time point (k+a). The

state quantity at the position of the point G23 is the stator current estimated value
Iqds s est(k+a). By using this value as the state quantity at the time point (k+1), the
stator current estimated value Iqds_s_est(k+a) can be used as if it is the state quantity at
the time point (k+1). A point G24 represents the stator current estimated value
Iqds_s_est(k+a) used as a state quantity of the time point (k+1).

The above explanation using the stator current Iqds_s can also be similarly
applied to cases using the stator magnetic flux Aqds_s or the rotor magnetic flux Aqdr_s
described above. A point Gl.l, a point G13, and a point G14 in the stator magnetic flux

Aqds_s respectively correspond to the point G21, the point G23, and the point G24 of the
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stator current Iqds s. A point G31, a point G33, and a point G34 in the rotor magnetic

flux Aqdr_s respectively correspond to the point G21, the point G23, and the point G24 of

the stator current Iqds _s.

The average correction unit 30, as described above, corrects a value of the
variable fepresenting each state quantity using a predetermined translation rule to offset a
delay occurring due to a calculation process executed by the current/magnetic flux
estimation unit 20.  Accordingly, the phase of the stator qdr-axis magnetic flux
estimated value Aqdr_s_est used by the DB-DTFC calculation unit 14 as a reference is
adjusted to offset the delay described above, and accordingly, the accuracy of the phase
of the stator dgs-axis voltage command value qué_ras_com(kﬂ) generated by the
DB-DTFC calculation unit 14 is improved.

According to the embodiment, the accuracy of control executed by the
DB-DTFC can be improved by reducing the influence of voltage drop occurring due to
an impedance component of the stator resistance Rs.

| When the inﬂuence caused by fhe voltage drop due to the impedance component
of the stator resistance Rs is small, the second term in Equation (42) described above
may be omitted.
(First modification of first embodiment)

A first modification of the embodiment will be described with reference to the
drawings. |

In the first embodiment, a case relating to the second solution in the DB-DTFC
control has been described. In this modification, instead of this, a case relating to the
first solution in the DB-DTFC control will be described.

FIG. 8 is a diagram illustrating the first solution in the DB-DTFC control
according to the embodiment. FIG. 8 illustrates an éxample of a magnetic flux plane of
a magnetic flux coordinate system. The magnetic flux coordinate system illustrated in
FIG. 8 is a re-aligned coordinate system aligned with reference to the stator qds-axis

magnetic flux estimated value Aqds_s_est(k+a). ds axis is disposed downward in the
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drawing, and gs axis is disposed rightward in the drawing.

FIG. 8 is different from FIG. 6B in that the stator qds-axis magnetic flux
estimated value Aqds_s_est(k+a) is aligned with the ds axis. In this case, a torque line
Te(k+2) is not parallel to the ds axis.

Thus, in the first solution, an intersection between a magnetic flux circle and a
torque line is derived using a method for acquiring a solution of a quadratic equation by
simultaneously solving an equation representing the magnetic flux circle and an equation
representing the torque line. |

| For the simplification of the description, Equation (43) representing the
magnetic flux circle Ac is transformed into Equation (44). This Equation (44) is
simplified by disregarding the influence of the stator resistance Rs.

[Math. 44]

Jrs 2 =(7 (1)) (72 (1), + 22 (k41))

44)

By simultaneously solving the equations of the magnetic flux circuit and the
torque line, the equations can be transformed into the following Equation (45). By
solving this, a gs-axis component Vgs_ras_com(k+1) of the voltage command value can
be acquired from Equation (46), and a ds-axis component Vds_ras_com(k+1) of the
voltage command value can be acquired from Equation (45-3).

[Math. 45]

(m? +1) [V (kD ]+ (2mb+ 225 (ke + D) [V (ke + 11, |

2 ras 2 * 2

07 +( A5 (ke +1)) |4 (ke +1)[ = 0 5)
[Math. 46]

—(mb+ A (k+1))
Vet (k+ 1)t = u
w (kD m* +1

\/(mb+/1;fs(k+l))2 (o +1)[b2 A G+ D[ +(/1;”(k+1))2]

+
m*+1
(46)

[Math. 47]
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Ve (k + 1), =mx V2 (k + 1), +b @)

According to the modification described above, the re-aligned coordinate system
aligned with reference to the stator qds-axis magnetic flux estimated value
Mds_s_est(k+a) is used. This modification can also achieve the effects similar to those
of the embodiment described abové.

(Second modification of first embodiment)

A second modification of the embodiment will be described with reference to
the drawings.

In the first embodiment, a case has been described in which the latch interface is
used for the stator magnetic flux in the process executed by the current observer 21. In
this modification, instead of this, a case will be described in which a ramp interface is
used for the stator magnetic flux. This ramp interface functions as a first-order holding
function.

A modification of the current observer 21 will be described with reference to
FIG. 9.

FIG. 9 is a block diagram illustrating a current observer 21 A according to the

second modification of the first embodiment. Instead of the current observer 21

| illustrated in FIG. 1 described above, the current observer 21A calculates an estimated

value of a current flowing through the stator winding of the motor on the basis of a drive
quantity command value and the estimated value of the stator magnetic flux calculated as
described above. For example, instead of the calculation block 211, the calculation
block 212, the calculation block 213, and the calculation block 218 of the current
observer 21, the current observer 21 A includes a calculation block 212A, a calculation
block 213A, a calculation block 213B, a calculation block 218A, a calculaﬁon block
218B, and a calculation block 219.

The calculation block 212A calculates a voltage V2 by multiplying a stafor
qds-axis magnetic flux estimated value Aqds_s_est(k+1) by a transfer function having

variables including the rotor resistance Rr, the rotor winding inductance Lr, and the rotor
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velocity or represented in Equation (48).

[Math. 48]
R

‘ —-ja)r

L. (48)

The calculation block 219 divides a result of calculation executed by the
calculation block 212A by (xoLs) and outputs a quotient thereof.

The calculation block 218B includes a ramp interface. The calculation block
218B performs first-order holding of the result of the calculation executed by the
calculation block 219 and calculates a voltage correction value Vcompl which is the
result of the first-order holding. The calculation block 218B smooths the stator qds-axis
magnetic flux estimated value Aqds_s_est using time history data of the stator qds-axis
magnetic flux estimated value Aqds_s_est. | P

For example, the calculation block 218B calculates a voltage correction value
Vcompl by multiplying a transfer function represented in Equation (49) having variables
Al, B0, and B1 by the result of the calculétion executed by the calculation block 219.
[Math. 49]

B,+Bz"

49
1- 47" “49)

In Equation (49) described above, A1, BO, and B1 are defined using the

following Equation (50). Here, Y is an arbitrary variable.

[Math. 50]
4 ="
BO = I_L.*.Le—lm
;{fS ZtS
Bl — L_Le—lts _e—lls
ZtS ,’t’tS (50)

As described above, the calculation block 218B includes at least a ramp
calculation unit that performs first-order holding of a value based on an estimated value

of the rotor magnetic flux.
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The calculation block 212A, the calculation block 219, and the calbulation block
218B described above are an example of a current estimated value calculation unit. The
calculation block 212A, the calculation block 219, and the calculation block 218B
calculate an estimated value (a first éstimated value) of a current flowing through the
stator winding of the motor 2 on the basis of an estimated value of the stator magnetic
flux of the motor 2 calculated by the magnetic flux observer 22. The calculation bloék
218B performs first-order holding of a value based on the estimated value of the stator
magnetic flux in the calculation process of calculating a first estimated value of the
current flowing through the stator winding of the motor 2 from the estimated value of the
stator magnetic flux of the motor 2.

The calculation block 213A is an adder.  The calculation block 213 A adds the
stator qds-axis Qoltage command value Vqds s com, the result of calculation executed
by the calculation block 215, and the result of calculation executed by the calculation
block 216, and outputs the result of addition as the voltage sum value Vqds_suml. The
voltage sum value Vqds_suml does not include a component based on the stator qds-axis
magnetic flux estimated value Aqds_s_est(k+1). The calculation block 217 divides, by

(xoLs), thé voltage sum value Vqds_sum] not including the component of the stator

- qds-axis magnetic flux estimated value Aqds_s est(k+1). It should be noted that the

component based on the stator qds-axis magnetic flux estimated value is added in the
calculation block 213B in a later stage.

The calculation block 218A may be the same as the calculation block 218
described above. The calculation block 218A performs a predetermined calculation
process on the basis of a result of the calculation executed by the calculation block 217
and outputs a result thereof (Iqds_sum?2). Iqds_sum?2 does not include a component
based on the stator qds-axis magnetic flux estimated value Aqds_s_est(k+1).

The calculation block 213B is an adder.  The calculation block 213B adds a
result of the calculation executed by the calculation block 218A and a result of the

calculation executed by the calculation block 218B and outputs the result of addition as a
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stator qds-axis current estimated value Iqds_s_est(k+1). The calculation block 210

according to the modification maintains the stator qds-axis current estimated value

Iqds s _est(k+1) that is a result of the calculation executed by the calculation block 213B.

The description of the configuration of the current observer 21 A will be
continued.

In a transformation from a continuous system to a discrete system, the current
observer 21A applies a latch interface to a voltage input and applies a ramp interface to a
magnetic flux interface.

[Math. 51}

< Ve (R ), WL |
plqu = L I:I/qu + (L_ - ]C()r jﬂ’qdr - Reqlqu + .]a)ro-lequi|

§

In Equation (51) described above, Equation (52) is defined.
[Math. 52]

Rr
I/ZS = _-‘j a)r ){’;ds
Lr ' (52)
Since Equation (51) is based on linear system, the following Equation (53) is
acquired by applying superposition principle.
[Math. 53]

B 11

Vs ©OL s+x

e 11

V, oL s+yx (53)

y in Equation (53) described above is defined as represented in thé following
Equation (54).
[Math. 54]

R
l:_eq —_ ja)r
oL, (54)

As described above, by applying the latch interface to a stator voltage, applying
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the ramp interface to a stator magnetic ﬂux, and transforming Equation (54) into an
equation of a discrete time system, Equation (55) and Equation (56) are acquired. Z[ ]

represents Z transformation.

[Math. 55]

i‘;“’(z)zi(l-z'l)z[ 1 }: 1 1(1-6-12)-2.1

Vo (2) oL s(s+x)| oL x 1-e%z" (55)
[Math. 56]
i;dg(}:)_ 1 ( ) |:S2(S+)(:|
Vi(2) oL z[lz }
s
(1— +ie""5J+(i—- L e -e J
I B B A 4 YA A2
oL, x : 1-e#z" (56)

Here, the following Equation (57) is acquired by defining A1, Bo, and B; as
described above and simplifying Equation (55) and Equation (56).
[Math. 57]

P (k+1)= Kx[(1-4) V5 (k+1)+ By x V5 (k+1)+ B x V' (k) |+ 4, xi}y, ()e ™

(37)

According to the modification described above, even when the current observer
21A receives a magnetic flux estimated value using the latch interface, effects similar to
those according to the embodiment are acquired.

(Second embodiment)

A motor drive system 1A according to a second embodiment will be described
with a focus on a DB-DTFC calculation unit 14A. In the first embodiment, for example,
the accuracy of estimation of a current and a magnetic flux is improved using the
observer, and a value of a state variable (state quantity) in the DB-DTFC control is
corrected through average correction. In this second embodiment, DB-DTFC coﬁtrol in

which the accuracy of estimation of a current and a magnetic flux is improved by the
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observer but an effect resulting from correcting a value of the state variable through the
average correction described above is not acquired. |

FIG. 10 is a block diagram illustrating the motor drive system 1A according to
the second embodiment.

A control device 10A of the motor drive system 1A is different from the control
device 10 of the motor drive system 1 described above in that, e.g., the DB-DTFC
calculation unit 14A is included instead of the DB-DTFC calculation unit 14, the average
correction unit 30 is not included, and the slip frequency estimation unit 18 and the adder
unit 19 can be omitted. FIG. 10 does not illustrate the slip frequency estimation unit 18
and the adder unit 19.

The DB-DTFC calculation unit 14A receives input variables including an air gap
torque command value Te_co.m(k+1), a rotor qds-axis magnetic flux estimated value
Aqdr_s_est(k+1), a stator qds-axis magnetic flux estimated value Aqds_s_est(k+1), and a
stator qds-axis magnetic flux command value Aqds_s_com(k+2) and calculates a stator
gds-axis voltage command value Vgds s com(k+1) on the basis of the input variables
described above. The stator qds-axis magnetic flux estimated value Aqds s_est(k+1)
and the rotor qds-axis magnetic flux estimated value Aqdr_s_est(k+1) are supplied from a
current/magnetic flux estimation unit 20. The stator qds-axis magnetic flux estimated
value Aqds_s_est(k+1) is an example of an estimated value of a stator magnetic flux of a
motor 2. The rotor qds-axis magnetic flux estimated value Aqdr_s_est(k+1) is an
example of an estimated value of a rotor magnetic flux of the motor 2.

While the DB-DTFC calculation unit 14 described above performs RAS
coordinate transformation and inverse RAS coordinate transformation with reference to
the rotor qds-axis magnetic flux estimated value Aqdr_s_est(k+a), the DB-DTFC
calculation unit 14A performs RAS coordinate transformation and inverse RAS
coordinate transformation with reference to the stator qds-axis magnetic flux estimated
value Agds_s_est(k+1).

FIG. 11 is a block diagram illustrating the DB-DTFC calcﬁlation unit 14A
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according to the embodiment.
Instead of the torque line processing unit 141, the magnetic flux circle
processing unit 142, and the inverse RAS coordinate transformation unit 145 of the |
DB-DTFC calculation unit 14 described above, the DB-DTFC calculation unit 14A,

includes a torque line processing unit 141A, a magnetic flux circle processing unit 142A,

and an inverse RAS coordinate transformation unit 145A.

The torque line processing unit 141A includes a calculation block 1415A and a
calculation block 1416A instead of the calculation block 1415 and the calculation block
1416 of the torque line processing unit 141.

The calculation block 1415A calculates a magnitude (norm) of the stator
qds-axis magnetic flux estimated value Aqds_s_est(k+1). -

~ The calculation block 1416A performs a RAS coordinate transformation of a
stator qds-axis magnetic flux estimated value Aqds_s_est(k+1) with reference to the stator
qds-axis magnetic flux estimated value Aqds_s_est(k+1) to yield a stator qds-axis
magnetic flux estimated value Aqds_ras_est(k+1). As aresult of the calculation
described above, the stator gs-axis magnetic flux estimated value Aqs ras_est(k+1) is
zero, and the stator ds-axis magnetic flux estimated value Ads_ras_est(k+1) is the
magnitude of the stator qds-axis rriagnetic flux estimated value Aqds_s_est(k+1).

The magnetic flux circle processing unit 142A is different from the magnetic
flux circle processing unit 142 in that the magnetic flux circle processing unit 142A does
not include the calculation block 1421, the calculation block 1422, and the calculation
block 1423, and includes a calculation block 1420A in place of the calculation block
1420. |

The calculation block 1420A has the same configuration as that of the
calculation block 1416A described above. The calculation block 1420A supplies the
result of calculation, i.e., the stator qds-axis magnetic flux estimated value
Lqds_ras_est(k+1), to the calculation block 1424 and the calculation block 1426 disposed

in a later stage.
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As described above, in this second embodiment, the function of a part of the
motor drive system 1 according to the first embodiment is degraded, and the
configuration can be simplified. The DB-DTFC caiculation unit 14A can acquire a
desired solution using the technique of first solution.

(Third embodiment)

A motor drive system 1B according to a third embodiment will be described.

In the embodiments described above, for example, the deadbeat-direct torque
control (DB-DTFC) system is used for generating a voltage command value. This third
embodiment uses a field oriented control system is used. Hereinafter, the field oriented
control system will be referred to as an FOC system.

In the FOC system, a current component generating a torque (a rotation force)
and a current component generating a magnetic flux are decomposed, and each current
component is independently controlled as a direct current amount.

_An example of FOC system includes a direct field oriented control (DFOC)
system. In the DFOC system, a magnetic flux vector is directly estimated by a magnetic
flux sensor or a magnetic ﬂux observer and is controlled.

FIG. 12 is a block diagram illustrating the motor drive system 1B according to
the embodiment. The motor drive system 1B illustrafed in this drawing includes a
control device 10B based on the FOC system instead of the control device 10 of the
motor drive system 1 described above. The motor 2 does not have a sensor detecting a
position or a velé‘city.

Examples of FOC systems include an indirect field oriented control (IFOC)
system and a direct field oriented c_:ontrol (DFOC) system. The IFOC system uses
indirect vector control (also referred to as slip frequency-type vector control) controlling
slip of an induction motor without estimation or detection of a magnetic flux. The
DFOC system uses direct vector control controlling slip of the motor 2 on the basis of a
result of estimation or detection of a magnetic field.

A DFOC calculation unit 40 illustrated in FIG. 12 is an example based on the
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DFOC system described above. The control device 10B has the DFOC calculation unit

40 in place‘ of the DB-DTFC calculation unit 14, a sixth coordinate transformation unit
15A in place of the first coordinate transformation unit 15, a velocity/phase estimation
unit 13A in place of the velocity/phase estimation unit 13, and a slip frequency estimation
unit 18A in place of the slip frequency .estimation unit 18.

The control device 10B includes a seventh coordinate transformation unit 17A
and an eighth coordinate transformation unit 17B. A v-phase stator current Ivs(k) anda
w-phase stator current Iws(k) are supplied to the seventh coordinate transformation unit
17A. Three-phase stator voltage command Valﬁes Vus_com(k+1), Vvs_com(k+1), and
Vws_com(k+1) that are outputs of the sixth coordinate transformation unit 15A are
supplied to the eighth coordinate transformation unit 17B.

A torque command value Te_com(k+1) calculated by a motion controller 12 1s
supplied to the DFOC calculation unit 40. A stator ﬁlagnetic flux command value

As_com of a rated stator magnetic flux is supplied to the DFOC calculation unit 40 as a

'magnetic flux command.

The velocity/phase estimation unit 13 A calculates, for example, a rotor angular
velocity estimated value orm_est(k+1), a rotor angle estimated value 6r_est(k+1), and a
stator power source phase estimated value 6e_est(k+1) on the basis of the torque
command value Te_com(k+1) calculated by the motion controller 12, the slip angle
frequency estimated value wsl_est(k+1) calculated by the slip frequency estimation unit
18A, and the stator qds-axis magnetic flux estimated value Aqds_s_est(k+1).

The velocity/phase estimation unit 13A, for example, includes a position
tracking observer. The position tracking obsefver described above uses the stator
gds-axis magnetic ﬂﬁx estimated value Aqds_s_est(k+1) as a reference signal for
éxtracting a phase.

For example, the velocity/phase estimation unit 13A extracts a fundamental
component (a synchronous angle 0e) on the basis of the stator qds-axis magnetic flux

estimated value Aqds_s_est(k+1) and generates a rotor angle 6r by correcting the
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fundamental component on the basis of the slip angle frequency estimated value
osl_est(k+1). The velocity/phase estimation unit 13A compares the rotor angle 6r with
the rotor angle estimated value Or_est(k) and generates a rotor angle estimated value
Or_est(k+1) adjusted to have a corresponding phase. The velocity/phase estimation unit
13A generates a rotor angular velocity estimated value orm_est(k+1) in accordance with
the rotor angle estimated value 6r_est(k+1).

The slip frequency estimation unit 18 A calculates, for example, a slip angle
frequency estimated value wsl_est(k+1) relating to slip of the motor 2 on the basis of the
torque command value Te_com(k+1) calculated by the motion controller 12 and the
stator gds-axis magnétic flux estimated value Aqds_s_est(k+1) calculated by the magnetic
flux observer 22. |

The velocity/phase estimation unit 13 A outputs the stator power source phase
estimated value Be_est(k+1) as a reference signal to the seventh coordinate
transformation unit 17A and the sixth coordinate transformation unit 15A. The seventh
coordinate transformation unit 17A transforms input signals into signals of y component
andd component that are orthogonal to each other in the rotary coordinate system on the
basis of the reference signal.

By appropriately selecting the phase of the reference signal, the seventh
coordinate transformation unit 17A can obtain, as Yy component, a component having the
same phase as the reference phase, and obtain, as & component, a component orthogonal
to the reference phase. The seventh coordinate transformation unit 17A supplies, to the
DFOC calculation unit 40, a y-axis stator current Iy(k+1) and a d-axis stator current
I6(k+1) of which the coordinates have been transformed.

Oppositely to the above, the sixth coordinate transformation unit 15A transforms
a voltage command value Vy com(k+1) of the y component and a voltage command
value V8_com(k+1) of the 8 component that are outputs from the DFOC calculation unit
40 into three-phase stator voltage command values Vus_com(k+1), Vvs_com(k+1), and

Vws_com(k+1) of the stator coordinate system. The result of the calculation executed
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by the sixth coordinate transformation unit 15A is supplied to the PWM controller 16 and
the eighth coordinate transformation unit 17B.

The eighth coordinate transformation unit 17B transforms the three-phase stator
voltage command values Vus_com(k+1), Vvs_com(k+1), and Vws_com(k+1) into a
voltage command value qus_s_com(k+1) of a two-axis component of the dgs axis.

The value transformed by the eighth coordinate transformation unit 17B is supplied to the
current/magnetic flux estimation unit 20.

The rotor qds-axis magnetic flux estimated value Aqdr_s_est(k+1) and the stator
qds-axis magnetic flux estimated value qus_s;est(k+1) estimated by the
current/magnetic flux estimation unit 20 are supplied to the DFOC calculation unit 40.

The DFOC calculation unit 40 generates a stafor current command value
Iy _com(k+1) of the y component and a stator current command value I5_com(k+1) of the
& component on the basis of the supplied signals, and generates a stator voltage command
value Vy com(k+1) and a stator voltage command value V§_com(k+1) such that the
y-axis stator current Iy(k+1) and the -axis stator current 16(k+1) follow the command
values.

The voltage command value Vy _com(k+1) of the y component and the voltage
command value V& _com(k+1) of the 8 component are supplied to the sixth coordinate
transformation unit 15A and are given to the power conversion device 3 further through
the PWM controller 16 as a gate pulse GP.

In the third embodiment described above, although the control system is
different from that of the first and second embodiments, the current/magnetic flux
estimation unit 20 is disposed in the control device, and the rotor qds-axis magnetic flux
estimated value Aqdr_s_est(k+1) and the stator qds-axis magnetic flux estimated value
Agds_s_est(k+1) supplied from the current/magnetic flux estimation unit 20 are used for
control, which are similar to the second embodiment. In accordance with the
current/magnetic flux estimation unit 20, an effect of improving the accuracy of

estimation of the rotor qds-axis magnetic flux estimated value Aqdr_s_est(k+1) and the
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stator qds-axis magnetic flux estimated value Aqds_s_est(k+1) is acquired.

The control device 10B can use the accuracy of estimation of the rotor qds-axis
magnetic flux estimated value Aqdr_s_est(k+1) and the stator qds-axis magnetic flux
estimated value Aqds_s_est(k+1) estimated by the current/magnetic flux estimation unit
20. Therefore, the accuracy of control using the FOC system can be further improved.

The control system according to the embodiment is the FOC. In the case of the
FOC, a feedback signal of a current (a current FBK) is used for control using the DFOC
calculation unit 40. For example, when the accuracy of estimation of the stator current
Idgs_est using the current observer 21 is ideal, an estimated current of the time point
(k+1) (the stator current Idgs_est) can be used for control instead of the current FBK
based on a measured value. In this case, the DFOC calculation unit 40 can perform
zero-lag current control.

In the motor 2 according to the embodiment, a physical velocity.sensor is not
disposed. In the case of the embodiment, velocity sensorless control using an estimated
magnetic flux using the magnetic flux observer 22 is performed. In the case of the
velocity sensorless control, the improvement of a current estimation accuracy confributes
to the improvement of a magnetic flux estimation accuracy and further contributes to the
improvement of an accuracy of the estimated phase and velocity, and the control
accuracy is improved. A control accuracy in the case of the FOC is an accuracy of
current control and velocity control.

The vélocity sensorless control can also be applied to the DB-DTFC described
above. When the DB-DTFC performs velocity sensorless confrol, a control accuracy
means an accuracy in velocity control, magnetic flux control, and torque control.
(Modification of third embodiment)

In the third embodiment, for example, the average correction unit 30 is not
included, but the configuration is not limited thereto. The average correction unit 30
may be included. In this case, an accuracy of estimation of a magnetic flux and a

current can be improved more greatly than the third embodiment. When the sampling
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peribd ts is relatively long, the average correction unit 30 is expected to be able to
improve an accuracy of control.
(Control device according to embodiment)

A control device 10 according to an embodiment will be described.  FIG. 13 is
a block diagram illustrating the control device 10 according to the embodiment. The
control device 10 includes a processing circuit 100. The processing circuit 100
illustrated in FIG. 13 includes a CPU 101, a storage unit 102, and a drive unit 103. The
CPU 101, the storage unit 102, and the drive unit 103 are interconnected through a bus.
The processing circuit 100 is an example of the control device 10. The CPU 101
includes a processor executing a desired process in accordance with a software program.
The storage unit 102 includes a semiconductor memory. The drive unit 103 generates a
control signal of the power conversion device 3 in accordance with control of the CPU
101. In the embodiment, processes executed by the CPU 101 and the drive unit 103
will be collectively described simply as a process of the control device 10. For example,
the control device 10 controls the power conversion device 3 on the basis of detection
results acquired by the current detectors 9a, 9b, and the like.

(Example)

An evaluation result according to an example will be describéd with reference to
FIGS. 14 to 18.

FIGS. 14 and 15 are diagrams illustrating evaluation results of a motor drive
system 1 according to an examples. FIG. 14 illustrates an evaluation result (First
example) when the current observer 21 illustrated in FIG. 2 is applied to the control
device 10 illustrated in the first embodiment. FIG. 15 illustrates an evaluation result
(Second example) when the current observer 21 illustrated in FIG. 2 is applied to the
control device 10A illustrated in the first embodiment. -

On the other hand, FIG. 16 is a diagram illustrating an evaluation result of a
motor drive system according to a comparative example. In the comparative example

illustrated in FIG. 16, a current observer accordihg to the comparative example is applied
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| in the control device 10A illustrated in the first embodiment. The current observer

according to the comparative example is different from the current observer 21 in the
following points. ~ The first difference is that a rotor qds-axis magnetic flux estimated
valﬁe_ Mgdr_s_est(k+1) generated by the magnetic flux observer is used as an input
variable. The second difference is that moving-time averaging for a magnetic flux input
is not performed, and a ramp interface is not included. As described above,bthe current
observer according to the comparative example does not perform a process of smoothing
a magnetic flux input.

The evaluation results illustrated in each of FIGS. 14 to 16 are evaluation results
when a switching frequency fs is set to 240 hertz (Hz), and a step response test of a
torque is performed when the motor 2 is driven at a rated velocity. Hereinafter, these
will be comparatively described.

From the evaluation result of the first example illustrated in FIG. 14, it can be

read that a command value of a torque, a measured value, and an estimated value

‘coincide with each other in a desired range in accordance with the control using the

control device 10.

From the evaluation resﬁlt of the second example illustrated in FIG. 15, it can be
read that a measured value and an estimated value are different from a command vaiue of
a torque in the control using the control device 10A. Here, while the measured value
and the estimated value are different from the torque command value described above,
the measured value and the estimated value respond to a stepped change in the torque.
The above-described evaluation result acquired by the control device 10A can be
considered to be evaluating a value of an actual torque.

In the evaluation result according to the comparative example illustrated in FIG.
16, a command value of a torque, a measured value, and an estimated value are
independent from each other.  Although it was confirmed that stepped changes of the
values are synchronized with each othér, correlations amohg the values like those found

in the first and second examples were not found.



10

15

20

25

WO 2020/067576 PCT/JP2019/038828
75

Therefore, under the above test conditions, it was confirmed that it may be
difficult to apply the comparative example, and the configuration of the first example
exhibits effective results.

A result of a step response test of a torque will be described. FIG. 17 is a
diagram illustrating an evaluation result of a step response test of a torque.  Graphs
represented in FIG. 17 analytically illustrate results of a step response test of a torque.
The vertical axis represents the magnitude of torque error, the horizontal axis represents
the velocity of a rotor, and a depth represents the magnitude of a torque.

Step response tests of a torque were performed with two conditions, i.e., 2000
hertz (Hz) and 240 hertz (Hz) as the sampling frequency fs. As a state when the tests
were executed, the motor 2 was driven in a steady state, and the torque and a load were
changed in a predetermined range. Error between the torque estimated valﬁe .and a
measured value at that time was represented in three-dimensional graphs. As
predetermined ranges of the torque and the load, the torque was changed in a range from
zero to a rated load, and the velocity was changed in a range from zero to a rated
velocity.

In any of the case of 200 hertz (Hz) and 240 hertz (Hz), a result was obtained
such that the motor drive system 1 according to the embodiment achieves a lower error
than that of the comparative example. Particularly, in the case of 240 hertz (Hz), the
difference was significant. From the evaluation result of 240 hertz (Hz), it can be read
that the motor drive system 1 can be controlled without increasing torque error even
when the velocity of the motor 2 is increased.

In order to verify the evaluation results described above, the current/magnetic
flux estimation unit 20 was evaluated.

FIG. 18 is a diagram illustrating evaluationlresults of the current/magnetic flux
estimation unit 20. The evaluation results illustrated in FIG. 18 include an evaluation
result of the current/magnetic flux estimation unit 20 and an evaluation result of the

current/magnetic flux estimation unit according to the comparative example. The
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- evaluation result (A: SECOND EXAMPLE) of the current/magnetic flux estimation unit

20 is an evaluation result obtained with the control device 10A according to the second
embodiment having the current observer 21 (FIG. 2). The evaluation result (B:
COMPARATIVE EXAMPLE) of the currenf/magnetic flux estimation unit is an
evaluation result obtained with the control device 10A having the current observer
according to the comparative example instead of the current observer 21.

In FIG. 18, comparative results of the stator magnetic flux Ags_s and the stator
magnetic flux estimated value Aqs_s_est are illustrated on in the first graph from the top,
comparative results of the stator current Iqs_s and the stator current estimated value
Igs_s_est are illustrated in the second graph from the top, and comparative results of the
rotor magnetic flux Aqr_s and the rotor magnetic flux estimated value Aqr_s_est are
illustrated in the third graph from the top,‘and three comparative results of the torque
command value Te com, the torque measured value Te det, and the torque estimated
value Te_est are llustrated in the graph at the bottom.  The conditions of the tests were
as follows: the sampling frequency f5 is set to 500 hertz (Hz), the load of the motor 2 is
zero, and a predetermined velocity limit is applied. The sampling frequency fs
described above was set to 10 times the fundamental frequency.

Here, such evaluation results illustrated in FIG. 18 will be comparatively
described.

In the case of the second example, it can be determined that, in any one of the
stator magnetic flux, the stator current, the rotor magnetic flux, and the torque, a stepped
quantization distortion appears in the estimated value, but the reproducibility of an input
waveform is high, and an input waveform is followed. |

On the other hand, in the case of the comparative example, the reproducibility of
an input waveform is low for the stator current and the rotor magnetic flux. Regarding
the torque, a result was acquired such that the torque measured value Te det and the
torque estimated value Te_est are different from the torque command value Te_com. In

the case of the comparative example, there are values not following an input waveform.
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According to at least one of the embodiments described above, the control
device 10 of the power conversion device 3 includes the DB-DTFC calculation unit 14,
the PWM controller 16, the magnetic flux observer 22, the current observer 21, and the
average correction unit 30.  Accordingly, in the PWM controller 16, the power
conversion device 3 driving the motor 2 controls current flowing through the winding of
the motor 2. The DB-DTFC calculation unit 14 calculates a drive quantity command
value defining a drive quantity of the motor 2 and controls the power conversion device 3
on the basis of the calculated drive quantity command value. The magnetic flux
observer 22 calculates a first estimated value of the stator magnetic flux of the motor 2
and a first estimated value of the rotor magnetic flux of the motor 2 on the basis of at
least the calculated drive quantity command value. The current observer 21 calculates a
first estimated value bf the current flowing through the stator winding of the motor 2 on
the basis of at least the calculated estimated value of the stator magnetic flux. The
average correction unit 30 includes the first transformation processing unit 31, the second
transformation processing unit 32, and the third transformation processing unit 33. The
first transformation processing unit 31 calculates a second estimated value of the stator
magnetic flux of the motor 2 for the first estimated value of the stator magnetic flux of
the motor 2 in accordance with the predetermined transformation rule based on the
synchronous/excitation angular frequency we of the motor 2. The second
transformation processing unit 32 calculates a second estimated value of the rotor
magnetic flux of the motor 2 for the first estimated value of the rotor magnetic flux of the
motor 2 in accordance with the predetermined transformation rule based on the
synchronous/excitation angular frequency we of the motor 2.  The third transformation
processing unit 33 calculates a second estimated vaiue of the stator current of the motor 2
for the first estimated value of the stator current of the motor 2 in accordance with the
predetf_:rmined transformation rule based on the synchronous/excitation angular
frequency oe of the motor 2. The DB-DTFC calculation unit 14 calculates a control

quantity defining a drive quantity of the motor 2 on the basis of at least the torque
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command for the motor 2, the second estimated value of the stator magnetic ﬂux of the
motor 2, the second estimated value of the rotor magnetic flux of the motor 2, and the
second estimated value of the current flowing through the stator winding of the motor 2.
Acéordingly, an induction motor can be controlled with a high accuracy.

While certain embodiments have been described, these embodiments have been
presented by way of example only, and are not intended to limit the scope of the
inventions. Indeed, the novel embodiments described herein may be embodied in a
variety of other forms; furthermore, various omissions, substitutions and changes in the
form of the embodiments described herein may be made without departing from the spirit -
of the inventions. The accompanying claims and their equivalents are intended to cover

such forms or modifications as would fall within the scope and spirit of the inventions.
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CLAIMS

1. A control device for a power conversion device that drives a motor comprising;:

a drive control unit that controls a current which the power conversion device
causes to flow through a stator winding of the motor;

a drive quantity adjustment unit that calculates a drive quantity command value
defining a drive quantity of the motor and controls the power conversion device on the
basis of the calculated drive quantity command value;

a magnetic flux observer that calculates a first estimated value of a stator
magnetic flux of the motor and a first estimated value of a rotor magnetic flux of the
motor on the basis of at least the calculated drive quantity command value;

a current observer that calculates a first estimated value of the current flowing
through the stator winding of the motor on the basis of at least the calculated first
estimated value of the stator magnetic flux; and

an average correction unit that includes a first transformation processing unit, a
second transformation processing unit, and a third transformation processing unit,

wherein the first transformation processing unit calculates a second estimated
value of the stator magnetic flux of the‘motor for the first estimated value of the stator
magnetic flux of the motor in accordance with a first predetermined transformation rule
based on an synchronous/excitation angular frequency of the motor,

wherein the second transformation processing unit calculates a second estimated
value of the rotor magnetic flux of the motor for the first estimated value of the rotor
magnetic flux of the motor in accordance with a second predetermined transformation
rule based on the synchronous/excitation angular frequency of the motor,

wherein the third transformation processing unit calculates a second estimated
value of a stator current of the motor for the first estimated value of the stator current of

the motor in accordance with a third predetermined transformation rule based on the
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. synchronous/excitation angular frequency of the motor, and

wherein the drive quantity adjustment unit calculates a control quantity defining
the drive quantity of the motor on the basis of at least a torque command for the motor,
the second estimated value of the stator magnetic flux of the motor, the second estimated
value of the rotor magnetic flux of the motor, and the second estimated value of the

current flowing through the stator winding of the motor.

2. The control device for the power conversion device according to claim 1,
wherein the drive quantity adjustment unit includes a magnetic flux circle
calculation processing unit that determiﬁes a radius of a magnetic flux circle on the basis
of a command value of the rotor magnetic flux of the motor, determines a position of the
center of thé magnetic flux circle on the basis of at least the first estimated value of the
stator magnetic flux of the motor, and adjusts the position of the center of the magnetic
flux circle 6n the basis of the second estimated value of the current flowing through the

stator winding of the motor and a resistance value of the stator winding.

3. The control device for the power conversion device according to claim 1,

wherein the drive quantity adjustment unit includes a torque line processing unit
that calculates a torque estimated value of the motor on the basis of the first estimated
value of the stator magnetic flux of the motor and the first estimated value of the rotor
magnetic flux of the motor,

wherein the torque line processing unit calculates a voltage time product
corresponding to a product of an average voltage and a control period on the basis of at
least the torque command for the motor, the torque estimated value of the motor, the
second estimated value of the stator magnetic flux of the motor, the second estimated
value of the rotor magnetic flux of the motor, and a rotation speed of the rotor magnetic

flux of the motor.
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4. The control device for the power conversion device according to claim 1,
wherein the average correction unit adjusts a correction coefficient according to
any one of the first to third predetermined transformation rules in accordance with a |

magnitude of the synchronous/excitation angular frequency of the motor.

5. The control device for the power conversion device according to claim 3,
wherein, in a calculation cycle allocated from.the first time point as a start point
to the second time point after the first time point of a discrete time system, the torque line
processing unit calculates the torque estimated value of the motor on the basis of the first
estimated value of the stator magnetic flux of the motor and the first estimated value of

the rotor magnetic flux of the motor at the first time point.

6. The control device for the power conversion device according to claim 5,
wherein the torque line processing unit calculates a voltage time product
corresponding to a product of the average voltage and the control period on the basis of
at least the torque command for the motor acquired at the first time point, the torque
estimated value of the motor at the first time point, the second estimated value of the
stator magnetic flux of the motor, the second estimated value of the rotor magnétic flux
of the motor, and the rotation speed of the rotor magnetic flux of the motor at the first

time point.

7. The control device for the power conversion device according to claim 6,
wherein the torque line processing unit calculates the voltage time product on
the basis of a result of a coordinate transformation with reference to the second estimated

value of the stator magnetic flux of the motor.

8. The control device for the power conversion device according to claim 2,

wherein the magnetic flux circle calculation processing unit determines a
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position of the center of the magnetic flux circle on the basis of a result of a coordinate
transformation with reference to the first estimated value of the stator magnetic flux of

the motor.

9. A motor drive system comprising:
a power conversion device that drives a motor; and
a control device fqr the power conversion device including:

a drive control unit that controls a current which fhe power conversion
device causes to flow through a stator winding of the motor;

a drive quantity adjustment unit that calculates a drive quantity
command value defining a drive quantity of the motor and controls the power conversion
device on the basis of the calculated drive qliantity command value;

a magnetic flux observer that calculates a first estimated value of a
stator magnetic flux of the motor and a first estimated value of a rotor magnetic flux of
the motor on the basis of at least the calculated drive quantity command value;

a current observer that calculates a first estimated value of the current
flowing through the stator winding of the motor on the basis of at least the calculated first
estimated value of the stator magnetic flux; and

an average correction unit that includes a first transformation
processing unit, a second transformation processing unit, and a third transformation
processing unit,

wherein the first transformation processing unit calculates a second
estimated value of the stator magnetic flux of the motor for the first estimated value of
the stator magnetic flux of the motor in accordance with a first predetermined
transformation rule based on an synchronous/excitation angular frequency of the motor,

wherein the second transformation processing unit calculates a second
estimated value of the rotor magnetic flux of the ﬁotor for the first estimated value of the

rotor magnetic flux of the motor in accordance with a second predetermined
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transformation rule based on the synchronous/excitation angular frequency of the motor,
wherein the third transformation processing unit calculates a second
estimated value of a stator current of the motor for a first estimated value of the stator
current of the motor in accordance with a third predetermined transformation rule based
on the synchronous/excitation angular frequency of the motor, and
wherein, the drive quantity adjustmerit unit calculates a control quantity
defining the drive quantity of the motor on the basis of at least a torque command for the
motor, the second estimated value of the stator magnetic flux of the mofor, the second
estimated value of the rotor magnetic flux of the motor, and the second estimated value

of the current flowing through the stator winding of the motor.

10. A control device for a power conversion device comprising:

a drive control unit that controls a current which the power conversion device
causes to flow through a stator winding of a motor;

a drive quantity adjustment unit that calculates a drive quantity command value
defining a drive quantity of the motor and controls the power conversion device on the
basis of the calculated drive quantity command value;

a magnetic flux observer that calculates a first estimated value of a stator
magnetic flux of the motor and a first estimated value of a rotor magnetic flux of the
motor on the basis of at least the calculated drive quantity command value;

| a current observer that calculates a first estimated value of the current flowing
through the stator winding of the motor on the basis of at least the calculated first .
estimated value of the stator magnetic flux; and

an average correction unit that receives the first estimated value of the stator
magnetic flux of the motor, the first estimated value of the rotor magnetic flux of the
motor, and the first estimated value of the current flowing through the stator winding of
the motor, and calculates a second estimated value of the stator magnetic flux of the

motor, a second estimated value of the rotor magnetic flux of the motor, and a second
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estimated value of the current flowing through the stator windingofv the motor, by

advancing phases of the first estimated value of the stator magnetic flux of the motor, the

first estimated value of the rotor magnetic flux of the motor, and the first estimated value

of the current flowing through the stator winding of the motor by a predetermined angle

corresponding to a synchronous/excitation angular frequency of the motor.

11. The control device for the power conversion device according to claim 10,

wherein the predetermined angle corresponding to the synchronous/excitation
angular frequency of the motor is defined on the basis of a period in which the drive
quantity adjustment unit calculates a drive quantity command value and the

synchronous/excitation angular frequency.

12. A motor drive system comprising:
a power conversion device; and
a control device for the power conversion device including:

a drive control unit that controls a current which the power conversion
device causes to flow through a stator winding of a motor;

a drive quantity adjustment unit that calculates a drive quantity
command value defining a drive quantity of the motor and controls the power conversion
device on the basis of the calculated drive quantity command value;

a magnetic flux observer that calculates a first estimated value of a
stator magnetic flux of the motor and a first estimated value of a rotor magnetic flux of
the motor on the basis of at least the calculated drive quantity command value;

a current observer that calculates a first estimated value of the current
flowing through the stator winding of the motor on the basis of at least the calculated first
estimated value of the stator magnetic flux; and

an average correction unit that receives the first estimated value of the

stator magnetic flux of the motor, the first estimated value of the rotor magnetic flux of
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the motor, and the first estimated value of fhe current flowing through the stator winding
-of the motor, and calculates a second estimated value of the stator magnetic flux of the
motor, a second estimated value of the rotor magnetic flux of the motor, and a second
estimated value of the current flowing through the stator winding of the motor, by
advancing phases thereof by a predetermihed angle corresponding to a

synchronous/excitation angular frequency of the motor.

13. A control device for a power conversion device comprising:

a drive control unit that controls a current which the power conversion device
causes to flow through a stator winding of the motor;

a drive quantity adjustment urﬁt that calculates a drive quantity command value
defining a drive quantity of the motor.through feedback control and controls the power
conversion device on the basis of the calculated drive quantity command value;

a magnetic flux observer that calculates a first estimated value of a stator
magnetic flux of the motor and a first estimated value of a rotor magnetic flux of the
motor on the basis of at least the calculated drive quantity command value; and

an average correction unit that adjusts the first estimated value of the stator
magnetic flux of the motor and the first estimated value of the rotor magnetic flux of the
motor on the basis of an estimated value of a control state vof the motor and calculates

feedback quantities of the feedback control.

14. A motor drive system comprising:

a power conversion device; and

a control device for a power conversion device comprising:

a drive control unit that controls a current which the power conversion device
causes to flow through a stator winding of a motor;

a drive quantity adjustment unit that calculates a drive quantity command value

defining a drive quantity of the motor through feedback control and controls the power
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conversion device on the basis of the calculated drive quantity command value;

a magneﬁc flux observer that calculates a first estimated value of a stator
magnetic flux of the motor and a first estimated value of a rotor magnetic flux of the
motor on the basis of at least the calculated drive quantity command value; and

an average correction unit that adjusts the first estimated value of the stator
magnetic flux of the motor and the first estimated value of the rotor magnetic flux of the
motor on the basis of an estimated value of a control state of the motor and calculates

feedback quantities of the feedback control.
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FIG. 3
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FIG. 15
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FIG. 17

TORQUE [pu]

0.2

SPEED [pu]

= 2000 Hz

s

f

[nd] youy

3N0Y0l

TORQUE [pu]

0.2

00
fo = 240 Hz

SPEED [pu]




PCT/JP2019/038828

WO 2020/067576

16/19

(31dWYX3 ANOD3S - V)

(I1dWYX3 JATLIVEVAWOD - @)

[V] LN3¥4ND [am] xn14 [nd] 3noyol

[am] Xn1d

81 "DIA



WO 2020/067576

FIG. 19

FIG. 20
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B Complex vector

V
I’

qsr

qds

i
iqsr:
A
A

qsr

qds

qds :

:stator voltage [V]

: rotor voltage [V]

stator current [A]

rotor current [A]

: stator flux linkage [V-sec]

: rotor flux linkage [V-sec]

g}>

B scalar — (1./2)

V

gs
Vds
Ver

Va

Ir

N

N

Q
~

< N>

8
1>

<

b5

<

s
P>

~,

: stator g-axis voltage [V]
. stator d-axis voltage [V]
. rotor g-axis voltage [V]

. rotor d-axis voltage [V]

stator g—axis current [A]
stator d-axis current [A]
rotor g-axis current [A]

rotor d-axis current [A]

. stator g-axis Flux [V-sec]

. stator d-axis Flux [V-sec]

: rotor g-axis Flux [V-sec]

! rotor d-axis Flux [V-sec]

: electromagnetic torque [N—m]_
. u-phase stator voltage [V]

. v—phase stator voltage [V]

: w—phase stator voltage [V]

u-phase stator current [A]
v—phase stator current [A]
w-phase stator current [A]
u-phase rotor current [A)

v-phase rotor current [A]

. w-phase rotor current [A]




WO 2020/067576 PCT/JP2019/038828

18/19

FIG. 21

B scalar — (2,2)

Rs: stator resistance [Q]

R, : rotor resistance [Q]

L, : magnetizing inductance [H]

Ls ‘stator winding inductance [H]
Li=L,+L,

Lr ‘rotor winding inductance [H]
L =L, +L,

2
O : leakage factor O I=1—(Lm /Ler)
P : Pole number P/Zi pole pair number
. :sampling time [s]
Req ‘equivalent resistance [Q]
T,, * equivalent time constant [s]
T, rotor time constant [s] i.e., MI_T2 (quadratic time constant)

@ :angular speed of dp-coordinate system [rad/s] w= p@

g : angle of dp—coordinate system (angle of q—gxis in counterclockwise direction
with respect to stator u-axis) [rad]

@, : rotor electrical angular speed (rad/s] @, = Pa,, /2
6. : rotor electrical angular position [rad]
®,, :rotor machine angular speed [rad/s] @,, =2, /P

6, : rotor machine angular position [rad] @,, =2, /P

@, : synchronous/excitation angular frequency [rad/s]

96 : synchronous/excitation angular position

@, slip angular frequency [rad/s] @y =, — 0,
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